
 

ABSTRACT 

RUBILAR, RAFAEL ALEJANDRO. Environmental constraints on growth 

phenology, leaf area display, and above and belowground biomass accumulation of 

Pinus radiata (D. Don) in Chile. (Under the direction of  H. Lee Allen). 

 

Environmental site-specific constraints on shoot, branch, and leaf area growth and 

phenology were investigated during the third and fourth growing seasons in two-year-old 

radiata pine plantations established under a factorial combination of soil preparation, 

fertilization, and weed control at three contrasting textural and climatic soil-site 

conditions in the Central Valley of Chile. During October 2002 and June 2005, biweekly 

measurements of foliage accretion, branch, and stem growth were obtained together with 

periodical evaluations of foliage senescence. At each site, tree growth, aboveground 

biomass, belowground biomass, total biomass, aboveground:belowground biomass ratio, 

and leaf area index increased mainly by weed control (WC). The large gradient of tree 

growth and biomass accumulation among sites, and within sites varying in response to 

WC, was mainly attributed to large differences in soil water availability and possibly 

atmospheric water demand differences within sites. A linear relationship was established 

between LAI and stand growth across sites. The slope of the relationship (stemwood 

growth efficiency, GE) varied from 2.9 m3ha-1year-1 to 6.8 m3ha-1year-1 per unit of leaf 

area, with lower growth efficiencies found on sites with the greater water constraints. 

Phenology of growth was little affected by site or silvicultural treatments. Seasonal 

differences in the patterns of growth were mainly observed among sites for diameter, 

with  longer growing seasons at sites with lower water limitations. In contrast, strong site 

and silvicultural treatments effects were observed on tree morphology. Trees where water 

limitations were more severe exhibited fewer and shorter flushes of height growth. The 



 

negative effects of soil water limitations, were at least partially ameliorated by 

silvicultural treatments that had been applied three years previously. Resource 

availability constraints during the mid to late growing season affected diameter growth 

more than height growth. Phenology of fascicle elongation indicated that sites with water 

and nutritional constraints ended fascicle elongation earlier during a growing season. 

Phenology of fascicle senescence indicated that maximum needlefall occurred during the 

summer and autumn seasons. No differences in silvicultural treatments were observed in 

foliage accretion or senescence patterns. Foliage longevity increased for sites with water 

and nutrient limitations. 
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Comparison of above and belowground biomass equations for young Pinus radiata (D. 

Don) plantations at three sites in the Central Valley of Chile. 
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ABSTRACT 

Published biomass equations for radiata pine at early stages of development are scarce. 

Furthermore, there is little understanding of how silvicultural treatments, during the early 

stages of tree development, affect those allometric relationships. We developed and 

compared stem, branch, foliage, coarse and fine root biomass equations, and leaf area 

estimation equations, for four-year-old radiata pine plantations established on three 

contrasting soil-site conditions in the central valley of Chile. At each site, trees were 

destructively sampled from a control (shovel planted, no weed control, fertilized with 2 g 

of B), a shovel planted + weed control (2 first years) + fertilization (NPB 1st year, NPKB 

2nd year), and a soil tillage (subsoil at 60 cm) + fertilization (NPB 1st year, NPKB 2nd 

year) + weed control treatment (2 first years). Tissues were separated into foliage of 

different age classes, branch, stemwood (stem+bark), and fine and coarse roots. Specific 

leaf area for each foliage age class was calculated using foliage fascicle weight and 

projected leaf area using an optical projection system. Finally, foliage mass for each 

branch was converted to leaf area. Regression equations for each tree tissue biomass and 

leaf area were fit for each site and treatment and were compared. Our results suggest that 

individual branch biomass equations for young radiata pine are site and treatment 

specific. Individual tree biomasses for young plantations are also site and treatment 

specific. Higher variability in estimates was found for foliage and branches due the 

ephemeral nature of these biomass components. Stem biomass equations vary less, but 

important differences in stem biomass equations may also be found between sites and 

treatments at younger ages. Coarse root biomass estimates were variable but less than 

expected considering the large soil and climatic gradient among our sites. Similar to stem 

biomass relationships, a positive general linear relationship with root collar diameter or 
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diameter at breast height across sites and treatments for coarse roots suggested that a 

simple allometric relationship may be developed across sites with highly contrasting soil 

physical charcateristics. 

 

INTRODUCTION 

Radiata pine is one the major commercial species in the world with approximately 4 

million ha in plantations (CINTRAFOR, 2005). Considering the increasing interest to 

account for carbon credits (Espinosa et al., 2005; Mosnaim, 2001; Snowdon et al., 2000; 

Keith et al., 2002) adequate biomass estimates are required. Individual allometric 

relationships, based on tree diameter (DBH) and height (H), have been the major tool to 

obtain biomass estimates at the tree and stand level (Satoo and Madgwick, 1982). 

However, there is limited research indicating specifically how biomass allometric 

relationships are affected by silvicultural treatments and/or site-specific limitations. 

Estimates of above and belowground biomass accumulation are also of critical 

importance to understand how site-specific resources (light, water, nutrients) may affect 

individual tree growth and stand productivity (Albaugh et al., 1998).  

 

For radiata pine, most of the literature on biomass equations has been focused on 

developing relationships for different ages, planting densities, thinning and pruning 

regimes (Madgwick, 1994; Beets and Pollock, 1987; Keith et al., 2002). However, as 

shown by major recent reviews (Madgwick, 1994; Keith et al., 2002), there is limited 

availability of equations for young radiata pine. Given the large body of research 

quantifying how silvicultural treatments (soil preparation, weed control, fertilization) and 

genetic material affect tree growth and morphology (taper, specific density, leaf area), the 
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lack of published allometric relationships for young radiata pine is surprising. The period 

of early tree growth and stand development before canopy closure represents one of the 

most critical stages in stand development (Watt et al., 2004). This period has been 

described by growth response types based on how silvicultural manipulations affect site 

resources and the access by crop trees to these site resources (Snowdon et al., 1984; 

Morris and Lowery, 1988; Allen, 2001). Planted tree crop interactions with weeds, site 

fertility and soil physical properties may affect patterns of biomass accumulation of 

radiata pine (Nambiar and Sands, 1992; Sheriff and Nambiar, 1995; Kirongo et al., 2002; 

Zou et al., 2000; Zou et al., 2001; Constantini and Doley, 2001) and effects may be long-

term (Zerihun and Montagu, 2004). Therefore, changes in young tree allometrics may 

provide an understanding on how future biomass accumulation and partitioning will be 

affected (Albaugh et al., 1991). Quantifying silvicultural effects on allometric 

relationships will be a further step in current efforts to model and forecast early plantation 

development (Mason et al., 1997; Mason and Milne, 1999; Mason, 2001). Incorporation 

of this information into empirical, process based, or hybrid models, may allow for further 

improvements in decision-making processes (Landsberg et al., 2003; Watt et al., 2004).  

 

The objective of this study was to develop and compare above and belowground biomass 

equations for young radiata pine from three sites with different silvicultural treatment 

intensities. 
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MATERIALS AND METHODS 

A description of the sites and treatments applied has been provided in Chapter 2. A 

summarized description of sites and treatments important to biomass equation 

development is presented here. 

 

Sites characteristics  

Three studies were installed in the Central Valley of Chile in 2000 (Table 1). The soils 

were andesitic-basaltic dry sands (DS), old volcanic ash red clay soils (RC) and recent 

volcanic ash loamy soils (RV). Land past use corresponded to ex-pasture for RV and 

second rotation cutover sites for DS and RC sites. Site index (at age 20) and productivity 

estimates (at age 24) for cutover sites were 14.9 m height and 7.8 m3ha-1yr-1 for the DS 

site, and 24.4 m and 15.5 m3ha-1yr-1 (Forestal Mininco S.A, 2001). 

 
 
Experimental Design 

The experimental design consisted of a split-plot design with the whole plots testing the 

effects of soil tillage (S:0 = shovel, S:1 = subsoil), where whole plots were arranged in 

four blocks, and a factorial combination of weed control (WC:0 = none, WC:1 = two year 

banded),  and fertilization (F:0 = boron at establishment, F:1= NPB at establishment + 

NPKB after two years) as subplots. In May and June 2000 a broadcast chemical weed 

control was applied prior to planting at each site (Glyphosate 2 Kg.ha-1 + Atrazine 3 

Kg.ha-1 + Galactic surfactant 1.cm3.L-1) removing pine volunteers and other vegetation 

after harvesting. Tillage treatments were applied between February and March 2000 and 

considered a low intensity shovel soil preparation and high intensity subsoil at 80 cm 

depth plus 20 cm height mounding treatment. Bareroot 1-0 radiata pine cuttings of the 
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best genetic families were planted at each site between June and July 2000 (Table 1). 

Initial planting spacing varied among trials, DS sites were planted at 4 m x 2.0 m (1250 

plants ha-1) and RV and RC sites at 2 m x 5 m (1000 plants ha-1). In spring of 2000 and 

2001, weed control treatments were applied mechanically by hand and chemically (same 

pre-planting formulation) maintaining a 2 m weed free band centered in the planting row. 

Fertilization treatments, applied in September 2000, considered a single application (1.5 g 

B) dose per plant at planting (F:0) vs. a double application at planting (29.5g N + 32.4 g 

P + 1.5 g B) and at year two (29.5 g N + 32.4 g P + 25g K + 3 g B) (F:1). Fertilizers were 

applied around each plant at planting and along the band at year 2. Final treatment plots 

were 0.4 ha with an internal measurement plot ranging 0.09-0.12 ha for 100 measurement 

trees and a buffer area of 10 m each side. Height (H), root collar diameter (CD), and 

diameter at breast height (DBH) after the third year, were measured for each trees after 

establishment (Table 2). 

 

Aboveground and Belowground Biomass Assessments 
 
Based on early volume growth results and potential effects of tillage on belowground 

biomass, assessments were conducted only on contrasting treatments at each site. 

Selected treatments were the lowest intensity treatment (LIT), including shovel planting, 

fertilization with only boron, and no weed control; a medium intensity treatment (MIT) 

including shovel planting, complete fertilization, and weed control; and the high intensity 

treatment (HIT) including subsoiling, complete fertilization, and weed control.  
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Aboveground biomass 

During August and September 2004, biomass samples were obtained for aboveground 

and belowground biomass components for the range of tree sizes found at each site on the 

selected treatments (Table 2). Aboveground biomass sampling at RV included 5 trees 

each for the LIT and MIT treatments. For DS and RC sites, 5, 5, and 2 trees were 

sampled on LIT, MIT and HIT treatments, respectively. Trees were felled at the ground 

line and divided into stem sections (wood+bark) and branches. Stem sample discs were 

obtained along the bole every 1 m for DS and RC sites, and every 2 m for RV, starting at 

10 cm above ground level. Foliage and branchwood material were subsampled from 

branches from across the range of diameters (BD) and relative distance from the top of 

the tree (RDFT) found on the felled trees (6 to 28 branches per tree). Foliage and branch 

tissues were separated in the field for each sampled branch. In addition, foliage was 

separated by year of development and branch class (1st, 2nd, and 3rd order branch) based 

on cohort development and foliage size and color. Green weights of sample discs and 

stem sections were recorded in the field. Stem discs, branch, and foliage tissues were 

oven dried at 70ºC for moisture content determination. Field green weights of stem 

sections were then adjusted to dry weight. Tree stem biomass was calculated multiplying 

field green weights of stem sections by average dry weights of the corresponding top and 

bottom sample disc of each section. Branch and foliage biomass was estimated using a 

two-stage approach. First, foliage and branch biomass of individual branches were 

estimated using RDFT and BD based equations using data collected for all living 

branches on each felled tree (See equations 10, 11 and 12 on page 11). Second, these 

estimates were then summed to provide total tree estimates of branch and foliage 

biomass. 
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Belowground biomass 

Estimates of coarse (> 2 mm diameter) and fine root (> 2 mm diameter) biomass were 

obtained from 1m x 1m x 1m excavated soil pits centered on the trees that sampled for 

aboveground biomass. For RV, only 1 tree was sampled at each LIT, MIT and HIT 

treatments. For DS, 3 trees were sampled on each LIT, MIT and HIT treatments. For RC, 

2 trees were sampled on LIT, MIT and HIT treatments. Pits were excavated in 0.2 m 

increment soil layers to a depth of 1m. Prior to the removal of each layer, fine roots 

estimates were obtained by hammering six randomly distributed cores (5 cm diameter x 

7.5 cm height) into the top of the layer. Live radiata pine coarse roots were visually 

separated based on color, shape, and size, and also by sieving each soil layer through a 5 

mm mesh screen. Roots were kept cool in the field and transported to the lab where they 

were maintained at approximately 4ºC until further processing. Coarse roots were washed 

to remove adhered soil particles. Fine roots were separated from the soil within core 

using different methods depending on soil type. For DS, fine roots were removed 

carefully by hand using tweezers, sequentially spreading the soil over a plastic tray, and 

sieving the soil using a fine 0.5 mm mesh colander. For RC, the soil was carefully 

washed on a 0.5 mm mesh colander over a pan filled with water. This system allowed for 

roots to be captured in the colander or floating in the pan. Furthermore, a finer colander 

0.2 mm mesh was used to collect water overflow from the pan allowing a more efficient 

capture of small fine roots. For RV, a combination of sieving and washing procedures 

was applied based on soil-root adherence related with clay content of the sample. Finally, 

coarse and fine roots samples were oven-dried at 70ºC for 36 hours. 
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Leaf Area 

Foliage was separated from each branch, oven-dried at 70ºC, and weighed. Prior to oven-

drying, foliage from each year and branch class (1st, 2nd, and 3rd order branch) was 

subsampled for specific leaf area (SLA) determinations. Fifteen to 20 fascicles were 

randomly sampled and kept refrigerated at <1ºC until processed for SLA determinations. 

Projected leaf area of each sample was estimated using an optical projection system (AT 

Delta-T Devices Ltd.). These samples were then oven-dried, weighed, and specific leaf 

area (SLA) estimates were obtained by dividing projected area estimates by sample dry 

weight. Leaf area estimates for a whole branch were obtained by multiplying SLA by 

foliage dry weight for each foliage year-class.  

 

Data Analyses 

 

Equations to estimate individual branch biomass 

We regressed three components of branch biomass (foliage mass, leaf area, and branch 

mass) on the logarithm of branch diameter (BD) and the logarithm of relative distance 

from the top (RDFT). Data from all sampled branches (6 to 28 branches per tree) of all 

trees from each site, as described in the section titled “Aboveground biomass” on page 7, 

were included in fitting these models; however the effects of blocks and whole plots were 

omitted from the models. The response variables were transformed to logarithms or 

square roots based on graphical examination of the data. The transformations ln(1000* 

Yi+1) for foliage biomass, ln(1000*Yi) for branch biomass, and ln(Yi+1) for leaf area, 

were used to avoid working with values close to zero. A stepwise procedure using BD, 
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RDFT, was used to select the best equation for each transformed biomass component 

(Equations 1, 2 and 3): 

 

[1] ln(1000*Yi+1)  =  a  +  b* ln(BDi+1) + c*(RDFTi
2 +1) + εi 

 

[2] ln(1000*Yi)  =  a  +  b* ln(BDi+1) + c*(ln(BDi+1))2 + d*(ln(RDFTi+1)) + εi 

 

[3] ln(Yi+1)  =  a  +  b* ln(BDi+1) + c*(ln(BDi+1))2 + d*(ln(RDFTi+1)) + εi , 
 

 

where Yi is the biomass (g, mg) or leaf area (cm2) at the ith branch, BD is branch diameter 

in cm at the ith branch, RDFT is the relative distance of insertion of the branch from the 

top of the tree (0.0-1.0) at the ith branch, and εi is the error associated with the ith branch.  

 

Site and treatment specific individual branch regression equations were tested using 

regression analysis with indicator variables for each site and treatment combination 

(Equations 4, 5 and 6): 

 

[4] ln(1000*Yij+1) = a + bi*Zi + c*ln(BDij+1) + d*ln(RDFTij
2+1) + fi*Zi*ln(BDij+1) + 

gi*Zi*ln(RDFTij
2+1) + εij 

[5] ln (1000*Yij) = a + bi*Zi+ c*ln(BDij+1) + d*(ln(BDij+1))2 + e*ln(RDFTij+1) + 

fi*Zi*ln(BDij+1) + gi* Zi* (ln(BDij+1))2 + hi*Zi*ln(RDFTij+1) + εij 

[6] ln (Yij+1) = a + bi*Zi+ c*ln(BDij+1) + d*(ln(BDij+1))2 + e*ln(RDFTij+1) + 

fi*Zi*ln(BDij+1) + gi* Zi* (ln(BDij+1))2 + hi*Zi*ln(RDFTij+1) + εij, 
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where Yij is the biomass (g, mg) or leaf area (cm2), BDij is branch diameter in cm, RDFTij 

is the relative distance of insertion of the branch from the top of the tree (0.0-1.0). Zi is 

the indicator variable for site-treatment effects (DS-LIT, DS-MIT&HIT, RC-LIT, RC-

MIT&HIT, RV-LIT, RV-MIT), a, bi, c, d, e, fi, gi, and hi are the coefficients of the model, 

εij is the error of the model, i=1 to 6 site-treatment combination, j=1,….ni branches in the 

ith site-treatment combination. For each equation, if interaction terms fi, gi, or hi were not 

significant, the terms were dropped from the models and reduced models were tested for 

intercept differences between regressions for each component (Equations 7, 8 and 9): 

 

[7] ln(1000*Yij+1)  = a + bi*Zi+ c*ln(BDij+1) + d*ln(RDFTij
2+1) + εij 

[8] ln (1000*Yij+1) = a + bi*Zi+ c*ln(BDij+1) + d*(ln(BDij+1))2 + e*ln(RDFTij+1) + εij 

[9] ln (Yij+1) = a + bi*Zi+ c*ln(BDij+1) + d*(ln(BDij+1))2 + e*ln(RDFTij+1) + εij. 

 

If slopes or intercepts were different for site-treatment effects (p<0.05), separate 

regression equations were generated for sites and/or treatments using models of the form 

 

[10] ln(1000*Yij+1)  =  (a  +  b* ln(BDij+1)) + εij 

[11] ln(1000*Yij)  =  (a  +  b* ln(BDij+1) + c*(RDFTij
2+1)) + εij 

[12] ln(Yij+1)  =  (a  +  b* ln(BDij+1) + c*(ln(BDij+1))2 + d*ln(RDFTij+1)) + εij, 

 

where Yij is the biomass (g, mg) or leaf area (cm2), BDij is branch diameter in cm, RDFTij 

is the relative distance of insertion of the branch from the top of the tree (0.0-1.0), a, b, c 

and d coefficients of the model, εij is the error of the model, i=1 to 6 site-treatment 

combination, j=1,….ni branches in the ith site-treatment combination. Models [10], [11], 
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[12] were transformed back to the original scale to provide direct estimates of leaf area, 

foliage, and branch biomass using the correction factor for bias from back transformation 

from logarithmic scale suggested by Baskerville (1972) with the form CF = exp (Mean 

Square Error/2).  

 

Individual tree foliage, branch, stem, and leaf area biomass equations 

Estimations of whole tree foliage, branch biomass, and leaf area were calculated by 

adding estimates generated by individual branch regression equations. Stem biomass 

data, from all sampled trees from each site and treatment, and coarse roots and fine roots 

data included in fitting these models, are described in the sections titled “Aboveground 

biomass” and “Belowground biomass” on page 7 and 8, respectively. Effects of blocks 

and whole plots were omitted from these models. Individual tree biomass equations for 

stem, branch, foliage, coarse roots, fine roots, and leaf area were regressed on either 

logarithm of collar diameter (CD), logarithm of diameter at breast height (DBH) or 

logarithm DBH squared by height (DBH2H).  

 

Individual tree biomass regression equations were tested for site and treatment effects in 

the slope and intercept parameters. Because only two trees were sampled at HIT 

treatments for DS and RC sites, MIT trees and HIT trees were pooled together and called 

MIT&HIT to test for treatment effects against LIT at each site. Regression analyses used 

full models to test for differences in slope between sites or treatments of the form 

 

[13]       ln(Yij) = a + bi*Zi  + c* ln(Xij) + di* Zi *ln(Xij) + εij, 
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where Yij is biomass component (foliage, branch, stem) in grams, or leaf area in cm2, Xij 

is CD, DBH, or DBH2H independent variable, Zi is the indicator variable for site-

treatment effects (DS-LIT, DS-MIT&HIT, RC-LIT, RC-MIT&HIT, RV-LIT, RV-MIT), 

a, bi, c, and di are the coefficients of the model, and εij is the error of the model, i=1 to 6 

site-treatment combination, j=1,….ni branches in the ith site-treatment combination. If no 

differences in slopes were found, the interaction term di was dropped and a reduced 

model was used to test for intercept differences between regressions (Equation 14): 

 

[14]  ln(Yij) = a + bi* Zi + c*ln(Xij) + εij. 

 

If slopes or intercepts were different (p<0.05), separate regression equations were 

generated for sites and/or treatments using a simple model of the form 

 

[15] ln(Yij) = a + b*ln(Xij) + εij. 

 

All the models tested were selected based on best fit, R2 values, residuals analyses, 

variance inflation factors, and Mallow’s Cp statistic.  

 

Specific leaf area analyses 

Means and standard errors of Yijk = specific leaf area (SLA) in cm2g-1 were computed 

using the mixed model 

[16]   Yijk = µ+ Ci + Tj(i) + Ak + (CA)ik + εijk, 
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where µ is the overall mean, Ci is the site and treatment effect (DS-LIT, DS-MIT&HIT, 

RC-LIT, RC-MIT&HIT, RV-LIT, RV-MIT), T j(i) is the random tree effect, Ak is the age 

of foliage development (2002, 2003, 2004, 2005), (CA)ik  is the site-treatment by foliage 

age interaction term, εijk is the random error of the model, i=1 to 6 site-treatment 

combinations, k=1,….,4 foliage ages, and j=1,…..,nik foliage samples in the ith site-

treatment combination and kth foliage age. Before fitting this model we fitted a model 

including block effects, but the variance component for block was zero so block effects 

were omitted from model [16]. 

 

Statistical analyses were performed using SAS software version 9.1 PROC GLM and 

PROC MIXED (SAS Institute Inc., Cary, NC, 2004). Exploratory graphical analyses 

were performed using JMP (version 5.1.2, SAS Institute Inc., Cary NC, 2004). A 

logarithmic transformation was applied to reduce data heterodasticity when needed (Steel 

and Torrie, 1980).  

 

 

Comparison with published equations 

Published equations for above ground biomass for radiata pine stands of similar age and 

size were compiled, and graphically compared with our equations. Comparisons were 

performed using the range of height and diameter inventory data collected at the study 

sites.  
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RESULTS 

Individual Branch Biomass Equations 
 
Individual branch biomass estimates of foliage, branch mass, and leaf area were 

significantly related to BD, RDFT (p<0.01). Coefficients of determinations (R2) ranged 

from 0.77 to 0.96 and were lower for foliage and higher for branch mass equations (Table 

3). The equation form and intercept and slope coefficients varied among sites and among 

treatments within site. For foliage, at DS, one equation fit all treatments for foliage and 

LA. However, different intercepts and slope coefficients were obtained between LIT and 

MIT&HIT for branch biomass. At RC, two separate equations were obtained, one for LIT 

and other for the MIT&HIT treatments. Similar to DS, RV showed homogeneity of 

equations and coefficients for foliage and LA for all treatments but different intercept and 

slope coefficients were obtained for branch biomass on the LIT and MIT treatments.  

 

Individual tree foliage, branch, stem, and leaf area biomass-equations 

Individual tree aboveground biomass equations were developed using root collar 

diameter (CD), diameter at breast height (DBH), and DBH2H as independent variables in 

order to compare our relationships with published equations in the literature for the same 

range of tree size.  

 

Foliage equations with diameter at breast height (DBH) or DBH2H as independent 

variables differed in slope only between RC-LIT and RC-MIT&HIT. Foliage equation 

intercepts differed between DS-LIT and DS-MIT&HIT for root collar diameter, and 

among RC and RV sites for all independent variables (Table 4). Branch equations 

differed in slope between RC-LIT and RC-MIT&HIT. Branch equation intercepts 
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differed between DS and RC for all independent variables and between DS-LIT and DS-

MIT&HIT for root collar diameter. For stem biomass, diameter at breast height based 

equations showed differences in slopes and intercepts between DS-LIT and DS-

MIT&HIT, and root collar diameter based equations showed differences in intercepts for 

RC-LIT and RC-MIT&HIT. For leaf area, all independent variables showed differences 

in slope between RC-LIT and RC-MIT&HIT. Leaf area equation intercepts differed 

between DS and RC sites for all independent variables and between DS-LIT and DS-

MIT&HIT for root collar diameter. Differences in slopes and intercepts resulted in single 

or multiple aboveground biomass equations across sites and treatments for each 

independent variable (Table 6, Figures 2a and 2b).  

 

Individual tree foliage, branch, and stem biomass, and leaf area with root collar diameter, 

diameter at breast height, or height were quite strong. Coefficients of determination (R2) 

ranged 0.76 to 0.91 for foliage, 0.80 to 0.97 for branches, 0.96 to 0.99 for stem, and 0.61 

to 0.96 for LA. In general, lower values were associated with estimations for leaf area 

and foliage and higher values were associated with branch and stem biomass. 

 

Individual tree coarse and fine roots biomass equations 

Regression analyses with dummy variables did not include RV because no replicates 

were obtained at each sampled treatment, and sampling only included average size trees 

at RV-LIT and RV-MIT. Further analyses for coarse roots biomass equations for 

diameter at breast height and DBH2H independent variables differed in slope between 

DS-LIT and DS-MIT&HIT and between DS and RC sites for root collar diameter (Figure 

3 a). No differences in slopes or intercepts were found for diameter at breast height or 
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DBH2H across treatments or sites, allowing development of a strong simple linear 

relationship (Figure 3 b). Considering that, no treatment or site effects were observed for 

diameter at breast height and DBH2H, a general biomass equation was developed for 

diameter at breast height including RV sampled trees showing good adjustment with 

other sites and treatment-pooled data (Figure 3 c). For fine roots, considering all 

independent variables, only differences in intercepts were found between DS and RC 

equations, with no treatment effects.  

 

Differences in slopes and intercepts resulted in single or multiple aboveground biomass 

equations across sites and treatments for each independent variable (Table 6, Figures 

3a,3b, and 3c). Final equations R2 ranged from 0.77 to 0.91 for foliage, 0.80 to 0.97 for 

branches, 0.96 to 0.99 for stem, 0.61 to 0.96 for LA, 0.79 to 0.96 for coarse roots, and 

0.63 to 0.86 for fine roots. In general, stronger linear relationships were found for coarse 

roots and no significantly different from zero intercepts were observed in coarse roots vs. 

root collar diameter equations. 

 

Comparison with published equations 

A small number of published equations for young radiata pine plantations were found 

(Table 8). Several equations were discarded as they used diameter at the base of the live 

crown (Madgwick, 1994) or basal area (Snowdon, 1987; Madgwick, 1983a) as 

independent variables.  
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DISCUSSION 

Individual Branch Biomass Equations 

Relationships between foliage biomass and LA with all independent variables were 

weaker than the comparable branch biomass relationships (Table 6). One possible reason 

is that RDFT was the branch insertion location in the stem rather than the real position of 

foliage in the crown (Rubilar et al., 2005) and branch length was not included in the 

models (Satoo and Madgwick, 1982). Foliage is also an ephemeral tissue component and 

varies based on seasonal and site abiotic and biotic factors (Raison et al., 1992; 

Dougherty et al., 1994; Zhang and Allen, 1996; Zhang et al., 1997; Rubilar et al., 2005). 

This was evident from differences in slope and intercepts of our final individual branch 

equations for each site and treatment combination. 

 

From all sites, only RC did not include RDFT as a regressor suggesting that BD was 

more important than branch position in the crown for predicting its foliage mass. 

Whitehead et al. (1990) found a strong linear relationship between individual branch 

basal area and branch foliar area for a wide spacing trial. Major differences in foliage 

mass, related with its position in the crown, may be related to light availability (shading), 

foliage age class proportions on the branch, and specific leaf area (Reich et al., 1992; 

Beets and Lane, 1987; Wang et al., 1990). Given the wide spacing and the less developed 

crowns at RC compared to RV, less light limitations for lower crown branches positions 

may be expected. However, the similarity of equations between RC and DS may be due 

to the similarity in foliage senescence patterns (Chapter 4). 
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Branch biomass equations were affected by treatment. Results from growth analyses  

suggested that WC effects affected branch production (Albaugh et al., 2004; Chapter 2). 

Increased branch mass has been reported with increased nutrition (Brix, 1981; Snowdon 

and Benson, 1992) and nutrition may have been improved by WC at our sites. 

Interestingly, the branch biomass regression did not differ between DS and RC. This 

latter result was not expected, as different genetic materials were planted at each site. 

 

Individual tree foliage, branch, stem, and leaf area biomass equations 

In general, differences in slopes and intercepts for all three independent variables 

indicated that no single equation was valid across sites and treatments for any biomass 

component emphasizing the need for local and treatment specific equations. However, 

stem biomass equations were less site specific than other biomass components and this is 

related to the more perennial nature of stem biomass compared to foliage, LA, or branch 

components (King et al., 1999). Similar findings have been reported by Naidu et al. 

(1998) for loblolly pine. Snowdon (1985), testing the homogeneity of biomass equations 

for young radiata families under fertilization, indicated that larger differences in biomass 

equations may be obtained among genetic materials than for nutrient additions. Our 

results suggest that biomass equations will differ more by silvicultural treatment (weed 

control and fertilization) than for genetic material. This difference in results could be 

attributed to the higher fertility of the site evaluated by Snowdon, compared to our water 

limited and maybe nutrient limited sites (Flores and Allen, 2004; Albaugh et al., 2004).  

 

Lower intercepts and slopes in foliar equations may be reflecting larger differences in site 

resource availability (Raison et al., 1992; Albaugh et al., 1998). For radiata pine, specific 
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leaf area and total tree leaf area (foliage mass) increase by increased nutrition (Sheriff et 

al., 1986; Raison et al., 1992; Nambiar and Sands, 1993; Fife and Nambiar, 1997). Visual 

inspection of Figure 4 reveals differences in SLA across sites and foliage ages. Larger 

SLAs were observed at RV compared to other sites. Differences in SLA among genetic 

material have been reported before (McCrady and Jokela, 1996). Observed variation in 

SLA has also been related to canopy position (Whitehead et al., 1994, Ohmart and 

Thomas, 1986; Rook et al., 1987), leaf age (Beets and Lane, 1987), and silvicultural 

treatment effects (Raison et al., 1992; Cromer et al., 1983). Variability in leaf age 

longevity was also observed among sites and treatments (Chapter 4). Relative differences 

in canopy position of obtained samples may be expected given the large differences in 

crown development among sites. In addition, variation in SLA may be also attributed to 

the attack of the fungus Cyclaneusma sp. causing infection in the foliage, decay, and 

premature needle cast at RV(FRI, 1995).  

 

Delayed or early needlefall of older foliage has been also observed in response to reduced 

or increased water stress in radiata pine (Raison et al., 1992) and also other pine fast 

growing species (Vose and Allen, 1991; Dougherty et al., 1995). Large increases in total 

foliage mass and leaf area are dependent on both water and nutrient (mainly N) 

availability (Raison et al., 1992). However, in well watered environments, nutrient 

availability, in particular nitrogen, may be the critical factor for foliage mass production 

(Vose, 1988). This may explain the lack of differences in foliage biomass equation at RV 

site, which had higher fertility and water availability compared to DS (extreme water 

limited), and RC (water and nutritional limited) sites. 
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Differences in branch biomass equations may be attributed to crown size development. 

Larger differences in branch equations compared to foliage reflect the less ephemeral 

nature of branch biomass reflecting the larger differences observed among treatments 

applied since establishment (Albaugh et al., 2004). Undoubtedly, foliage mass (and leaf 

area) increases have been driven by larger branch development. Genetic differences 

among sites may have also caused differences in branch biomass equations (Burdon, 

1971; Madgwick, 1983b; Snowdon and Waring, 1985b). In general, except for RC-LIT, 

higher slopes were observed for high intensity treatments (MIT&HIT) and with increased 

site fertility. Higher slopes indicate a larger branch biomass for a given tree diameter 

(CD, DBH, DBH2H).  

 

Differences in stem biomass equations were small. Similar results have been found by 

Birk (1992) and Snowdon and Benson (1992) suggesting that a single equation may be 

used across sites for stem biomass. Differences in stem biomass equations mainly for root 

collar diameter may be related to tree form (taper) or specific gravity (Snowdon and 

Waring, 1985a; Beets et al., 2001). Differences in stem biomass equations across sites 

suggested that taper and/or specific gravity differences existed and were captured 

differently by each independent variable.  

 

Individual tree coarse and fine roots biomass equations 

Positive linear relationships among coarse root biomass and diameter at breast height 

have been established before for radiata pine and other conifer and hardwood species 

(Vanlear and Kapeluck, 1995; Drexhage and Colin, 2001). The fact that one generalized 

coarse root model worked across sites and treatments for diameter at breast height and 
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DBH2H was surprising, considering the range of soil types and environmental conditions. 

Surprisingly, the two sites with the most contrasting soil textures, DS (no structure sands) 

and RC (well structured dense clay), shared the same coarse root biomass equations 

coefficients at the tree level. It might be expected that root collar diameter would be the 

independent variable more closely related to coarse root biomass, as it is physically closer 

to the root system. Differences in slope for each site and treatment conditions were found 

for root collar diameter suggesting large soil and treatment effects (Figure 3a). However, 

we were not able to obtain enough samples to characterize the diameter distribution for 

RV (only one sample per treatment), and addition of these sampled trees to the general 

model for diameter at breast height fit the same line. (Figures 3b and 3c).  

 

Our positive linear relationships between fine roots and tree size for DS and RC 

treatments differed from Rodriguez et al. (2003) who found no relationship between fine 

roots pool and tree size. Differences in methods of determination have been suggested for 

lack agreement among belowground studies (Vogt et al., 1996; King et al., 2002). 

However, large differences exist in silvicultural treatments applied, age of the stand, and 

competition from weeds between studies. Fine root production has been indicated as one 

of the highest respiratory cost tissues reducing net primary productivity across temperate 

environments (Keyes and Grier, 1981; Marshall and Waring, 1985; Ryan et al., 1996). 

Considering the large differences in specific heat and conductivity of dark sands and clay 

textures, differences in soil temperature may also be involved in fine root turnover and a 

compensation mechanism for plant growth (Marshall and Waring, 1985). In addition, 

genetic differences may account for differences in carbon balance between sites and 

treatments (Li et al., 1991). 
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Comparison with published equations 

In general, our equations for root collar diameter, diameter at breast height, and DBH2H 

were in the range of estimation obtained from previous published biomass equations for 

individual tree foliage, branch, and stem biomass (Figures 5, 6 and 7). As expected, the 

largest variability was found for branch and foliage equation estimates for all equations 

compared (Figures 5 and 6). The largest differences found between our equations and 

published equations were for branch biomass using root collar diameter as an 

independent variable (Figure 6). Large positive differences were observed comparing our 

estimates with O’Brien (1998) equations developed for stands 10 and 16 months older. 

Unfortunately, we did not find equations to compare with larger root collar diameter 

trees. In general, when diameter at breast height was used as an independent variable for 

branch equations, they showed the best agreement. The causes for differences in foliage 

and branch biomass equations have been already discussed. These large differences 

emphasize the need for site-specific and if possible treatment-specific equations. Smaller 

differences were observed for stem biomass regressions, but considerable variation still 

existed (Figure 7). This suggests that using the same stem mass equation at extreme site 

(or genotype) conditions may generate large biases in stem mass estimations.  

 

CONCLUSIONS 

Individual branch biomass equations for young radiata pine are site and treatment 

specific. Individual tree biomass equations for young radiata pine are also site and 

treatment specific. More variation was found for foliage and branch regressions due the 

ephemeral nature of these biomass components. Stem biomass equations varied less but 

important differences in stem biomass equations may also be found between sites and 
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treatments at younger ages. Coarse root biomass estimates were variable but less than 

expected considering the large soil and climatic gradient among our sites. A positive 

general linear relationship with root collar diameter or diameter at breast height across 

sites and treatments for coarse roots suggested an allometric relationship comparable to 

stem mass. 
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TABLES 
 
Table 1.  Site and stand information for the three sites examined in this study. 
 
Site Name Recent Volcanic Ash 

(RV) 
Dry Sands 

(DS) 
Red Clay 

(RC) 
Latitude and longitude 39°  4' 40" S 

72° 24' 23" W 
37° 10' 40" S 
72° 15' 47" W 

37° 50' 43"  S 
72° 20'  5" W 

Mean annual temperature 
(ºC) 

10.7 13.7 13.3 

Mean annual rainfall 
(mm) 

2180 1160 1100 

Geology Recent volcanic ash Volcanic sands Red clay - old 
volcanic ash 

Soil taxonomic name Medial, Mesic Typic 
Haploxerands 

Fragmental, Thermic 
Dystric Xerorthents 

Very fine, Mixed, 
Thermic Typic 
Rhodoxeralfs 

Drainage Well Somewhat excessively 
well 

Well 

Family Genotype MP31 IF24 MP31 
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Table 2.- Fourth year season average and range DBH (cm) and H (m) stand 

estimates compared to sampled trees at each site. 

  DBH (cm)  H (m) 

Site  Stand mean 

(range) 

Sampled trees mean 

(range) 

 Stand mean 

(range) 

Sampled trees mean 

(range) 

DS  3.7  

(0.2-9.4) 

5.1  

(0.6-8.1) 

 2.8 

(0.2-5.6) 

3.3  

(1.3-5.2) 

RC  5.7 

(0.9-14) 

7.0  

(2.1-11.4) 

 4.1 

(1.3-7.6) 

4.9  

(2.0-6.9) 

RV  10.7 

(1.0-19.7) 

12.2  

(6.3-16.6) 

 6.0 

(1.2-9.7) 

6.6  

(4.6-7.7) 
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Table 3. Regression coefficients for estimating foliage, branch biomass, and leaf area (cm2) per branch. Models [10], [11], [12] 
transformed back to the original scale to provide direct estimates of leaf area, foliage and branch biomass are as follows. 
Equationa A: Y = ( ( (EXP(a+ b*ln(BD+1) + c*ln(RDFT2+1) ) –1)*CF )*10-3 

Equationa B: Y = ( ( (EXP(a+ b*ln(BD+1) + c*(ln(BD+1))2 + d*ln(RDFT+1) ) CF)*10-3) 
Equationa C: Y = EXP (a+ b*ln(BD+1) + c*(ln(BD+1))2 + d*ln(RDFT+1) )*CF –1 
 
Tree 
Component 

Site 
Estimate 

(Y) 

Treatment Equation a b c d CF 
Correction 

Factor 

Coefficient of 
determination 

(R2-adj) 
Foliage DS LIT, MIT, HIT A 6.427** 4.139** 1.341** NA 1.033 0.80 

 RC LIT A 4.563** 6.881** NA NA 1.269 0.85 

 RC MIT,HIT A 5.979** 4.824** NA NA 1.280 0.79 

 RV LIT, MIT A 6.789** 3.890 * -0.571** NA 1.279 0.77 

Branch DS, RC LIT B 3.111** 11.878** -4.344** 0.711 * 1.122 0.90 

 DS, RC MIT,HIT B 4.486** 7.088** -1.4253** 1.567** 1.080 0.92 

 RV LIT B 4.819** 7.779** -1.609** 0.669** 1.041 0.96 

 RV MIT B 4.459** 7.548** -1.521** 1.670** 1.051 0.96 

LA DS LIT, MIT, HIT C 1.372** 6.291** -0.476** 2.618** 1.174 0.84 

 RC LIT C 1.403** 6.796** NA NA 1.235 0.85 

 RC MIT, HIT C 2.870** 4.625** NA NA 1.237 0.80 

 RV LIT, MIT C 2.155** 5.429** -0.273** 1.465** 1.147 0.85 
All models other than leaf area estimate biomass in grams per branch.  
a : Equations A and B are simplified forms of Models 7, 8, and 9 transformed back to the original scale to provide to provide direct estimates of leaf area, foliage and branch biomass.  
BD : Branch diameter (cm) 
RDFT  : Distance from the top (m) 
CF  : Correction factor for back transformation from log scale suggested by Baskerville (1972) 
NA  : Not applicable. 
LA  : leaf area in cm2. 
** significant at p<0.1, * significant at p<0.05,  ns not significant. 
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Table 4. Statistical significance (p-value>F) indicating differences in slopes or intercepts for biomass equations for individual tree foliage, 
branch mass, stem and leaf area (m2/tree) using Xij (CD, DBH, DBH2H) as independent variables. Site and treatment effects on slope and 
intercepts were tested using the following models (Models [13], [14]): 

Full Model  : ln(Yij) = a + bi*Zi + c*ln(Xij) + di*Zi*ln(Xij) + εij 
Reduced Model  : ln(Yij) = a + bi*Zi + b*ln(Xij) + εij 

 
 

Foliage  Branches  Stem  LA Tests for differences in  
slopes (Full Model) CD DBH DBH2H  CD DBH DBH2H  CD DBH DBH2H  CD DBH DBH2H 
DS LIT vs. MIT&HIT 0.5143 0.3289 0.5857  0.4621 0.8057 0.4873  0.1043 0.0448 0.1617  0.6491 0.9244 0.6359 
RC LIT vs. MIT&HIT 0.0522 0.0182 0.0248  0.0233 0.0092 0.0156  0.3816 0.3069 0.2806  0.0520 0.0221 0.0268 
RV LIT vs. MIT&HIT 0.8319 0.2778 0.6382  0.8908 0.2558 0.6862  0.9739 0.2283 0.5463  0.8058 0.3295 0.6430 
DS MIT&HIT vs. RC LIT 0.3174 0.4859 0.4750  0.0608 0.1032 0.1282  0.9187 0.7842 0.8365  0.4030 0.6092 0.5735 
RC MIT&HIT vs. RV LIT 0.6120 0.9693 0.6890  0.7429 0.3598 0.2361  0.2343 0.2739 0.6267  0.2532 0.5284 0.8033 
Test for differences in  
intercepts (Reduced Model) 

               

DS LIT vs. MIT&HIT 0.0181 0.5383 0.5324  0.0012 0.3864 0.3822  0.3827 0.0143 0.0055  0.0036 0.3990 0.3966 
RC LIT vs. MIT&HIT 0.2963 0.4686 0.6471  0.0691 0.2231 0.3888  0.0176 0.0919 0.2388  0.6431 0.8861 0.8753 
RV LIT vs. MIT&HIT 0.6430 0.1018 0.1271  0.7890 0.0739 0.1091  0.1658 0.2900 0.3442  0.6491 0.2692 0.3330 
DS MIT&HIT vs. RC LIT 0.0570 0.1522 0.1415  0.0058 0.0444 0.0464  0.2157 0.4643 0.3327  <.0001 0.0004 0.0005 
RC MIT&HIT vs. RV LIT 0.0085 0.0223 0.0319  0.0849 0.2066 0.1796  0.5805 0.3463 0.4334  0.4978 0.4728 0.5799 
Xij is CD, DBH or DBH2H 
Zi indicator variable with values 1=DS-LIT, 2=DS-MIT&HIT, 3=RC-LIT, 4=RC- MIT&HIT, 5=PC-LIT, 6=PC- MIT&HIT. 
εij is the error of the model 
i=1 to 6 site-treatment combination 
j=1,….ni plot in the ith site-treatment combination  
CD : Collar diameter at 5 cm above ground level  
DBH   : Diameter at breast height (cm) 
H  : Height of the tree (m) 
Values in bold are significant at p<0.1 
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Table 5. Statistical significance (p-value>F) indicating differences in slopes or intercepts for biomass equations for individual tree coarse 
and fine root biomass using Xi (CD, DBH, DBH2H) as independent variables. Site and treatment effects on slope and intercepts were 
tested using the following models (Models [13], [14]): 

Full Model  : ln(Yij) = a + bi*Zi + c*ln(Xij) + di*Zi*ln(Xij) + εij 
Reduced Model  : ln(Yij) = a + bi*Zi + c*ln(Xij) + εij 

 
 

Coarse Roots  Fine Roots Tests for differences in  
Slopesa (Full Model) CD DBH DBH2H  CD DBH DBH2H 
DS LIT vs. MIT&HIT 0.0270 0.4848 0.3470  0.2394 0.4476 0.4667 

RC LIT vs. MIT&HIT 0.3751 0.5576 0.4708  0.9106 0.4763 0.5320 

DS MIT&HIT vs. RC LIT 0.0064 0.8310 0.8349  0.1174 0.1540 0.1714 

Tests for differences in  
Interceptsa (Reduced Model) 

       

DS LIT vs. MIT&HIT 0.6885 0.4848 0.3470  0.8592 0.6159 0.5761 

RC LIT vs. MIT&HIT 0.5455 0.5576 0.4708  0.7202 0.6979 0.7481 

DS MIT&HIT vs. RC LIT 0.1684 0.4139 0.8349  0.0273 0.0732 0.0588 

Xij is CD, DBH or DBH2H 
Zi  Indicator variable with values 1=DS-LIT, 2=DS-MIT&HIT, 3=RC-LIT, 4=RC- MIT&HIT, 5=PC-LIT, 6=PC- MIT&HIT. 
εij is the error of the model 
i=1 to 6 site-treatment combination 
j=1,….ni plot in the ith site-treatment combination  
CD : Collar diameter at 5 cm above ground level  
DBH   : Diameter at breast height (cm) 
H  : Height of the tree (m) 
Values in bold are significant at p<0.1 
a  No test available for RV due to lack of replicates across treatments and tree sizes 
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Table 6. Tree individual biomass (kg/tree) and leaf area (m2/tree) regression equations for all sites 
and treatments. Model [15] transformed backa to the original scale to provide direct estimates of 
foliage, branch and stem is Y = (EXP(a + b*ln(X))*CF)*10-3, and for leaf area is Y = 
(EXP(a+b*ln(X))*CF)*10-4.  
 CD DBH DBH2H 

Treatmentsb a B CF R2-adj a b CF R2-adj a b CF R2-adj
 Foliage 

DS-LIT 3.436** 1.846** 1.038 0.92 5.576** 1.339** 1.049 0.91 2.933** 0.526** 1.050 0.91 
DS-MIT&HIT 3.066** 2.239** 1.059 0.83 5.576** 1.339** 1.049 0.91 2.933** 0.526** 1.050 0.91 
RC-LIT 3.066** 2.239** 1.059 0.83 5.576** 1.339** 1.049 0.91 2.933** 0.526** 1.050 0.91 
RC-MIT&HIT 3.066** 2.239** 1.059 0.83 3.817** 2.250** 1.049 0.88 -0.360ns 0.848** 1.063 0.86 
RV-LIT 1.923** 2.475** 1.008 0.97 2.213** 2.671** 1.014 0.95 -3.028* 1.038** 1.020 0.94 
RV-MIT 1.923** 2.475** 1.008 0.97 2.213** 2.671** 1.014 0.95 -3.028* 1.038** 1.020 0.94 

 Branch 
DS-LIT 2.493** 2.273** 1.035 0.94 5.084** 1.587** 1.035 0.96 1.922** 0.628** 1.037 0.96 
DS-MIT&HIT 2.574** 2.434** 1.025 0.94 5.084** 1.587** 1.035 0.96 1.922** 0.628** 1.037 0.96 
RC-LIT 2.493** 2.273** 1.035 0.94 5.760** 0.900** 1.015 0.80 4.162** 0.331** 1.014 0.80 
RC-MIT&HIT 2.574** 2.434** 1.025 0.94 4.076** 1.978** 1.075 0.78 0.169** 0.769** 1.078 0.77 
RV-LIT 2.574** 2.434** 1.025 0.94 4.076** 1.978** 1.075 0.78 0.169** 0.769** 1.078 0.77 
RV-MIT 2.574** 2.434** 1.025 0.94 4.076** 1.978** 1.075 0.78 0.169** 0.769** 1.078 0.77 

 Stem 
DS-LIT 2.449** 2.533** 1.107 0.97 5.447** 1.519** 1.025 0.97 2.355** 0.613** 1.023 0.97 
DS-MIT&HIT 2.449** 2.533** 1.107 0.97 4.706** 1.920** 1.009 0.98 1.135** 0.728** 1.009 0.98 
RC-LIT 2.449** 2.533** 1.107 0.97 4.706** 1.920** 1.009 0.98 1.135** 0.728** 1.009 0.98 
RC-MIT&HIT 3.715** 2.061** 1.087 0.95 4.706** 1.920** 1.009 0.98 1.135** 0.728** 1.009 0.98 
RV-LIT 3.715** 2.061** 1.087 0.95 4.706** 1.920** 1.009 0.98 1.135** 0.728** 1.009 0.98 
RV-MIT 3.715** 2.061** 1.087 0.95 4.706** 1.920** 1.009 0.98 1.135** 0.728** 1.009 0.98 

 Leaf Area 
DS-LIT 7.158** 1.965** 1.052 0.90 9.471** 1.475** 1.014 0.96 6.528** 0.584** 1.037 0.96 
DS-MIT&HIT 7.772** 1.982** 1.046 0.79 9.471** 1.475** 1.014 0.96 6.528** 0.584** 1.037 0.96 
RC-LIT 5.656** 2.627** 1.022 0.93 9.350** 1.151** 1.059 0.61 7.344** 0.420** 1.061 0.60 
RC-MIT&HIT 7.029** 2.007** 1.003 0.98 7.804** 1.974** 1.027 0.90 3.935* 0.765** 1.032 0.88 
RV-LIT 7.029** 2.007** 1.003 0.98 7.804** 1.974** 1.027 0.90 3.935* 0.765** 1.032 0.88 
RV-MIT 7.029** 2.007** 1.003 0.98 7.804** 1.974** 1.027 0.90 3.935* 0.765** 1.032 0.88 

 Coarse Roots 
DS-LIT 4.379ns 1.680ns 1.172 0.86 
DS-MIT&HIT 0.013ns 3.860* 1.325 0.75 
RC-LIT, 
MIT& HIT 

4.488* 1.754** 1.167 0.80 6.034 1.310 1.215 0.78 3.610** 0.495** 1.215 0.78 

RV-LIT,RV-
MIT 

NA NA NA NA NA NA NA NA NA NA NA NA 

 Fine Roots 
DS-LIT,DS-
MIT&HIT 1.699* 1.994** 1.041 0.76 4.017** 1.166* 1.065 0.63 2.884* 0.356* 1.059 0.66 

RC-LIT,RC-
MIT&HIT -1.167ns 2.938** 1.027 0.92 1.371ns 2.197* 1.051 0.86 -0.481ns 0.634* 1.044 0.88 

RV-LIT,RV-
MIT 

NA NA NA NA NA NA NA NA NA NA NA NA 

a  Estimates from back-transformations were divided by 10-4 for leaf area estimates to convert cm2 to m2 per tree, and divided for 10-3 for other biomass 
components to convert from grams to kg per tree. 
b  Sites coded as DS=Dry Sand, RC=Red Clay, RV=Recent Volcanic Ash; Selected treatments coded as LIT=Low intensity treatment and MIT&HIT= 
Medium and high intensity treatment. 
 
X  :  is CD, DBH, or DBH2H 
CD : Collar diameter at 5 cm above ground level  
DBH   : Diameter at breast height (cm) 
H  : Height of the tree (m) 
NA  : Not available 
CF  : Correction factor for back transformation from log scale suggested by Baskerville (1972) 
**  significant at p<0.01,  * significant at p<0.1, ns not significant 
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Table 7. Summary of biomass equations for young radiata pine trees published in the 
literature. Equations to estimate each biomass component are: A) y=exp(a)*(x)b, B) 
y=exp(a)*(x1)b*((x1)c)2 , C) y=exp(a)*(x1)b*((x2)c)2 , D) y=exp(a)*(x1)b*(x2)c, E) y=exp(a)*(x1*x2)b. Where y 
represents biomass component dry weight, x1 and x2 independent variables, and a,b,c 
coefficients of the model. 

     Ind.var.1 Equation   Biomass 

Reference 

Months 
(m) or 

years (y) a b c x1,x2 
used 

Units Component 
Stem 

O'Brien 19982 10 m 2.822 2.086  CD A g Stem 
O'Brien 19982 16 m 2.681 2.072 0.159 CD B g Stem 
O'Brien 19982 22 m 2.360 2.550  CD A g Stem 
O'Brien 19982 28 m 5.210 0.850 0.290 DBH B g Stem 
O'Brien 19982 34 m 5.330 0.850 0.290 DBH B g Stem 
Snowdon 1985 3-4 y 0.003 1.451 0.659 CD, H C g Stem+bark 
Forrest 1969 a 5 y -1.923 -1.589  DBH A Kg Stem 
Forrest 1969 b 7 y -3.026 2.311  DBH A Kg Stem 
Forrest 1969 c 9 y -1.921 2.008  DBH A Kg Stem 
Madgwick 1994 1-42 y -3.097 0.849  DBH2H E Kg Stem+bark 

Bark 
O'Brien 19982 10 m 2.215 1.640  CD A g NA 
O'Brien 19982 16 m 1.904 1.640 0.092 CD B g NA 
O'Brien 19982 22 m 1.82 1.930  CD A g NA 
O'Brien 19982 28 m 3.843 0.510 0.32 DBH B g NA 
O'Brien 19982 34 m 4.013 0.510 0.32 DBH B g NA 
Forrest 1969 a 5 y -3.541 -1.384  DBH A Kg NA 
Forrest 1969 b 7 y -3.026 2.311  DBH A Kg NA 
Forrest 1969 c 9 y -3.153 1.667  DBH A Kg NA 

Foliage 
O'Brien 19982 10 m 3.673 1.600  CD A g NA 
O'Brien 19982 16 m 3.706 1.573 0.209 CD B g NA 
O'Brien 19982 22 m 3.110 2.191  CD A g NA 
O'Brien 19982 28 m 6.110 1.050  DBH B g NA 
O'Brien 19982 34 m 6.140 1.050  DBH B g NA 
Forrest 1969 a 5 y -2.014 1.652  DBH A Kg NA 
Forrest 1969 b 7 y -3.920 2.428  DBH A Kg NA 
Forrest 1969 c 9 y -1.315 1.155  DBH A Kg NA 

Baker et al 1984 4 4-49 y -3.779 2.192  DBH A Kg NA 
Baker et al 1984 4 4-49 y -3.365 1.893  DBH A Kg NA 

Branches 
O'Brien 19982 10 m 2.030 1.840  CD A g live 
O'Brien 19982 16 m 0.626 1.784 0.396 CD B g live 
O'Brien 19982 22 m 3.350 0.955  CD A g live 
O'Brien 19982 28 m 4.780 0.784  DBH B g live 
O'Brien 19982 34 m 4.500 0.784  DBH B g live 
Forrest 1969 a 5 y -3.881 2.506  DBH A Kg live 
Forrest 1969 b 7 y -6.804 3.669  DBH A Kg live 
Forrest 1969 c 9 y -3.313 1.939  DBH A Kg live 

Baker et al 1984 4-49 y -4.332 2.413  DBH A Kg total 
Baker et al 1984 4-49 y -4.727 2.459  DBH A Kg live 

1 CD, DBH and H in cm, except for Madgwick 1994 (H in m). 
2 Included additional equation for tip biomass estimates. See O’Brien (1984) or Snowdon (2002) for details.. 
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FIGURES 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. Location of the study sites in Chile. 
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Figure 2. Stem biomass regression equations a) Equation between Log(DW) and Log(DHB) 
showing differences in slopes and intercepts among sites and treatments b) Single biomass 
equation between Log(DW) and Log(CD) across sites and treatments. 
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Figure 3. Coarse roots linear relationships with CD and DBH a) Relationship with CD by 
treatment and site, b) Relationship with DBH (not including RV trees), a similar 
relationship was observed with DBH2H, c) Relationship with DBH including RV trees. 
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Figure 4. Specific leaf area across sites, treatments, and age of foliage. Error bars 
indicate standard error of the mean for each site, treatments, and foliage age. 
Standard errors were computed from model [16] is SAS Proc Mixed. 
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Figure 5. Comparison of developed equations for foliage for DS-LIT,MIT&HIT, RC-LIT 
(DBH_a), RC-MIT&HIT (DBH_b), and RV-LIT,MIT (DBH_c) using DBH as independent 
variables, against equations previously published in the literature. Similar patterns were 
observed for CD equations. For published equations details see O’Brien (1998), Forrester 
(1969) and Baker et al. (1984). 
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Figure 6. Comparison of developed equations for branches for DS-LIT,MIT&HIT 
(DBH_a), RC-LIT (DBH_b), and RC-MIT&HIT (DBH_c), and RV-LIT,MIT (DBH_c) 
using DBH as independent variables, against equations previously published in the 
literature. Similar patterns were observed for CD equations. For published equation details 
see O’Brien (1998), Forrester (1969) and Baker et al. (1984).  
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Figure 7. Comparison of developed equations for stem mass for DS-LIT (DBH_a, 
DBH2H_a), and DS-MIT&HIT, RC-LIT,MIT&HIT, and RV-LIT,MIT (DBH_b, 
DBH2H_b) using DBH and DBH2H as independent variables against equations previously 
published in the literature. For published equation details see O’Brien (1998), Forrester 
(1969), Snowdon (1985), and Madgwick (1994).  
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CHAPTER 2 

The influences of silvicultural manipulations on above- and belowground biomass accumulation 

and leaf area of young Pinus radiata (D. Don) plantations, at three contrasting climatic and 

textural site conditions in the Central Valley of Chile. 
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ABSTRACT 

There is a limited understanding of how resource availability (water + nutrients) interacts with 

soil physical properties in determining above and belowground biomass distribution in fast 

growing radiata pine plantations. We studied total above and belowground (coarse and fine 

roots) biomass accumulation, and belowground biomass distribution for three contrasting 

silvicultural treatments applied across a contrasting climatic and soil textural gradient in the 

Central Valley of Chile. At each site, tree growth; aboveground, belowground, and total biomass; 

aboveground-belowground biomass ratio; and leaf area index increased mainly by weed control. 

Weed control produced larger and more consistent responses in growth than subsoiling or 

fertilization. Weed control appears to ameliorate both water and nutrient limitations. The large 

gradient of tree growth and biomass accumulation among sites, and within sites varying in 

response to WC, was mainly attributed to large differences in soil water availability and possibly 

atmospheric water demand differences among sites. A linear relationship was established 

between LAI and stand growth across sites. The slope of the relationship (stemwood growth 

efficiency, GE) was different among sites and was mainly related to water and nutrient 

limitations among sites. Stemwood GE varied from 2.9 m3ha-1year-1 to 6.8 m3ha-1year-1 per unit 

of leaf area, with lower growth efficiencies found on sites with the greater water constraints. 
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INTRODUCTION 

Our understanding of the mechanisms that control the productivity of fast-growing forest 

plantations has increased enormously during the last decades (Vose and Allen, 1988; Cannell, 

1989; Landsberg and Waring, 1997; Albaugh et al., 1998; Waring et al., 1998; Makela et al., 

2000). Across most temperate environments, biomass production is mainly constrained by water 

and nutrient limitations that reduce canopy development (leaf area) and its efficiency in 

converting solar radiation to biomass production (Linder et al, 1987; Raison and Myers, 1992; 

Vose and Allen, 1988; Allen and Albaugh, 1999; Carlyle, 1998). Unfortunately, the mechanisms 

that control carbon allocation are still not well understood, and scarce data has been published on 

how above- and belowground biomass distribution is affected by resource availability on early 

young plantations (Dewar, 1994; Zerihun and Montagu, 2004). Our current understanding, based 

on the functional carbon balance model (Brouwer, 1983), is that under conditions of limited soil 

resources availability, partitioning to the roots will increase, reducing above-ground growth 

efficiency and production (Gower et al., 1992; Haynes and Gower, 1995; Albaugh et al., 1998; 

Guo and Gifford, 2002). On the other hand, limited resource availability may trigger changes in 

the allometrics of more ephemeral tissues, thus affecting growth efficiency (Gower et al., 1993; 

Zerihun and Montagu, 2004). However, less understood are the influences of soil physical 

properties on the ability of trees to access to site resources and on tree biomass allocation and 

productivity, especially early on the life of the stand. On this aspect, the largest weakness of 

several current process-based models is to quantitatively account for how silvicultural practices 

affect nutrient availability (Landsberg, 1996), and the interaction between soil physical and 

chemical properties and plant growth. 

 



 48

Several studies have investigated how radiata pine growth is affected by climatic and nutritional 

constraints (Hunter and Gibson, 1984; Turner and Holmes, 1985; Turner et al., 2001; Sanchez-

Rodriguez et al., 2002; Schlatter and Gerding, 1995). Effects of silvicultural treatments have 

emphasized the importance of water and nutrient limitations on pine growth (Nambiar and Zed, 

1980; Sands and Nambiar, 1984; Nambiar, 1995; Richardson, 1993; Rubilar, 1998; Albaugh et 

al., 2004). Controlled environment trials have also provided larger insights on how leaf area, 

aboveground and belowground accumulation, and growth efficiency of radiata pine are affected 

by resource availability (Benson et al., 1992; Raison and Myers, 1992; Raison et al., 1992a; 

Raison et al., 1992b). Several independent studies have addressed the importance of soil physical 

properties in the growth of radiata pine (Constantini and Doley, 2001; Nambiar and Sands, 1992; 

Sheriff and Nambiar, 1995; Sands and Bowen, 1978; Zou et al., 2000; Zou et al., 2001). Most of 

these studies have focused on early seedling development and root configuration and have shown 

large restrictions on root development with soil compaction (>2MPa). However, scarce research 

has been conducted at the later ages of stand development to determine how  aboveground and 

belowground biomass is affected by gradients of soil and site conditions, and how silvicultural 

treatments affect these relationships .  

 

We investigated the effects of silvicultural techniques designed to ameliorate soil strength, water, 

and nutrient limitations on the productivity of four-year-old radiata pine plantations established 

across an environmental gradient in the Central Valley of Chile. Potential productivity modeling 

efforts in Chile have shown that the large number of soil-climatic environments that exist across 

short distances in Chile create large variation in productivity of radiata pine plantations (Flores 

and Allen, 2004). Greater understanding of the ecophysiological basis for radiata pine plantation 

production in Chile is especially critical because Chile has the largest concentration of radiata 
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pine plantations in the world. Our ability to quantify and integrate the interaction among 

silvicultural manipulations, soil characteristics, and environmental effects into current and future 

modeling efforts may improve our capacity to describe and predict radiata pine productivity and 

allow us to better link process-based models to silvicultural decisions. In addition, this 

information may improve our ability to estimate carbon sequestration with the limited 

information that is currently available (Espinosa et al., 2005; Jayawickrama, 2001). 

 

 

MATERIALS AND METHODS 

Sites characteristics  

This study was undertaken during the 3rd and 4th years following plantation establishment as part 

of a larger field study to examine the effects of subsoiling, weed control, and fertilization on 

growth of Radiata pine on three sites in the Central Valley of Chile (Table 1). The sites were 

selected to represent three different soil types: andesitic-basaltic dry sands (DS), old volcanic ash 

red clay soils (RC) and recent volcanic ash loamy soils (RV). Monthly rainfall and average 

temperature data were available from weather stations located less than 20 Km away from each 

site (Figures 2a and 2b). Rainfall amounts at DS, RC, and RV were 1313, 1194, and 1611 mm 

for calendar year 2002, and 785, 967, and 1240 mm for calendar year 2003. Rainfall amounts 

were 972, 972, and 1260 mm for the third growing season (July 2002 to June 2003), and 874, 

1086, and 1389 mm for the fourth growing season (July 2003 to July 2004),  respectively for the 

DS, RC and RV sites.  Past land use differed. The RV site was a first rotation plantation cutover 

on a former pasture and DS and RC sites were second rotation cutovers. Site index (20 years) 

and productivity estimates (24 years)  were 14.9 m and 7.8 m3ha-1yr-1 for the DS site, and 24.4 m 

and 15.5 m3ha-1yr-1 for the RC (Forestal Mininco S.A, 2001). 
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Competing vegetation varied across sites. At the DS site herbaceous competition was dominated 

by Vinagrillo (Rumex acetosella), and Hierba del pano (Verbascum densiflorum); woody shrubs 

were dominated by Zarzamora (Rubus ulmifolius), and Romerillo (Baccharis linearis). At the RC 

site, herbaceous competition was dominated by Flor amarilla (Hypericum perforatum) (during 

the first year), Vinagrillo (Rumex acetosella), and Siete venas (Plantago lanceolata); woody 

shrubs were dominated by Zarzamora (Rubus ulmifolius) and Rosa mosqueta (Rosa eglanteria). 

At the RV site, herbaceous competition was dominated by Chepica (Cynodon dactilum), Ballica 

(Lolium sp.), and Vinagrillo (Rumex acetosella). During May or June 2000, a broadcast 

vegetation control treatment (Glyphosate 2 kgha-1 + Atrazine 3 kgha-1 + Galactic surfactant 1 ml 

l-1) was applied prior planting at each site to reduce pine volunteers and other competiting 

vegetation following harvest of the previous stand. 

 
 
Experimental Design 

The experimental design of the larger study was a split-plot design with whole plots testing the 

effects of soil tillage (S0 = shovel planting, S1 = subsoil + shovel planting), where whole plots 

were arranged in four blocks, a a factorial combination of weed control (WC0 = none, WC1 = 

two year banded)  and fertilization (F0 = boron at establishment, F1= NPB at establishment + 

NPKB after two years) as subplots 

 

 Tillage treatments were applied between February and March 2000 and included shovel planting 

and subsoiling (80 cm depth) plus bedding (20 cm bed height) and shovel planting. Bareroot 1-0 

radiata pine cuttings of one full-sib family (thought to be best suited to the site) were planted at 

each site (Table 1) during June and July 2000. The DS site was planted at a spacing of 4.0 m x 

2.0 m (1250 trees ha-1) and RV and RC sites at 2.0 m x 5.0 m (1000 trees ha-1). In September and 
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October 2000 (spring 2000), weed control treatments were applied mechanically by hand and 

chemically (Glyphosate 2 Kgha-1+ Atrazine 3 Kgha-1 + Galactic surfactant 1cm3L-1) to maintain 

a two meter wide weed free band centered on the planting row (pines were sheltered from the 

spray). A second chemical weed control treatment was applied in the spring of 2001 using the 

same chemicals, rates, and application method. Fertilization treatments, applied in September 

2000, included a single application of boron (1.5 g B) per plant at planting (F0) and two 

fertilizers applications comprising  29.5g N + 32.4 g P + 1.5 g B at time of planting and 29.5 g N 

+ 32.4 g P + 25g K + 3.0 g B at the beginning of the fourth growing season (F1). Fertilizers were 

applied around each cutting at planting and in a band along the planting row at the beginning of 

year 2. Total nutrient additions for the F1 treatments on the RC and RV sites were 59.0, 64.8, 

25.0 and 4.5 Kg ha-1 for N, P, K, and B, respectively. For the DS site, rates were 73.7, 81.0, 31.3, 

and 5.6 Kg ha-1 for N, P, K, and B, respectively. Treatment plots were 0.4 ha with an internal 

measurement plot ranging 0.09-0.12 ha to include 100 measurement trees. Five of the eight 

treatments were selected for more detailed measures to provide 1-degree of freedom contrast of 

subsoiling (S), weed control (WC), and fertilization (F) effects on tree growth (Table 2). Selected 

treatments were the S1+F1+W1, S0+F1+W1, S1+F0+W1, S1+F1+W0, and the control 

(S0+F0+W0).  

 

Cumulative and Growth Measurements 

Tree height (H), root collar diameter (CD) up to year 3, and DBH at 1.35 m from year 3 and 

thereafter were measured after planting and at the end of each winter (July-August) at each 

measurement plot.  
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Plantation Aboveground and Belowground Biomass Assessment 
 
Details on the measurement and sampling techniques and the development of the biomass 

equations for above and belowground components are outlined in Chapter 1. Briefly, above and 

belowground biomass assessments were conducted only on contrasting treatments at each site. 

The selected treatments consisted of a low-intensity treatment (LIT - shovel planting, 

fertilization with only B, and no weed control), a medium-intensity treatment (MIT - shovel 

planting, complete fertilization, and weed control) and a high-intensity treatment (HIT -  

subsoiling, complete fertilization, and weed control). During August and September 2004, 

biomass samples were collected from above- (foliage, branches and stem) and belowground 

(coarse and fine roots) components and the sampling regime was designed to include the range 

of tree sizes at each site and treatment plot. 

   

Data Analyses 

Cumulative and Growth Measurements 

In order to compare growth over time, root collar diameter at year 4 was estimated using a linear 

regression between year 3 root collar diameter and diameter at breast height measurements. 

Individual tree volume estimates (VOL) were obtained using a general function (Equation [1]) 

developed for young and intermediate radiata pine stands provided by Forestal Mininco S.A. 

with the form:  

 
[1] VOL = (-0.00214 + 0.0000295*DBH2+0.001349*DBH2*H)*(1-0.044974*(91.56081*DBH-2.528804) 
 
 

Volume increment estimates (VOLINC) were obtained by subtracting 2004 and 2003 VOL 

estimates. 
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Stand Biomass and Allocation of Production 

Stand estimates for each biomass component (foliage, branch, stem, and coarse and fine roots) 

and leaf area were calculated adding estimates from individual tree biomass equations based on 

diameter at breast height measurements (Chapter 1), and were scaled to a per hectare level based 

on treatment plot size. Leaf area index (LAI m2m-2) estimates were obtained by dividing total 

stand leaf area (LA) by 10000. Total site biomass was calculated by adding the masses of above 

and belowground components for each treatment. Above:belowground biomass ratio was 

calculated for each treatment. To obtain above- or belowground biomass component estimates 

for treatments that were not sampled, the individual tree regression equation from the closest site 

or the site with the most similar treatment effects were applied to each treatment plot. Graphical 

analyses were used to evaluate trends in proportional cumulative biomass among treatments and 

sites with treatment plot data. 

 

Stand Leaf Area Index, Foliage Mass, and Growth Relationships. 

An exploratory graphical analysis was used to investigate relationships among leaf area index, 

foliage mass, and incremental growth at the stand level using treatment plot estimates. A linear 

regression approach with indicator variables was used to test site and treatment effects on the 

slope coefficients of determined regressions. Fit of these models omitted the effects of blocks 

and whole plots. Regression analyses using an indicator variable consisted of a full model to test 

for differences in slope between sites or treatments (Equation [2]): 

 

[2]       ln(Yij) = a + bi*Zi + c*ln(Xij) + di*Zi*ln(Xij) + εij, 
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where Yij is incremental growth in m3.ha-1.yr-1 of the jth plot at the ith site-treatment combination, 

Xij is LAI in m2.m-2 or foliage mass in kg.ha-1 of the jth plot at the ith site-treatment combination,  

Zi is the indicator variable for site-treatment effects (DS-LIT, DS-MIT&HIT, RC-LIT, RC-

MIT&HIT, RV-LIT, RV-MIT) of the ith-plot, a, bi, c, di are coefficients of the model, and εi is 

the error associated with the i-th plot, i=1 to 6 site-treatment combinations, j=1,….ni plot in the 

ith site-treatment combination. If no difference in slope was found, the interaction term was 

dropped and a reduced model was used to test for intercept differences between regression 

equations (Equation 3): 

 

[3]  ln(Yij) = a + bi*Zi + c*ln(Xij) + εij. 

 

If the slopes or intercepts were different (p<0.05), independent regression equations were 

generated for sites and/or treatments using a simple model (Equation 4): 

 

[4] ln(Yij) = a + bi*ln(Xij) + εij. 

 

All tested regression models were selected based on best fits, R2 values, residuals analyses, 

variance inflation factors and Mallow’s Cp statistics.  

 

Stand growth and biomass ANOVA analyses 

A mixed model considering block and whole plots as random effects was used for analyzing the 

split-plot experimental design for all growth and biomass plots estimates (Equation 5):  

 

[5]  yijkl = µ+ rk + αi + wik + βj +  δl  + (αβ)ij + (αδ)il + (βδ)jl + (αβδ) ijl + εijkl, 
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where 

yijkl  dependent variable (height, diameter at breast height, basal area, survival, volume, 

volume increment, foliage biomass, branches biomass, stem biomass, coarse roots 

biomass, fine roots biomass, aboveground biomass, belowground biomass, total 

biomass, aboveground:belowground biomass ratio, and leaf area index plot 

mean). 

µ   is the overall mean. 

rk   is the kth block effect assumed iid N(0, σr
2). 

αi   is the effect of the ith level of tillage. 

wik   is the whole plot error effect, assumed iid N(0, σw
2). 

βj   is the effect of the jth level of fertilization. 

δl   is the effect of the lth level of weed control 

(αβ)ij   is the ijth soil tillage*fertilization interaction effect. 

(αδ)il   is the ilth soil tillage*weed control interaction effect. 

(βδ)jl   is the jlth fertilization*weed control interaction effect. 

(αβδ) ijl  is the ijlth soil tillage*fertilization*weed control interaction effect. 

εijkl  is the split-plot error effect, assumed iid N(0, σ2). 

wik and εijkl are assumed to be independent of one another. 

 

Statistical analyses were performed using SAS software version 9.1 modules PROC GLM, and 

PROC MIXED using the Sattherwhite degrees of freedom option (SAS Institute Inc., Cary, NC, 

2004). Graphical analyses were performed using JMP (version 5.1.2, SAS Institute Inc., Cary 

NC, 2004). To reduce heterocedasticity of the data, a square root transformation was applied to 
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basal area and survival, and a logarithmic transformation applied to volume and biomass stand 

estimates (Steel and Torrie, 1980). 

 

RESULTS 

Cumulative and Growth Measurements 

Analyses of variance for height, diameter at breast height, basal area, volume, volume increment, 

and survival at year four indicate that weed control dramatically improved the early growth of 

radiata pine across sites, indicating that it was the most important single silvicultural practice 

(Tables 2 and 3). Fertilization and soil preparation showed significant effects on some 

parameters, but the effects were minor compared with the WC responses. Across sites, gains due 

to WC ranged from 17 to 45% in height, 12 to 62% in diameter at breast height, 28 to 200% in 

basal area, 3 to 32% in survival, 40 to 277% in volume, and 28 to 300% in volume increment. 

Responses due to F ranged from -7 to 5% in height, -5 to 12% in diameter at breast height, -9 to 

33% in basal area, -12 to 46% in volume, and -11 to 56% in volume increment. An interaction 

was detected between F and WC at the RV site, showing a reduction of 5% in diameter at breast 

height when fertilizers were applied without WC and a gain of 17% in diameter at breast height 

when applied in conjunction with WC. In addition, a gain of 300% in basal area was observed 

when WC and F were applied together, compared to a 0% response to F only. Soil tillage at the 

DS site showed a negative effect on height, and at the RV site, showed reductions of 10% in 

height, 14% in basal area, 20% in volume, and 21% in volume increment. Soil tillage x weed 

control interactions were observed in survival at the DS site, showing gains of 24 and 32%, when 

soil tillage was applied without and with WC, respectively (Figure 2). In addition, a soil tillage x 

fertilization interaction was observed at the RC site with 1% gains in survival when both 
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treatments were applied together and -1% when F was applied alone. No triple interactions were 

detected among S, F, and WC at any site (Tables 2 and 3).  

 

Considering that weed control effects across sites accounted for the largest responses in growth, 

a comparison of root collar diameter and height growth since establishment until year 2004 is 

presented for the control and treatments including weed control (TWC) at each site (Figures 3a 

and 3b). Growth patterns at the DS site suggested a continuous divergent response in root collar 

diameter and height since establishment between the controls and treatments including weed 

control. At the RC site, height showed a divergent pattern but root collar diameter followed a 

parallel pattern between the control and all treatments including weed control. For the RV site, 

root collar diameter growth pattern converged and for height, there was a parallel pattern 

between the control and all treatment including weed control. 

 
Stand Biomass and Allocation of Production 

Analyses of variance for aboveground and belowground biomass components, and LAI, 

indicated a large and overall WC effect across sites. Not surprisingly, being based on allometric 

relationships with diameter at breast height, cumulative biomass analyses showed more similar 

responses than did ANOVAs of cumulative growth. Small effects of fertilization were observed 

across all sites, except for RV (Tables 4 and 5). The ANOVAs of coarse roots and belowground 

biomass, in addition to the overall WC effect, showed significant interactions of S*F and F*WC 

at the RC site, and a S*F*WC triple interaction at the DS site (Table 4).  

 

Cumulative stand biomass estimates, leaf area index, and above:belowground biomass ratios at 

year four for each treatment are presented in Table 5. Within sites, the largest responses to 
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silvicultural treatments were observed at the DS site with stem biomass gains as high as 250%. 

The lowest responses were at the RV site with stem biomass gains only up to 33%. Comparing 

total biomass accumulation among sites, large differences were observed for specific treatments. 

For example, for the control treatment at the RC site, total biomass was 1.8 times higher than at 

DS, and at RV, it was 7 times higher than at DS. For the WC at the RC site, total biomass was 

1.7 times higher than at DS, and at RV, it was 4.4 times higher than at DS. For the S1+F1+WC1, 

at RC total biomass was 1.3 times higher than at DS, and at RV it was 2.7 times higher than at 

DS. For the summation of all the aboveground biomass components, the largest differences 

between the RC and DS sites were in foliage (2.6 times), and stemwood (2.4 times) for the F 

treatment. Between RV and DS, and RC and RV, the largest differences were in branch (10.3 

times and 6.6 times, respectively) and stem (8.7 times and 4.6 times, respectively) mass.  

 

Fine root biomass followed similar trends to the aboveground components or coarse root 

biomass except at the RC site. Fine roots at the RC site ranged from 0.7 to 0.9 times the DS 

estimates, and at the RV site, ranged between 1.6 to 4.0 times the DS estimates (Table 5). At all 

sites, aboveground and belowground biomass ratios increased for treatments including WC. 

However, across sites the above:belowground ratios showed an increasing trend in the order of 

DS<=RC<RV. Proportional production of above- and belowground stand biomass components 

(foliage, branches, stem, coarse roots, and fine roots) varied among sites and treatments (Figure 

4). Graphical analyses suggested that foliage showed a proportional reduction for treatments 

including WC at the RC and RV sites, and stems and branches showed a proportional increase 

for treatments including WC at all sites. Across sites, a larger proportion of fine roots was 

observed at the DS site, and the lowest proportion of coarse roots was observed at the RV site 

(Figure 4). 
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Stand Leaf Area Index, Foliage Mass, and Growth Relationships. 

A positive linear relationship was found between stem volume increment and leaf area across 

sites. These relationships indicated that from 80 to 97% of variation in volume growth could be 

predicted from leaf area index (Model [4]). However, large differences in the slope of this 

relationship (growth efficiency) were observed among sites and treatments when forcing 

intercepts to zero, emulating a light-use efficiency relationship (Grace et al., 1987) (Table 6, 

Figure 5). Practical differences among the leaf area index and volume increment equations 

indicated that similar slopes were observed between the RC and RV sites (6.8 vs 6.6). 

Contrastingly, a smaller slope was observed at the DS site (2.9). Differences in slope estimates 

across sites indicated that for a leaf area index value of 2, volume increment among sites would 

differ by 7 m3ha-1yr-1, suggesting large differences in growth efficiency among these 

environments.  

 

A positive and similar linear relationship to leaf area index was also found between foliage mass 

and volume increment (Figure 6). Relationships explained from 67 to 96% variation in volume 

growth. There were  also differences in the slopes among sites and between treatments within 

site (Table 6). The lowest slope was found for the DS site (0.0016 m3ha-1yr-1kg-1), followed by 

RC (0.0021 m3ha-1yr-1kg-1). The highest slope relationship was found for RV treatments (0.0033 

m3ha-1yr-1kg-1). Foliage mass and LAI also showed a positive linear relationship (r2 ranged from 

0.93-0.99). The lowest slope was found at DS, and the highest at RC. 
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DISCUSSION 

Cumulative and Growth Measurements 

Across all sites, the WC effects on all cumulative growth variables were the largest compared to 

S and F. Comparing year three (Albaugh et al., 2004) and year four analyses, fertilization effects 

on diameter at breast height and height have been maintained at LR. Major changes in response 

were due to fertilizer effects on diameter at breast height at RC, soil tillage and fertilization 

effects on height at RV, and fertilization by weed control interaction effects on diameter at breast 

height at RV. Previous studies in radiata pine have shown that early WC usually represent the 

largest response in tree growth when no severe site nutrient limitations exist (Rubilar et al., 2005 

in review; Kogan, 2002; Toro, 1995; Woods et al., 1992; Gerding, 1991). Weed control effects 

on survival at DS and RV may be related to reductions in competition for water and nutrients, 

increased rooting volume, or removal of allelopathic limitations (Nambiar, 1984; Kogan et al., 

1992). The large rainfall gradient (1100-2180 mm) among sites suggest that the large weed 

control effects are associated with increased soil water availability (Gholz et al., 1994; Nambiar 

and Zed, 1980) and increased site growing space.  

 

Our results coincide with the synergistic effect of weed control and fertilization described at year 

3 by Albaugh et al. (2004) for this experiment. However, the small responses to nutrient 

additions suggest that the inherent nutrient availability satisfies plant nutrient demands on these 

sites. A lack of response to early fertilization of second rotations sites may be expected, 

considering the high soil nutrient supply generated by decomposition of residues after harvesting 

also called “assart” effect by Kimmins (1997), and the low demand of young plantations (Allen 

et al., 1990; Smethurst and Nambiar, 1990; Fife and Nambiar, 1997). In the case of RV, this ex-

pasture site is characterized by high native soil fertility. The observed negative responses to F, S, 
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and interactions may be attributed to enhanced weed competition that developed with the added 

nutrients (Gent et al., 1986) or enhanced propagation of weeds in the soil prepared area. Small S 

growth responses across sites may be attributed to the improvement of soil structure, the 

presence of root channels on second rotation sites, and low soil strength at the RV ex-pasture site 

(Sands and Bowen, 1978; Sheriff and Nambiar, 1995; Gautam et al., 2003). However, an indirect 

weed control effect on woody vegetation by S may have improved survival at DS. 

 

General patterns of tree growth response to silvicultural treatments have been attributed to the 

alleviation of site-specific constraints by the addition or management of site resources through 

silvicultural manipulation (Snowdon et al., 1984; Morris and Lowery, 1988; Richardson, 1993; 

Allen and Albaugh, 2000). Responses to silvicultural treatments that continuously diverge during 

a rotation have been described as Type A or Type II responses, and usually are associated with 

the fertilization of severely nutrient deficient sites or to irrigation. Type B or Type I responses 

are characterized by an initial response and the maintenance of that growth response for the full 

rotation. This type of response has been observed for weed control treatments that allow faster 

capture of site resources (water, nutrients) at fertile sites. In the case of Type C or Type III 

responses, an early gain is completely or partially lost over rotation age. This last type of 

response may be obtained when weed control is applied on sites where resources limit 

productivity, causing early WC responses to be ephemeral due to lack of resources to sustain the 

tree growth demands. Albaugh et al. (2004), analyzing the year three responses on these sites 

hypothesized a Type C response at DS and RV, and a Type B response at RC. Considering our 

analyses of the root collar diameter and height growth trajectories (estimated at year 4) for 

control and treatments including weed control (TWC), the root collar diameter responses 

continue to diverge at DS, have become parallel at RC and have started to converge at RV. For 
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height, the responses still diverge for DS and RC, and have become parallel at RV. Interestingly, 

large changes in response patterns were found during the last growing season, suggesting an 

increase in competition for site resources as trees may have started a stronger intra-specific 

competition for site resources. Based on the observed responses and an understanding of site 

constraints, we speculate a Type B response at RV, considering that WC allowed early access or 

use of site resources at this high fertility site. The observed convergent response in root collar 

diameter may be explained by the early competition of trees on the weed control treated plots. 

Considering this effect, a smaller but parallel Type B response between the weed control and 

control treatments is expected. For RC and DS, we speculate a Type C response considering that 

increased water availability by weed control treatments (WCT) allowed crop trees to gain site 

occupancy and full use of site resources. However, increasing tree demands on a limited critical 

resource on these sites (water) may not allow the trees to maintain the productivity differences 

gained early during stand development on the weed control treated plots. 

 
Stand Biomass and Allocation of Production 

Empirical data analyses (Jackson and Gifford, 1980; Gerding and Schlatter, 1995), highly 

controlled experiments (Cromer et al., 1983; Benson et al., 1992; Raison and Myers, 1992), and 

model simulations (Sands et al, 2000; Flores and Allen, 2004) have all indicated that radiata pine 

productivity is highly  constrained by water availability. The large responses to WC and small 

changes with added nutrients at each site suggest that water availability may be the main reason 

for the differences in productivity and total biomass accumulation across sites. Weed control 

effects ranked DS>RC>RV indicating the relative importance of water limitations across the 

sites. Nevertheless, WC*F interactions at DS, and the F effects at RC, suggest that some mild 

nutrient limitations exists at these sites and WC may have had an additional effect by increasing 



 63

nutrient availability or allowing tree crops access to limited nutrients. Comparing the same 

treatments among sites, it appears that the magnitude of differences in total aboveground 

biomass components and coarse roots estimates decreased with increasing intensity of 

silviculture, except for the F treatment. Considering that the soil water holding capacity of DS 

and RC soils differs by more than 10 times (Chapter 3, Figure 3), there is close agreement 

between the differences in water holding capacity and differences in total biomass accumulations 

on the control and WC treatments between sites. These results suggest that the manipulation of 

site resources by silvicultural treatments has effectively reduced the environmental constraints on 

tree growth or has provided preferential access to site resources (Albaugh et al., 2004)  

 

Lower productivity for a similar mass of foliage and LAI was observed at DS compared to RC. 

Trade-offs between maintenance of foliage and tree growth in water-limited environments have 

been suggested (Warren and Adams, 2000). In fact, a longer senescence was observed in DS 

compared to RC sites (Chapter 4). 

  

Negative responses to F in aboveground biomass observed at DS and RV is in agreement with 

previously reported reductions in growth and aboveground biomass with fertilization and without 

weed control of radiata pine (Rubilar et al, 2005 in review; Kogan et al, 2002; Toro, 1995; 

Nambiar, 1990). Previous detailed work conducted in an older stand on a water limited site (700 

mm) in the north of Chile found that foliage mass was not affected by repeated annual 

fertilization (Rodriguez et al., 2003). The lack of tree growth or foliage mass response suggests 

that the limiting growth factor at this site was not applied (Albaugh et al., 2004; Flores and 

Allen, 2004; Rubilar et al., 2005 in review). 
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Soil preparation effects across sites had no or small effects on aboveground biomass, but small to 

moderate effects were observed at RC and DS, respectively. Given the soil textural conditions 

between these sites, a larger effect of soil tillage was expected at RC, but not at DS, considering 

the loose structure of the sandy soil. A lack of large responses to S, across soil textural classes, 

has been observed before and has been attributed to improved soil structure or remnant root 

channels from previous stands (NCSFNC, 2000). Soil preparation may have affected biomass 

distribution at DS increasing our estimates of belowground biomass. This response is not 

surprising, as roots are well known for following the path of least penetration resistance in the 

soil. More compacted soils have been found in some second rotation sites previously planted 

with pinus radiata stands (Sands and Bowen, 1978; Sheriff and Nambiar, 1995), which is the 

case of DS and RC.  

 

Taking into account differences in biomass components between DS and RC, fine roots showed 

the largest differences between sites (4% vs. 2%). Increased allocation to belowground 

components, and specifically to fine roots, has been suggested as one of the major mechanisms 

for trees to improve their ability to capture scarce site resources under nutrient and water 

deficient conditions (Nadelhoffer et al., 1982; Dewar et al., 1997; Albaugh et al., 1998). Fine 

root production is one of the highest respiratory costs, reducing net primary productivity (Keyes 

and Grier, 1981; Marshall and Waring, 1985; Ryan et al., 1996). Differences in soil temperature 

may also be involved in accelerated fine root turnover and become a compensation mechanism 

for plant growth (Marshall and Waring, 1985). Undoubtedly, large differences in specific heat 

and conductivity of dark sands and clay textures may favor a temperature effect on fine root 

production. In addition, genetic differences may account for differences in carbon balance 

between sites and treatments (Li et al., 1991; Snowdon, 1985). 
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Across sites, lower proportions of belowground biomass or higher above:belowground biomass 

ratios followed the expected trends of increased below-ground growth, at the expense of the 

above-ground components, under reduced  resource availability (water and nutrients) conditions 

(Dewar et al., 1994). The same was observed within sites when comparing treatments that 

effectively increased resource availability (WC treatments). However, our ratio and belowground 

estimates need to be interpreted with caution, as a preferential root growth pattern may have been 

occurring at DS for subsoiled treatments. This would have increased our belowground estimates 

when sampling 1 m3 volumes centered in the line of site-prepared soil. 

 

Stand Leaf Area Index, Foliage Mass, and Growth Relationships. 

Leaf area index, an index of intercepting radiation photosynthetic area (Jarvis and Leverenz, 

1983), determined stand volume growth across sites. The strong linear relationship with volume 

increment, also found for foliage mass, was expected according to similar results reported for 

radiata pine in Australia and New Zealand (Raison, 1982; Linder, 1987; Grace et al., 1987). 

Similar strong relationships have been found for others species across a variety of environments 

(Linder, 1985, 1987; Cannell, 1989; Vose and Allen, 1988). Interestingly, mainly weed control 

dramatically dominated increases in foliage mass, leaf area index, and productivity within sites. 

Similar responses have been reported for nutrient additions in loblolly pine in the southeastern 

US (Vose and Allen, 1990; Albaugh, 1998; Colbert et al., 1990). Large responses to weed 

control, and small responses to fertilizers, suggest that water availability seems to be the primary 

factor limiting foliage mass production, leaf area index, and productivity at our sites (Figure 5 a). 

Water availability and water stress have been shown to strongly affect radiata pine foliage 

production and persistence, as well as photosynthesis, C fixation, and tree growth (Benecke, 
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1980; Raison et al., 1992). Foliar nutritional levels have been shown to affect water use 

efficiency and C allocation of radiata pine (Sherriff et al., 1986; Beets and Whitehead, 1996)  

 

Differences among sites in the slope of the foliage mass and leaf area index relationship ranged 

from 1827 to 3246, suggesting large differences in specific leaf area among sites and treatments 

(Chapter 1). Genetic differences among sites may account for differences in specific leaf area, as 

the DS site was planted with a genotype supposedly more adapted to dry sites (Forestal Mininco 

S.A). Differences in specific leaf area among genetic material have been reported before 

(McCrady and Jokela, 1996). Observed variation in specific leaf area has also been related to 

canopy position (Whitehead et al., 1994, Ohmart and Thomas, 1986; Rook et al, 1987), leaf age 

(Beets and Lane, 1987), and silvicultural treatment effects (Raison et al. 1992; Cromer et al., 

1983). Variability in leaf persistence was observed among sites and treatments (Chapter 4). 

Differences in canopy position of the collected samples may be expected given the large 

differences in crown development among sites. In addition, variation in specific leaf area may 

also be attributed to attack of the fungus Cyclaneusma sp. which causes foliage decay, and 

premature needle cast at RV(FRI, 1994). 

 

Changes in the slope of the relationship between leaf area index and stand growth indicated large 

differences in GE at our sites. Similar results have been reported for radiata pine and other 

species (Teskey et al, 1987; Linder, 1987; Jokela et al., 2004; Albaugh et al., 2004b). Climatic 

effects on radiation use efficiency have been suggested to affect growth efficiency (McMurtie et 

al., 1994; Hennessey et al., 1992). In controlled experiments, increases in growth efficiency for 

radiata pine have been obtained with increases in water and nutrient availability (Raison and 

Myers, 1992; Linder et al., 1987). Stape et al. (2004) found that water supply and demand (vapor 
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pressure deficit) played a large role on growth efficiency of eucalyptus plantations in Brazil, by 

affecting stand allocation and reducing the efficiency of stemwood production. Similar results 

have been found for other species in water-limited environments (Linder et al., 1987). Albaugh 

et al. (2004b), in a long-term nutrient x water controlled experiment involving loblolly pine, 

found increases in growth efficiency caused only by nutrient additions. However, given the 

rainfall regime for the area, water limitations at this site were sporadic compared to chronic 

nutrient limitations. The Sampson and Allen (1999) modeling of environmental conditions for 

loblolly pine in the southeastern US suggested considerable differences in growth efficiency 

across the region. However, the authors concluded that despite GE differences across 

environments, differences in leaf area index accounted for the largest effect in productivity 

differences on a regional scale. Our results for DS and RC sites do not suggest that leaf area 

index alone may fully account for productivity differences on a regional scale without 

considering soil-site conditions. Jokela et al (2004) presented a comprehensive report of seven 

experiments in loblolly pine plantations including irrigation, weed control and fertilization across 

the southeastern US.  They concluded that GE changes were related to nutrient availability 

across sites. Allen et al. (2005) suggested that water limitations were less important in 

influencing leaf area than were nutrients, due to leaf area being developed in the spring when 

high soil water availability exists. However, they indicated that the typical low water availability 

during the summer largely constrained growth efficiency together with increased 

evapotranspiration. This would likely explain the large differences in growth efficiency between 

DS and RC sites sustaining similar foliage mass.  

 

The growth efficiency declines at higher levels of leaf area have been attributed to higher 

respiration costs of a larger mass of foliage (Vose and Allen, 1988; Teskey et al., 1987; Maier et 
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al., 2004). At RV, our data suggest increased variability in growth efficiency at higher levels of 

leaf area index (>2). Jokela et al (2004) also showed increased variation and reductions in growth 

efficiency for leaf area index > 3 values. Our growth efficiency estimates suggest increased 

variation, but not productivity declines, at RV for leaf area index similar to 3. Stand density 

differences among sites are not likely to account for the large differences observed in leaf area 

index, volume, or volume increment responses and therefore growth efficiency, especially 

considering that canopy closure has not been attained at the more dense stand compared with the 

lowest density stand. In fact, the lowest productivity and lowest leaf area index levels were 

observed at DS with 250 more trees per hectare compared to RC and RV. Differences in growth 

efficiency have been associated with genetic material and its interaction with nutrition (Li et al, 

1991; Teskey et al., 1987; Allen et al., 2005). The fact that a different genetic family was planted 

at DS may account for the lower GE attained at this site. However proportionally, the lack of 

genetic x environment interactions at the family level and usual expected volume gains, in the 

order of 10 to 30%, are not likely to explain alone our differences in productivity among sites 

(Allen et al., 2005; Mckeand et al., 2003). 

 

Our results suggest that large differences in growth efficiency in Chile may be driven by 

differences in soil water availability and moisture constraints among sites. Previous potential 

productivity modeling efforts using 3PG in Chile (Flores and Allen, 2004) also suggest that 

water availability constraints may be responsible for the major variation in stand productivity 

across sites. Our empirical estimates at each site agree with model outputs obtained by Flores 

and Allen if a simple linear adjustment in leaf area index from 4.0 (model assumption) to 

empirical measured values are considered. For example, the predicted 32 m3ha-1yr-1 for a 2000 

mm rainfall site were slightly higher than RV estimates. However, considering that simulations 
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of Flores and Allen considered a constant leaf area index of 4.0, and our maximum observed 

levels of leaf area index reached only 3.0, productivity at this site should be expected to be only 

75% of potential productivity or 24 m3ha-1yr-1. The same approach indicated a good agreement 

with the RC current productivity estimates but differed for the DS estimates. Estimates of 

potential productivity and leaf area index relationships for the DS sites seem to fall out from 

model estimates even when the lowest level of soil water holding capacity is considered. This 

emphasizes the importance of our experiment for understanding how soils-site characteristics 

influence site productivity and for producing valuable data to validate and calibrate models 

estimates. Climatic factors such as air temperature and vapor pressure deficit affecting canopy 

conductance need to be considered as drivers of evapotranspiration (Whitehead and Jarvis, 

1984), and therefore plantation use of available soil water. Rojas and Allen (2005, unpublished) 

developed an empirical model evaluating climatic and soil (drainage and texture) factors, 

accounting for almost 60% of the variation in growth efficiency for loblolly pine in the 

southeastern US. 

 

The large differences in current productivity among our sites, and the large response to 

silvicultural treatments at each site suggest that manipulation of site resources to improve current 

productivity of radiata pine plantations is possible. If site-specific limitations such as water 

availability are manipulated by irrigation, genetic material with higher water use efficiency, 

thinning regimes aimed to reduce evapotranspiration and interception (Huber et al, 2001), or 

reduce soil evaporation, gains in productivity may be expected. Economic analyses have 

indicated that such investments may become financially attractive (Sands et al., 2000) 
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CONCLUSIONS 

At each site, above- and belowground tree growth, total biomass, above:belowground biomass 

ratio, and leaf area index increased mainly by weed control. The large gradient of tree growth 

and biomass accumulation among sites, and within sites varying by response to WC, was 

attributed to large differences in soil water availability and potential water stress differences 

among sites. A linear relationship was established between leaf area index and stand growth 

across sites. The slope of the relationship (stemwood growth efficiency) differed and differences 

were related to differences in water and nutrient limitations among sites. 
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TABLES 
 
Table 1.  Site and stand information for the three sites examined in this study. 
 
Site Name Recent Volcanic Ash 

(RV) 
Dry Sands 

(DS) 
Red Clay 

(RC) 
Latitude and longitude 39°  4' 40" S 

72° 24' 23" W 
37° 10' 40" S 
72° 15' 47" W 

37° 50' 43"  S 
72° 20'  5" W 

    
Mean annual temperature 
(ºC) 

10.7 13.7 13.3 

    
Mean annual rainfall 
(mm) 

2180 1160 1100 

    
Geology Recent volcanic ash Volcanic sands Red clay - old volcanic 

ash 
    
Soil taxonomic name Medial, Mesic Typic 

Haploxerands 
Fragmental, Thermic 
Dystric Xerorthents 

Very fine, Mixed, 
Thermic Typic 
Rhodoxeralfs 

    
Drainage Well Somewhat excessively 

well 
Well 

    
Family Genotype MP31 IF24 MP31 
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Table 2.- Statistical significance (p-value>F)1 of soil tillage, fertilization and weed control for four 
year cumulative growth. Model [5]. 

 H DBH BA* SURV * VOL* VOLINC* 
Effects DS Site 
Soil tillage (S) 0.0178 0.4001 0.0371 0.0033 0.0737 0.1833 
S*F 0.0876 0.1320 0.1474 0.2619 0.7408 0.8736 
S*W 0.1420 0.1265 0.3894 <0.0001 0.6826 0.6435 
Fertilization (F) 0.0047 0.0002 0.0003 0.1487 0.1015 0.3762 
Weed control (W) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
F*W 0.3158 0.0782 0.0080 0.4160 0.4672 0.6274 
S*F*W 0.7088 0.9670 0.6911 0.6785 0.3556 0.6736 

Effects RC Site 
Soil tillage (S) 0.9986 0.8285 0.6760 0.1861 0.9324 0.9970 
S*F 0.5804 0.4258 0.3875 0.0397 0.5022 0.3226 
S*W 0.2070 0.1393 0.2392 0.4396 0.1102 0.1449 
Fertilization (F) 0.2114 0.0055 0.0091 0.6575 0.0073 0.0033 
Weed control (W) <0.0001 <0.0001 <0.0001 0.0785 <0.0001 <0.0001 
F*W 0.6929 0.69850 0.4053 0.3159 0.9444 0.9015 
S*F*W 0.6007 0.5081 0.4098 0.6575 0.5269 0.5236 

Effects RV Site 
Soil tillage (S) 0.0157 0.1521 0.0323 0.9182 0.0415 <.0001 
S*F 0.9718 0.5584 0.9928 0.5296 0.8198 0.5818 
S*W 0.1223 0.0545 0.3365 0.0901 0.1346 0.4011 
Fertilization (F) 0.0161 0.8888 0.5250 0.1947 0.1210 0.0208 
Weed control (W) <0.0001 <0.0001 <0.0001 0.0321 <0.0001 <0.0001 
F*W 0.0738 0.0319 0.1285 0.5674 0.1348 0.5156 
S*F*W 0.3634 0.2990 0.4948 0.2502 0.5343 0.8477 

*Analyses were performed on transformed data using square root and logarithmic transformations to correct for heterocedasticity of basal 
area, survival, volume and volume increment estimates. 
1Bold numbers indicate a p-value < 0.05. 
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Table 3.- Four year treatment means and standard errors1 of height (H), diameter at breat height (DBH), basal area (BA), survival (SURV), volume 
(VOL) and volume increment (VOLINC) for each site. The standard errors are for differences between two means. 
 DS site  RC site  RV site 

Treatment H DBH BA SUR 

 
 

VOL1 

 
VOL 
INC1 

 

H DBH BA SUR 

 
 

VOL1 

 
VOL 
INC1 

 

H DBH BA SUR 

 
 

VOL1 

 
VOL 
INC1 

Means (m) (mm) (m2/ha) (%) m3ha-1 m3ha-1yr-1  (m) (mm) (m2/ha) (%) m3ha-1 m3ha-1yr-1  (m) (mm) (m2/ha) (%) m3ha-1 m3ha-1yr-1 

Control 2.24 26 0.6 75 1.3 0.9  3.39 42 1.5 99 4.3 3.7  5.81 103 7.9 92 23.0 17.4 
                     

S 2.22 24 0.6 93 2.1 1.6  3.52 44 1.7 99 4.7 3.9  5.22 94 6.8 95 18.3 13.8 
                     

S+F 2.42 29 0.8 92 2.0 1.5  3.62 50 2.1 100 5.7 4.9  4.94 91 6.3 94 16.9 12.7 
                     

S+WC 3.31 43 2.0 99 5.7 4.3  4.52 61 3.1 100 9.3 6.8  6.57 116 9.7 89 30.1 18.8 
                     

F 2.28 28 0.6 68 1.9 1.4  3.48 47 2.0 98 5.2 4.5  5.41 98 7.2 92 20.2 15.4 
                     

WC 3.20 42 1.8 99 4.9 3.6  4.76 68 3.8 100 11.4 8.3  6.76 115 10.1 95 32.3 22.2 
                     

F+WC 3.32 48 2.4 98 6.0 4.4  4.82 72 4.2 100 12.5 9.1  6.78 121 10.5 89 32.7 20.6 
                     

S+F+WC 3.67 52 2.9 100 7.6 5.3  4.80 71 4.3 100 12.6 9.4  6.44 117 9.7 89 29.6 18.1 
Std. errors of 
differences1 

                    

SE (S) 0.05 0.9 0.07 1.5 0.115 0.166  0.12 2.5 0.24 0.3 0.065 0.063  0.07 1.4 0.19 1.2 0.041 0.034 

       
SE (S*WC, 

S*F) 

0.06 1.3 0.10 1.7 0.163 0.236  0.14 2.8 0.28 0.5 0.093 0.090  0.09 1.8 0.24 1.5 0.048 

(0.053) 

0.048 

       
SE (F*WC) 0.06 1.3 0.10 1.6 0.163 0.236  0.14 2.8 0.28 0.5 0.093 0.090  0.09 1.7 0.23 1.5 0.048 0.048 

       
SE (F,WC) 0.05 0.9 0.07 1.2 0.115 0.166  0.11 2.5 0.23 0.3 0.065 0.063  0.07 1.3 0.17 1.1 0.034 0.034 

       
SE (S*F*WC) 0.08 1.7 0.14 2.2 0.231 0.333  0.17 3.5 0.35 0.7 0.131 0.127  0.12 2.4 0.33 2.1 0.069 

(0.072) 

0.068 

DS: Dry sands site; RC: Red clay site; RV: Recent volcanic ash site 
H: Height in cm; DBH: Diameter at 1.35 m height; BA: Basal area in m2/ha; SUR: Survival in percentage; VOL: Cumulative volume in m3/ha; VOLINC: Volume increment in m3ha-1yr-1, S: Subsoiling, F: Fertilization; WC: 
Weed Control 
SE: Standard errors for comparing differences between means. 
1 Standard errors values are provided in logarithmic form. Values not in parenthesis indicate the correct standard error to test the differences between two means involving the same S (soil preparation) treatment across F and 
WC treatment combinations. Value in parenthesis  indicates the correct standard error to test the differences between two means involving different S treatments across F and WC treatment combinations. 
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Table 4.- Statistical significance (p-value>F) of main effects for four year aboveground biomass and belowground biomass components, and 
LAI using Model [5].  

 
Foliage 

 
Branches 

 

Stem Coarse  
Roots 

 

Fine  
Roots 

Above Below Total 
Biomass 

Ratio 
Above/Below 

LAI 

Effects DS Site 
Soil tillage (S) 0.0101 0.0233 0.0201 0.0090 0.0049 0.0166 0.0085 0.0130 0.8174 0.0153 
S*F 0.1230 0.1400 0.1390 0.1211 0.1127 0.1330 0.1203 0.1280 0.3486 0.1071 
S*W 0.2145 0.3782 0.4400 0.1974 0.1235 0.3391 0.1894 0.2799 0.1088 0.7716 
Fertilization (F) 0.0061 0.0038 0.0021 0.0066 0.0093 0.0035 0.0068 0.0043 0.0001 0.0005 
Weed control (W) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
F*W 0.2720 0.2875 0.1351 0.2700 0.2597 0.2138 0.2686 0.2304 0.0523 0.0152 
S*F*W 0.5998 0.6457 0.7194 0.5941 0.5656 0.6582 0.5916 0.6352 0.8010 0.8443 

Effects RC Site 
Soil tillage (S) 0.7503 0.6926 0.9932 0.9152 0.9543 0.8108 0.9298 0.8831 0.4076 0.6851 
S*F 0.3655 0.3460 0.4476 0.4088 0.4639 0.3851 0.4104 0.3896 0.4108 0.3613 
S*W 0.0989 0.1135 0.0841 0.0727 0.0898 0.0905 0.0743 0.0853 0.2443 0.2365 
Fertilization (F) 0.0028 0.0058 0.0009 0.0015 0.0007 0.0016 0.0015 0.0016 0.0107 0.0169 
Weed control (W) 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
F*W 0.4569 0.2767 0.8057 0.8430 0.7923 0.6773 0.8525 0.8003 0.0850 0.2593 
S*F*W 0.4592 0.4643 0.4981 0.5629 0.4718 0.4698 0.5547 0.4910 0.3636 0.4322 

Effects RV Site 
Soil tillage (S) 0.0346 0.0346 0.0348 0.0417 0.0343 0.0345 0.0402 0.0351 0.0513 0.0323 
S*F 0.9617 0.9304 0.9251 0.8353 0.9463 0.9406 0.8484 0.9212 0.8269 0.9978 
S*W 0.1029 0.1923 0.2053 0.4713 0.1532 0.1686 0.4290 0.2191 0.0231 0.3416 
Fertilization (F) 0.5802 0.3834 0.3683 0.2319 0.4428 0.4275 0.2485 0.3765 0.7628 0.5134 
Weed control (W) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
F*W 0.1074 0.1355 0.1399 0.2370 0.1226 0.1259 0.2186 0.1406 0.0713 0.1312 
S*F*W 0.3906 0.5352 0.5511 0.7787 0.4814 0.4957 0.7427 0.5476 0.1967 0.5033 

Analyses were performed on logarithmic transformed data. 
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Table 5.- Four year treatment means and standard errors of above and belowground biomass accumulation by components, above and 
belowground biomass ratio and LAI at each site. Standard errors (SE)1 estimates in logarithmic form are provided and represent the 
differences between two means.  

 Foliage Branches Stem Coarse Fine Above Below Ratio Total LAI 
 kg ha-1 kg ha-1 kg ha-1 kg ha-1 kg ha-1 kg ha-1 kg ha-1  kg ha-1 m2m-2 
Treatment means DS Site 
Control 934 748 985 1578 165 2667 1743 1.53 4411 0.51 
Soil tillage (S) 1033 809 1072 1773 185 2913 1958 1.48 4871 0.56 
S*F 1303 1064 1394 2173 227 3762 2400 1.6 6162 0.72 
S*W 2481 2200 2446 2605 407 7127 3012 2.38 10139 1.45 
Fertilization (F) 925 756 990 1543 161 2671 1704 1.57 4375 0.51 
Weed control (W) 2392 2104 2317 2456 394 6813 2850 2.39 9663 1.39 
F*W 2807 2549 2901 3125 452 8257 3578 2.31 11835 1.66 
S*F*W 3221 2982 3457 5190 512 9659 5702 1.69 15362 1.93 
Std. error of differences1           

SE (S) 0.051 0.059 0.061 0.051 0.046 0.057 0.050 0.007 0.054 0.055 

SE (S*W, S*F) 0.073 0.083 0.086 0.072 0.066 0.080 0.071 0.010 0.077 0.078 

SE (F*WC) 0.073 0.083 0.086 0.072 0.066 0.080 0.071 0.010 0.077 0.078 

SE (F,WC) 0.051 0.059 0.061 0.051 0.046 0.057 0.050 0.007 0.054 0.055 

SE (S*F*WC) 0.103 0.118 0.122 0.102 0.093 0.114 0.101 0.015 0.109 0.110 

Treatment means RC Site 
Control 1923 1159 1874 3034 109 4955 3142 1.57 8097 0.64 
Soil tillage (S) 2063 1217 2054 3229 121 5334 3350 1.59 8683 0.68 
S*F 2435 1362 2572 3733 158 6368 3891 1.60 10259 0.78 
S*W 2373 2684 3887 3988 235 8945 4223 2.12 13168 0.94 
Fertilization (F) 2244 1273 2359 3456 145 5876 3601 1.62 9477 0.72 
Weed control (W) 2941 3309 4901 4932 298 11151 5230 2.13 16381 1.16 
F*W 3281 3683 5509 5497 337 12474 5834 2.14 18308 1.30 
S*F*W 3289 3690 5531 6836 338 12510 7174 1.73 19685 1.30 
Std. error of differences1    

SE (S) 0.060 0.055 0.058 0.041 0.066 0.056 0.042 0.018 0.051 0.068 

SE ( S*F ,S*W) 
0.084  

(0.084) 

0.073 

 (0.075) 0.083 0.057 0.094 0.079 0.059 

0.024  

(0.025) 0.072 

0.091 

 (0.094) 

SE (F*WC) 0.084 0.073 0.083 0.057 0.094 0.079 0.059 0.024 0.072 0.091 

SE (F,WC) 0.059 0.051 0.058 0.041 0.066 0.056 0.042 0.017 0.051 0.064 

SE (S*F*WC) 
0.119 

 (0.119) 

0.103 

 (0.105) 0.117 0.082 0.133 0.112 0.084 

0.034  

(0.035) 0.102 

0.130  

(0.131) 

Treatment means RV Site 
Control 6041 7682 8581 7943 665 22303 8608 2.59 30911 2.37 
Soil tillage (S) 5185 6362 7463 7356 559 19010 7916 2.40 26925 2.03 
S*F 4921 6032 7089 7051 530 18042 7581 2.40 25623 1.93 
S*W 7418 12151 11266 8895 837 30835 9732 3.17 40566 2.91 
Fertilization (F) 5547 6972 7915 7504 607 20434 8111 2.51 28545 2.18 
Weed control (W) 7713 12544 11683 9302 869 31940 10171 3.14 42111 3.03 
F*W 7984 13686 12328 9253 909 33999 10162 3.35 44161 3.13 
S*F*W 7457 12374 11373 8878 843 31204 9721 3.21 40926 2.93 
Std. error of differences1    

SE (S) 0.046 0.034 0.033 0.023 0.037 0.036 0.024 0.014 0.032 0.081 

SE (S*W, S*F) 
0.050 

(0.058) 

0.040 

(0.044) 

0.039 

(0.043) 

0.031  

(0.032) 

0.043  

(0.048) 

0.042  

(0.047) 

0.032  

(0.033) 

0.013  

(0.017) 

0.038 

 (0.042) 

0.093 

 (0.105) 

SE (F*WC) 0.050 0.040 0.039 0.031 0.043 0.042 0.032 0.013 0.038 0.093 

SE (F,WC) 0.035 0.028 0.028 0.022 0.030 0.029 0.022 0.009 0.027 0.066 

SE (S*F*WC) 
0.071 

(0.077) 

0.057 

(0.060) 

0.056 

(0.059) 

0.044 

(0.045) 

0.061  

(0.065) 

0.059  

(0.063) 

0.045  

(0.046) 

0.019  

(0.022) 

0.055  

(0.057) 

0.132  

(0.140) 
1 Values not in parenthesis indicate the correct standard error to test the differences between two means involving the same S (soil preparation) treatment across F 
and WC treatment combinations. Value in parenthesis  indicate the correct standard error to test the differences between two means involving different S 
treatments across F and WC treatment combinations .  
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Table 6. Regression equations comparison between leaf area index (LAI m2m-2) and volume 
increment (m3.ha-1.yr-1), and foliage mass (Kg.ha-1) and volume increment (m3.ha-1.yr-1). Site and 
treatment silvicultural intensity effects on slope and intercepts (Models [2] and [3]). Tested models: 

a) Full Model  : ln(Yij) = a + b*Zi+ c*ln(Xij) + d*Zi*ln(Xij) + εij 
b)   Reduced Model  : ln(Yij) = a + b*Zi + c*ln(Xij) + εij 

 
Contrast for homogeneity of slopes  
(Full Model) 

 LAI  Foliage Mass 

DS LIT vs. MIT&HIT  0.2766  0.2598 

RC LIT vs. MIT&HIT  0.2370  0.2378 

RV LIT vs. MIT&HIT  0.0459  0.9174 

DS MIT&HIT vs. RC LIT  0.0143  0.6495 

RC MIT&HIT vs. RV LIT  0.4210  0.0024 
     
 
Contrast for homogeneity of Intercepts  
(Reduced Model) 

    

DS LIT vs. MIT&HIT  <.0001  0.0743 

RC LIT vs. MIT&HIT  0.0119  0.6042 

RV LIT vs. MIT&HIT  0.1829  0.5565 

DS MIT&HIT vs. RC LIT  <.0001  0.0047 

RC MIT&HIT vs. RV LIT  0.9831  <.0001 
Xij is LAI or Foliage mass of the jth plot at the ith site treatment combination.  
Zi  Indicator variable value at the ith site treatment combination with values: 1=DS-LIT treatments without WC, 2=DS-MIT&HIT 
treatments with WC, 3=RC-LIT treatments without WC, 4=RC--MIT&HIT treatments with WC, 5=PC-LIT treatments without WC, 
6=PC--MIT&HIT treatments with WC. 
εij is the error of the model 
i=1 to 6 site-treatment combination 
j=1,….ni plot in the ith site-treatment combination  
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FIGURES 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Location of the study sites in Chile. 
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Figure 2.- Weed control and site preparation interaction effects on survival at DS. 
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Figure 3. Cumulative growth patterns comparison since establishment for control and all 
treatments including weed control (TWC) at each site. a) Collar diameter, b) Height.
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Figure 4. Biomass Distribution  for a) Dry Sands, b) Red Clay Soils, and c) Recent Volcanic 
Ash Soils. 
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Figure 5.  Leaf Area (m2.m-2) vs Volume Increment (m3 .ha-1.yr-1) relationship at DS, RC 
and RV site. a) Scaterplot of significant site and treatment relationships associated with 
unique slopes and intercepts tested, b) Simplification of slopes and intercepts 
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Figure 6. Foliage mass (kg.ha-1) vs. Volume increment (m3 .ha-1.yr-1) at DS, RC and RV site. 
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Figure 7. Leaf Area vs Foliage  mass (kg ha) relationships at DS, RC and RV site. 
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CHAPTER 3 

Tree diameter and shoot elongation of young Pinus radiata (D. Don) at three contrasting sites and 

under different silvicultural intensities in the central Valley of Chile. 
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ABSTRACT 

Understanding the dynamics of tree height and diameter growth under different silvicultural 

regimes may allow forest managers to design more appropriate management regimes for 

improving productivity and wood quality of Radiata pine. This study reports the effects of soil, 

water, and nutritional constraints on the phenology and morphology of young Radiata pine 

plantations located at three different sites types in the central valley of Chile. At each site, five 

treatments were selected from a split-plot design experiment involving subsoiling, weed control, 

and fertilization. Twenty trees per treatment combination were selected at each site, and root 

collar diameter and terminal shoot elongation were measured on a bi-weekly basis during the 3rd 

and 4th growing seasons.  

 

The phenology of growth was little affected by site or silvicultural treatments. Seasonal 

differences in the patterns of growth were mainly observed among sites for diameter, with  

longer growing seasons at sites with less water limitations. In contrast, strong site and 

silvicultural treatments effects were observed on tree morphology. Trees where water limitations 

were more severe exhibited fewer and shorter flushes of height growth. The negative effects of 

soil water limitations, were at least partially ameliorated by silvicultural treatments that had been 

applied three years previously. Resource availability constraints during the mid to late growing 

season affected diameter growth more than height growth.  
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INTRODUCTION 
 

Intensive management of Radiata pine plantations in Chile has increased dramatically during the 

last 20 years (Rubilar et al., 2005 in review; Valdebenito and Hormazábal, 2000; Toro and 

Gessel, 1999; Gerding, 1991). Site preparation, weed control, and fertilization are now used 

extensively (Watt et al., 2004) in an effort to manage nutrient and water availability, soil physical 

properties, and/or competing vegetation (Allen et al., 1990; Nambiar, 1990; Turner, 2001; 

Albaugh et al., 2003; Allen et al., 2005). Despite the widespread use of intensive silvicultural 

practices, little is known concerning how site factors interact with silvicultural treatments to 

affect tree growth and quality through changes in morphology (structure) and phenology 

(seasonal timing). Morphology has important implications for stem quality and product 

determinations. Much of a tree’s potential value is in the first 5 to 6 meters of stem, because this 

part provides the largest and potentially most valuable log. This is also the same section of stem 

where the strongest impacts of early silvicultural treatments will be found. For example, 

Beauregard et al. (2002) showed that internode length was critical in determining the potential 

for clear-wood production from unpruned trees as clear-wood products require minimum lengths 

of knot-free wood.  Branch size and number per whorl are also critical factors in final timber 

value (Whiteside, 1982; Grace et al, 1998). Increased nutrient availability has been shown to 

increase branch growth (Snowdon and Benson, 1992) and affect several wood properties 

(Nyakuengama et al., 2002; Beets et al., 2001).  

 

Phenology has important implications for genetic selection (Burdon, 1971; Bridgwater et al., 

1985), the timing of early silvicultural operations, and their interactions (Allen and Wentworth, 

1993, Kirongo et al., 2002; Watt et al., 2004; Kimberley and Richardson, 2004). In addition, the 
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potential impacts of insect, disease, and frosts may be predicted from tree phenology. 

Phenological information may also be useful in empirical growth models (Tennent, 1986), and 

the calibration and adaptation of physiological growth models for predicting potential 

productivity across landscapes (Landsberg and Waring, 1997; Coops et al., 1998; Sands et al., 

2000). 

 
 
For Radiata pine, several detailed studies of the morphology and phenology of growth have been 

undertaken after crown closure (Bollmannn and Sweet, 1976; Tennent, 1986; Raison et al., 

1992). Previous studies have mostly focused on differences among genetic material (Burdon, 

1971; Madgwick, 1983; Pawsey, 1964; Burdon, 1994;  Jackson et al., 1976). 

 

The objectives of this study were to examine the effects of subsoiling, weed control, and 

fertilization on the phenology of height and diameter growth and the morphology of height 

growth at three sites in the central valley of Chile.  
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MATERIALS AND METHODS 

This study was undertaken during the 3rd and 4th years following plantation establishment as part 

of a larger field study to examine the effects of subsoiling, weed control, and fertilization on 

growth of Radiata pine on three sites in the Central Valley of Chile (Table 1, also see Chapter 2). 

The sites were selected to represent three different soil types: andesitic-basaltic dry sands (DS), 

old volcanic ash red clay soils (RC) and recent volcanic ash loamy soils (RV). Monthly rainfall 

and average temperature data were available from weather stations located less than 20 Km away 

from each site (Figures 2a and 2b). Rainfall amounts at DS, RC, and RV were 1313, 1194, and 

1611 mm for calendar year 2002, and 785, 967, and 1240 mm for calendar year 2003. Rainfall 

amounts were 972, 972, and 1260 mm for the third growing season (July 2002 to June 2003), and 

874, 1086, and 1389 mm for the fourth growing season (July 2003 to July 2004),  respectively 

for the DS, RC and RV sites.  Past land use differed. The RV site was a first rotation plantation 

cutover on a former pasture and DS and RC sites were second rotation cutovers Site index (20 

years) and productivity estimates (24 years)  were 14.9 m and 7.8 m3ha-1yr-1 for the DS site, and 

24.4 m and 15.5 m3ha-1yr-1 for the RC (Forestal Mininco S.A, 2001). 

 

Competing vegetation varied across sites. At the DS site herbaceous competition was dominated 

by Vinagrillo (Rumex acetosella), and Hierba del pano (Verbascum densiflorum); woody shrubs 

were dominated by Zarzamora (Rubus ulmifolius), and Romerillo (Baccharis linearis). At the RC 

site, herbaceous competition was dominated by Flor amarilla (Hypericum perforatum) (during 

the first year), Vinagrillo (Rumex acetosella), and Siete venas (Plantago lanceolata); woody 

shrubs were dominated by Zarzamora (Rubus ulmifolius) and Rosa mosqueta (Rosa eglanteria). 

At the RV site, herbaceous competition was dominated by Chepica (Cynodon dactilum), Ballica 

(Lolium sp.), and Vinagrillo (Rumex acetosella). During May or June 2000, a broadcast 
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vegetation control treatment (Glyphosate 2 kgha-1 + Atrazine 3 kgha-1 + Galactic surfactant 1 ml 

l-1) was applied prior planting at each site to reduce pine volunteers and other competiting 

vegetation following harvest of the previous stand. 

 
 
Experimental Design 

The experimental design consisted of a split-plot design with the whole plots testing the effects 

of soil tillage (S:0 = shovel, S:1 = subsoil),where whole plots were arranged in four blocks, and a 

factorial combination of weed control (WC:0 = none, WC:1 = two year banded),  and 

fertilization (F:0 = boron at establishment, F:1= NPB at establishment + NPKB after two years) 

as subplots. 

 

 Tillage treatments were applied between February and March 2000 and included shovel planting 

and subsoiling (80 cm depth) plus bedding (20 cm bed height) and shovel planting. Bareroot 1-0 

radiata pine cuttings of one full-sib family (thought to be best suited to the site) were planted at 

each site (Table 1) during June and July 2000. The DS site was planted at 4 m x 2.0 m (1250 

trees ha-1) and RV and RC sites at 2 m x 5 m (1000 trees ha-1). In September and October 2000 

(spring 2000). Weed control treatments were applied mechanically by hand and chemically 

(Glyphosate 2 Kgha-1+ Atrazine 3 Kgha-1 + Galactic surfactant 1cm3L-1) to maintain a two meter 

wide weed free band centered on the planting row (pines were sheltered from the spray). A 

second chemical weed control treatment was applied in the spring of 2001 using the same 

chemicals, rates, and application method.. Fertilization treatments, applied in September 2000, 

included a single application of boron (1.5 g B) per plant at planting (F0) and two fertilizers 

applications comprising  29.5g N + 32.4 g P + 1.5 g B at time of planting and 29.5 g N + 32.4 g 

P + 25g K + 3.0 g B at the beginning of the fourth growing season (F1). Fertilizers were applied 
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around each cutting at planting and in a band along the planting row at the beginning of year 2. 

Total nutrient additions for the F1 treatments on the RC and RV sites were 59.0, 64.8, 25.0, and 

4.5 Kg ha-1 for N, P, K, and B, respectively. For the DS site, rates were 73.7, 81.0, 31.3, and 5.6 

Kg ha-1 for N, P, K, and B, respectively. Treatment plots were 0.4 ha with an internal 

measurement plot ranging 0.09-0.12 ha to include 100 measurement trees. Five of the eight 

treatments were selected for more detailed measures to provide 1-degree of freedom contrast of 

subsoiling (S), weed control (WC), and fertilization (F) effects on tree growth (Table 2). Selected 

treatments were the S:1+F:1+W:1, S:0+F:1+W:1, S:1+F:0+W:1, S:1+F:1+W:0, and the control 

(S:0+F:0+W:0). 

 

Growth Measurements 

In October 2002, five dominant or co-dominant trees, free of defects, with no apparent insect or 

diseases effects, and with all immediate neighbors surviving were selected from each plot (a total 

of 20 trees per treatment per site). On each selected tree, root collar diameter (10 cm above 

ground line) (CD) and height (H) were measured approximately biweekly during the 3rd and 4th 

growing seasons. At the first measurement date (October 2002), stem height was measured to the 

base of the first stem flush of the 2002 (third) growing season and marked as a reference height. 

Shoot lengths of individual flushes above this reference height were recorded and provided the 

initial measures for 2002. At each subsequent measurement date, the shoot length of each stem 

flush above the reference height was measured to the nearest cm (Figure 4).  

 

Data Analyses 

To examine differences in growth rates among treatments between specific dates, incremental 

height growth and incremental diameter (cm/day) were calculated on a daily basis by dividing 
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the total elongation (for all actively growing stem flushes) or the diameter increment between 

consecutive measurements by the number of days of each period. Percent cumulative height and 

diameter growth were calculated by dividing cumulative growth achieved by each measurement 

date by total growth for the season. Percent height or diameter periodic growth was calculated by 

dividing shoot elongation or diameter increment for each period by total growth during the 

season.  

 

The effects of treatments on height and diameter growth (cumulative, incremental, and percent) 

were examined with analysis of variance (ANOVA) using model [1]:  

  

Model [1]   yijkl = µ+ τik + bj + (bρ)jk + εijk, 

 

where 

yijkl  dependent variable  

µ  overall mean 

τik  fixed parameter associated with the ith fertilization and weed control and kth soil tillage 

treatment. 

bj  is the random effect associated with the jth block 

(bρ)jk  is the whole plot random error associated with the jth block x kth soil tillage treatment 

εijk  is the random error associated with the experimental unit in jth block x kth  soil tillage plot 

combination that received treatment i.  
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Selected specific statistical contrasts were used to test the hypothesized effects on growth of soil 

strength, nutrient availability, and water availability designated SST, NAV, and WAV, 

respectively (Table 2). An additional contrast comparing all treatment including weed control 

versus treatments without weed control was designated WCT. All ANOVA analyses and contrast 

were performed using PROC MIXED (SAS Institute Inc., Cary, NC, 2004). 

 

Graphical analyses were used to examine differences in growth among sites using growth on the 

S:1+F:1+WC:1 treatment because this treatment theoretically would have provided the best 

environment (within the range of the treatments used) for tree growth. Analyses were performed 

using Julian dates. Incremental analyses used Julian dates starting from January 1, 2002 and 

cumulative and percent growth analyses, used Julian dates starting from January 1, 2002 for the 

third growing season and from January 1, 2003 for the fourth growing season. In addition, the 

relationships between height and diameter growth were examined with correlation analyses using 

PROC CORR (SAS Institute Inc., Cary, NC, 2004).  

 

Site and treatments effects on number of stem flushes produced during each season were 

examined with contingency table analyses using JMP (version 5.1.2, SAS Institute Inc., Cary 

NC, 2004).  

 

All  tests for statistical differences were made using a p-value less than 0.05 unless indicated 

otherwise. 
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RESULTS 

Diameter and height growth comparison among sites 

Daily diameter growth rates (cm/day) at each site ranged 0.02 to 0.22 cm/day at DS, 0.02 to 0.31 

cm/day at RC, and 0.03 to 0.44 cm/day at RV. For height, daily growth rates ranged 0 to 0.88 

cm/day at DS, 0.05 to 1.39 cm/day at RC, and 0.15 to 1.25 cm/day at RV. Daily diameter and 

height growth rates for the third growing season slowed significantly for DS after day 340 

(December 2003) with almost no recovery until the fourth growing season (Figure 5a). A similar 

effect was observed for RC after day 380 (end of January 2003). In contrast, growth rates for 

height did not drop for RV until day 485 (end of May 2003) except for a short slow period 

around day 423 (March 2003) (Figure 5b). In general, a similar but less variable pattern was 

observed during the fourth growing season (days 520 to 880) with a drop in growth rates for DS, 

RC and RV after day 720, 820 and 870, respectively (Figure 5). However, diameter and height 

growth rates for RC did not drop as dramatically during the fourth summer period (days 720 to 

790) as compared to the third growing season (Figure 5).  

 

Cumulative diameter growth among sites ranged from 1.2 cm to 3.3 cm (a 171% difference) 

during the third growing season, and from 3.5 to 5.6 cm (a 61% difference)  during the fourth 

growing season (Figure 6a). Cumulative height growth ranged from 55 cm to 160 cm (a 189 % 

difference) during the third growing season, and from 122 cm to 206 cm (a 70% difference) 

during the fourth growing season (Figure 6b). Mean height growth:diameter growth ratios for 

cumulative growth during the third growing season were 4.49, 4.47 and 4.78 at DS, RC and RV, 

respectively, and during the fourth growing season were 3.49, 4.1 and 3.68. .  
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Low growth rates for diameter and height were observed during winter (days 130 to 190) for all 

sites (Figure 7); however, the period for peak growth rates varied considerably among sites. 

Growth rates for diameter were more evenly distributed for RV, with a peak during summer 

(days 340 to 400) (Figure 7a). In contrast, diameter growth rates peaked during days 227 to 280 

(spring) for DS, and 260 to 360 for RC. Periods of maximum height growth also varied among 

sites but differed from periods of maximum diameter growth. At DS and RC, height growth rates 

were initially higher and peaked earlier (days 220 to 340) as compared to RV (Figure 7b). At 

RV, maximum growth rates were observed during the summer (days 320 to 400).  

 

Strong correlations were found between cumulative diameter growth and cumulative height 

growth when both were expressed on an absolute or percentage basis (R=0.91 to 0.93, Table 3). 

Correlations between incremental diameter growth and incremental height growth were generally 

much lower.  

 

Diameter and height growth comparisons within sites 

As noted above, absolute incremental growth rates varied widely within a growing season so 

results are only reported for contrast effects on tree diameter and height growth using cumulative 

absolute growth and percentage incremental growth data for each growing season.  

 

Contrasts for cumulative diameter growth at each measurement date during the third growing 

season at DS and RC showed significant positive effects of treatments including weed control 

(WCT) from the beginning of the summer (day 359). At DS, water availability (WAV) effects 

were significant from the end of the summer (day 433) (Table 4, Figure 8). During the fourth 

growing season, significant positive effects of NAV, WAV, and WCT were observed during the 
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whole season at DS  At RC, significant positive effects of WCT, NAV, WAV and SST started in 

early spring (day 260) and were observed until the end of the season (Table 5, Figure 8). At RV 

during the third growing season, significant positive NAV and negative SST effects were 

observed at the beginning of the summer and positive effects of WCT at the beginning of winter. 

During the fourth growing season, positive NAV, WAV, and WCT effects were observed at the 

end of winter and beginning of the spring (Table 6, Figure 8). 

 

Cumulative height growth showed significant effects of WAV and WCT during the third 

growing season on all sites. In addition, positive SST effects were observed at DS, and NAV 

effects were observed during the summer to end of autumn at RV (days 405 to 517). During the 

fourth growing season, significant positive effects of WAV and WCT were generally observed 

starting in early spring and lasting for most of the growing season at all sites. At RC, positive 

NAV effects were observed in early spring (days 172 to 260) but were not maintained. Strong 

positive WAV effects were observed later in the season (Figure 9). At RV, negative SST effects 

were observed starting in the summer and lasting to the winter (days 387 to 516) during the 

fourth growing season (figure 9). 

 

Although absolute growth rates were strongly affected by treatment (particularly by weed 

control), few treatment effects were observed on the phenology of growth as indicated by the 

percent incremental growth data. (Figure 10, Tables 4, 5, and 6). Two pronounced differences in 

growth phenology were observed. One for diameter growth at DS and RC during early spring 

(days 230 to 280) when intensive treatment resulted in relatively more diameter growth. The 

other was for height growth at DS and RC where intensive treatment resulted in relatively less 
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height growth in the spring (days 250 to 330) and relatively more in the summer and fall. (days 

370 to 520) (Table 5, Figure 10).  

 

Number of flushes 

In general, more flushes were observed during the fourth as compared to the third growing 

season (Tables 7 and 8). During the third growing season, from one to four flushes were 

observed at DS, and from one to five flushes at RC and RV. The proportions of trees producing a 

given number of flushes at each site were different. At RV, proportionately more trees produced 

three and four flushes than at RC and especially DS (Table 7, Figure 11). For example, across 

treatments, 61% of the trees at RV produced three or more flushes whereas only 27% of trees at 

DS produced 3 or more flushes.  

 

At DS and RC, treatments also affected the number of flushes that were produced during each 

growing season (Figure 11, Table 7). For example during the third growing season at DS, only 

16% of trees without weed control had three or more flushes whereas with weed control 52% had 

three or more flushes. 

 

Cumulative stem elongation varied by flush, treatment, and site for both the third and the fourth 

growing seasons (Table 8). At DS, the first flush was always much longer than subsequent 

flushes for all treatments (Table 8) and significant positive WAV and WCT effects were 

observed for several flushes for both the third and fourth growing seasons (Table 9). At RC, the 

second, third, and fourth flushes (if present), were as long or longer than the first flush for the 

third growing season.(Table 8) and few differences were found among treatments. During the 

fourth growing season, the first flush at RC was also longer than subsequent flushes and 
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significant WCT effects were observed for the second, third, and fourth flushes. Nutrient 

availability (NAV) and SST effects were observed for the first flush (Table 9). 

 

At RV, elongation did not vary by flush (Table 8). However, significant positive WAV and WCT 

were observed for several flushes during both growing seasons. NAV and SST significantly 

affected third and fourth flush length (Tables 8 and 9). 

 

 

DISCUSSION 

Diameter and height growth among sites 

Maximum and minimum daily growth rates for diameter and height increased tremendously from 

northern to southern sites suggesting the presence of strong environmental gradients. In fact, 

maximum daily diameter and height growth rates almost doubled between DS and RV. 

Comparison of rainfall patterns and tree growth among sites suggest that the differences in 

productivity among these sites may be related to rainfall and its seasonal distribution and how 

these two factors interact with soil water holding capacity to affect soil water availability (Figure 

2 and 3). Water availability constraints have been reported as having the large effects on 

diameter and height development (Jackson, 1974; Schlatter et al., 1995; Raison et al., 1992; 

Benson et al., 1992).  

 

Constraints in soil available water during the third and fourth season were evident by the marked 

reductions in daily growth rates at northern sites during the summer season. The earlier drop of 

diameter and height growth at DS, compared to RC and RV, was probably due to the low water 

holding capacity of the coarse sandy soil. At RC, with similar climatic conditions as DS, but with 
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a clayey soil, growth rates declined two months later. Similar patterns of low growth during the 

summer have been reported before for drought prone sites (Pawsey, 1964; Tennent, 1986). 

Higher temperatures favoring higher atmospheric demand (vapor pressure deficits) at DS and 

RC, may have also affected tree growth (Benson et al., 1992; Teskey and Sheriff, 1996). At RV, 

almost no restrictions in growth were observed during the summer period (except at day 420 for 

diameter). On this site, low temperature and or day length effects were probably the dominant 

factors affecting tree growth patterns (Bollmann et al., 1986; Burdon, 1994).  

 

The fast resumption of growth observed at all sites at the end of the summer and early autumn 

during the third growing season (March 2003) may be associated with soil water replenishment 

after reduced water availability periods (Cremer, 1972). In fact, large midsummer to midwinter 

shoot elongation can occur in Pinus radiata (Burdon, 1994) and was observed with different 

degrees of magnitude on our sites (Figure 5).  

 

The strong correlation between the absolute values for diameter and height growth was expected 

as both variables usually exhibit a linear relationship. Similarly, the percent cumulative growth 

correlation was also expected given the temporal nature of cumulative percentage growth. 

However, the lack of correlation between incremental growth variables indicated that patterns of 

height and diameter growth, in its magnitude, differed along the season. The low correlation 

between percent increment diameter and height growth suggested that growth patterns along the 

season differed between diameter and height. Lack of correlation between diameter and height 

growth rates has been suggested to related to differential patterns of seasonal development of 

height and diameter growth (Pawsey, 1964; Madgwick, 1994; Tennent, 1986; Burdon, 1994). 
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Seasonal cumulative growth differences among sites reflected the cumulative effects of the 

different daily rates of growth on final tree morphology among sites already discussed. 

Morphologically, longer shoots and diameters were observed at sites with less water availability 

constraints. Larger differences were observed during the third growing season having a long dry 

period during the summer compared to the fourth growing season. Based on this, it was 

surprising that both seasons showed the same percentage differences for height and diameter, 

especially considering that different seasonal patterns of diameter and height growth have been 

commonly observed (Madgwick, 1983; Tennent, 1986; Burdon, 1994). However, different 

seasons affected differently ratios of height and diameter seasonal growth. The third growing 

season, with its longer summer dry period, showed similar effects on ratios at all sites. 

Contrastingly, during the fourth growing season, seasonal growth diameter was proportionally 

larger than height at all sites, but specially at DS and RV. This agreed with previous reports 

(Fielding, 1955; Jackson, 1974; Tennent, 1986; Burdon, 1994) suggesting that diameter is more 

affected by moisture limitations during summer time than height.  Decreased nutrient status has 

been also linked to a decrease in the ratio of total height and diameter at breast height (Will and 

Hodgkiss, 1977). 

 

Percent growth 

Percent growth diameter and height rates allowed evaluating phenological differences among 

sites. In general, no periods of diameter and height growth inactivity were observed at our sites 

and in agreement with the free growth reported nature of early development of radiata pine under 

appropriate temperature and day-length conditions (Bollmann et al., 1986; Burdon, 1994). 

Several authors (Pawsey, 1964; Tennent, 1986; Jackson et al., 1976; Bollmann et al., 1986.) have 

reported wintertime inactivity, or our observed reduced rates of tree growth.  
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Reductions in tree growth at wintertime have been related to low temperatures and shorter days 

(Burdon, 1994). However strong genetic differences exist in response to such signals (Florence 

and Malajczuk, 1970; Bollmann et al., 1986). Pawsey (1964), similar to our third growing season 

results at DS, found two periods of overall tree growth inactivity from April to June, and 

December to January, in dry sites in Australia. In a detailed experiment simulating winter-spring 

and spring-summer droughts in radiata pine clones, Jackson et al. (1976) found negative and 

positive effects of droughts in height and diameter suggesting a complex nature of interactions 

with strong genetic control. Our measurement period (~ 15 days) did not allow us to capture 

phases of total tree growth inactivity to suggest phenological differences among sites.  

 

Several empirical and manipulative studies agree in a negative effect of water availability 

constraints mainly in diameter during the summer season (Pawsey, 1964; Cremer, 1972; Jackson 

et al., 1976; Bollmann et al., 1986). Tennent (1986), considering sites with adequate rainfall 

amount and distribution in New Zealand, found  similar to our results at RV with no periods of 

inactivity during summer period. Summertime reductions of tree growth observed at northern 

sites were associated to soil water availability constraints that were not present at southern sites.  

 

Seasonal patterns of growth observed for the fourth growing season across sites suggested that 

season length growth varied more for diameter than height. Height percent growth showed 

almost the same patterns of development for all sites with similar seasonal length. Higher rates in 

spring at northern sites may be related to better elongation conditions at warmer sites (Bollmann 

et al., 1986; Tennent, 1986; Burdon, 1994). Height growth elongation, starting in late winter to 

early spring, has been found to precede diameter growth (Tennent, 1986; Burdon, 1994). A 

similar trend was observed at our sites but more clearly observed at our southern site with better 
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water availability conditions (Figures 7 and 8). However, diameter showed large differences in 

rates of growth and length of the actively growing season among sites. Tree diameter 

development has been shown to be more affected by late spring and summer droughts (Jackson 

et al., 1976) given its potential continuous growth along the year if water and nutrients are 

available (Tennent, 1986).  

 

 

Diameter and height growth within sites 

Seasonal cumulative growth 

The predominant effects of weed control treatment, applied during the first years after 

establishment, were still observed in seasonal tree growth after four years of tree development 

(Figure 8 and 9). Large and long lasting effects of weed control had been reported before in 

radiata pine and other fast growing pines and associated with increased water and nutrient 

availability (Zutter et al., 1986; Woods et al., 1992; Nambiar and Sands, 1993; Kogan et al., 

2002; Miller, 1981).  

 

Seasonality of weed control and other silvicultural treatments has become important in current 

productivity models (Kimberley and Richardson, 2004). At northern sites, the large effects of 

weed control seem to be associated with increased water availability, in special at the start of the 

summer season, however nutrient availability effects matched water availability effects during 

the fourth growing season. This suggested a higher plant nutrient demand during the fourth 

growing season at northern sites.  
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High soil nutrient availability after harvesting of a pre-established stand and low plant nutrient 

demand from soil resources at establishment of a new plantation is commonly observed 

(Smethurst and Nambiar, 1990; Vitousek et al., 1992; Fife and Nambiar, 1997). This conditions 

reverse when trees develop higher leaf area levels and approach canopy closure (Allen et al., 

1990). These patterns of demand and soil nutrient availability may explain the coupling of water 

and nutrient limitations with increasing larger nutrient demands from these stands during the 

fourth growing season. Interestingly, mainly water availability effects affected height growth 

during the growing season, while a synergy of nutrient and water availability effects affected 

diameter.  

 

Will and Hodgkiss (1977) reported that nitrogen and phosphorus limitations affect diameter 

preferentially. However, Tennent (1986) suggested that such effects were observed only at lower 

height diameters in the bole. The large soil depletion of available nutrients along the season for 

the high demand of radiata pine, coupled with reduced conditions for nutrient mineralization (Li 

et al., 2003; Paul et al., 2003; Goncalves and Carlyle, 1994) may have affected preferential mid-

summer to autumn diameter development (Tennent, 1986; Burdon, 1994).  

 

Weed control responses during the third growing season were similar to northern sites at RV 

(Figures 8 and 9) but only for height. During the fourth growing season the short early seasonal 

positive weed control effects and the large improvement of control treatment height performance 

suggest an additional effect of different stand growth stages clearly observed in the field. While 

high intensity treatment had reached complete canopy closure, low intensity treatments had 

approximately 50% of cover area occupancy. Water, nutrient limitations, and stand physiological 

age conditions may interact in different forms depending on soil type characteristics (Sands and 
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Nambiar, 1984; Nambiar, 1990; Woods et al., 1992; Paul et al., 2003). Negative soil tillage 

effects during the third growing season at DS and fourth growing season at RV may be related to 

water availability limitations due to an increase in soil porosity and reduced soil water holding 

capacity (Zou et al., 2000), increased mineralization of soil organic matter, and nutrient losses by 

intensive soil preparation (Carlyle and Nambiar, 2001), or enhanced competition.  

 

 

Percent growth rate 

Silvicultural treatments did not affect the phenology of tree growth at any of our sites (Figure 8). 

Treatment responses were associated with increasing the magnitude of tree growth for favorable 

or unfavorable periods of tree growth. Similar results showing no response to silvicultural 

treatments at a single site have been reported before (Allen and Wentworth, 1993). Controlled 

experiments suggest that timing of tree growth seems to be more related to genetic, temperature, 

day length, and the interaction of these factors (Florence and Malajczuk, 1970; Jackson et al., 

1976; Bollmann et al., 1986). Water or nutrient availability effects triggered by weed control 

may be small on total plant constraints, or maybe our time of measurements was too large to 

detect treatment differences. 

 

Number of flushes and seasonal elongation 
 

Number of flushes 

Increase in the number of flushes developed during the fourth growing season seemed to be 

associated with more vigorous shoot development under a more favorable season (Cremer, 1972; 

Will and Hodgkiss, 1977). Drought prone or nutrient deficient sites have reported reductions in 
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the number of flushes or “cycles” (Jackson et al., 1976). Contrastingly, Bollmann et al. (1986) 

reported null effects of drought or increased nutrient supply on number of flushes produced, 

however the range of stress conditions imposed at this experiment were mild. Bollmann and 

Sweet (1979) reported more growth cycles and growth extension at warmer sites. Internode 

elongation and flushes have been also related to phytochrome balance of red/far-red radiation 

(Morgan et al., 1983; Burdon, 1994), however no large differences in latitude or temperature 

regimes existed among our sites that could be related to radiation patterns or important 

temperature differences. Strong genetic and ontogenetic effects have been indicated to affect 

seasonal number of flushes (Burdon, 1971; Burdon, 1994) and these may explain similitude 

between RC and RV sites having one more maximum flush on every season compared to DS. 

However, large variability in the number of shoots developed at each site and within treatments 

at each site was observed (Figure 11), however more intensive silvicultural treatments showed 

preferentially a large number of trees having more flushes along the season. Similar results have 

been found by Allen and Wentworth (1993) in loblolly pine, suggesting that more flush 

production was associated with faster development of early seasonal flushes creating the 

opportunity for late seasonal flushes development instead of a extension of the season.  

 

Flushes seasonal elongation 

An early primary flush developed in the late winter or early spring preceded progressive smaller 

length flushes as a dry period approached during the summer. Contrastingly, southern sites with 

no moisture limitations showed small differences in elongation among first four flushes or even 

longer flushes at the end of the growing season. Similar patterns of flushes elongation have been 

reported before in Australia and New Zealand (Pawsey, 1964; Jackson, 1974; Bollmann et al., 

1986; Tennent, 1986). Autumn elongation typically associated to warmer sites and adequate 
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moisture supply (Bollmann et al., 1986; Tennent, 1986; Madgwick, 1994) was predominantly 

observed at our southern site RV. Low latitude sites where no dry season is present have shown 

continuous growth of radiata pine with no clear distinction of annual height growth stages 

(Lanner, 1966). The large overlap among flushes development (Figure 10) has been associated to 

genetic x site interactions (Burdon, 1971; Burdon, 1994; Bollmannn and Sweet, 1976). Our 

flushes seasonal patterns contrasted with results observed for other polycyclic species showing 

more synchronous flushes development (Allen and Wentworth, 1993;). Water and nutrient 

limitations had larger effects on flushes seasonal elongation patterns between and within sites. At 

northern sites, weed control treatments, enhanced higher rates of growth of seasonal flushes 

(Table 8). However, weed control effects were mainly associated with the first three flushes that 

concentrated almost 70% of the seasonal growth.  

 

Several practical implications for plantation management emerge from our results. Silvicultural 

opportunities to enhance tree growth should consider the window of site maximum tree growth 

in order to maximize productivity of forest stands, especially in drought prone areas. Wider 

windows to maximize productivity can be considered for sites with no strong water limitations. 

Our results suggest that despite seasonal effects, opportunities exist to manipulate tree 

morphology favoring longer flushes with higher proportions of wood free of branch effects, 

especially in the most valuable first stem section. Managers need to watch carefully how 

enhanced tree growth affects other properties such as faster branch turnover and match pruning 

and thinning operations.  
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CONCLUSIONS 

Our results indicate that phenology of tree growth is not affected by site or silvicultural 

treatments. Differences among sites were mainly observed in seasonal diameter growth, with 

longer growing seasons at sites with no moisture limitations. Large effects of site and 

silvicultural treatments were observed in tree morphology. Trees established in sites with 

constraints in water availability showed less number of flushes and of shorter length, than sites 

with less water constraints. On a site-specific basis, negative effects of water limitations were 

ameliorated by silvicultural treatments that increased water and nutrient availability for tree crop 

use, even after three years since application. At all sites studied, water and nutrient availability 

seasonal constraints during the summer season affected more diameter than tree height growth. 

Specifically, nutrient availability constraints late in the growing season were more related to 

reductions in diameter than height growth.   
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TABLES 
 
Table 1.  Site and stand information for the three sites examined in this study. 
 

Site Name Recent Volcanic Ash 
(RV) 

Dry Sands 
(DS) 

Red Clay 
(RC) 

Latitude and longitude 39°  4' 40" S 
72° 24' 23" W 

37° 10' 40" S 
72° 15' 47" W 

37° 50' 43"  S 
72° 20'  5" W 

    
Mean annual temperature 
(ºC) 

10.7 13.7 13.3 

    
Mean annual rainfall (mm) 2180 1160 1100 

    
Geology Recent volcanic ash Volcanic sands Red clay - old volcanic ash 

    
Soil taxonomic name Medial, Mesic Typic 

Haploxerands 
Fragmental, Thermic 
Dystric Xerorthents 

Very fine, Mixed, Thermic 
Typic Rhodoxeralfs 

    
Drainage Well Somewhat excessively 

well 
Well 

    
Family Genotype MP31 IF24 MP31 
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Table 2. Statistical contrasts between selected treatments to test pre-planned 
hypothesis to evaluate site-specific constraints on tree growth. 
 

Treatments Contrasts 1 Hypothesis tested 2 
S F W - S F W  
1 1 1 - 0 1 1 Soil strength (SST): Isolates the effect of tillage on soil physical 

properties affecting tree growth, considering that both water and 
nutritional constraints have been satisfied by weed control and 
fertilization. 

1 1 1 - 1 0 1 Nutrient Availability (NAV): Isolates the effect of nutrient 
availability affecting tree growth, considering that both soil physical 
limitations have been ameliorated by soil tillage, and water 
limitations have been ameliorated by weed control. 

1 1 1 - 1 1 0 Water availability (WAV): Isolates the effect of weed control 
increasing  water availability, considering that both soil physical 
limitations have been ameliorated by tillage, and nutrient availability 
limitations have been ameliorated by fertilization. 

1 S: soil tillage, F: fertilization, W: weed control; 1: treatment applied, 0: no application 
2 In addition a weed control contrast was tested contrasting all treatments including weed control (S:1+F:1+WC:1, 

S:1+F:0+WC:1, S:0+F:1+WC:1) against treatments without weed control (S:1+F:1+WC:0, S:0+F:0+WC:0).  
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Table 3. Correlation analyses between absolute, incremental, cumulative 
percentage, and percent increment diameter and tree height growth, and Julian day 
calculated as 0 to 360, for years 2002 and 2003. Correlations between height 
variables and Julian day had similar results for diameter. 
 

 Dry Sands  
 Height  
Diameter Absolute Increment % Cumulative % Increment Julian day 
Absolute 0.92 0.11 0.24 -0.16 0.22 
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
N 4230 4218 4140 4005 4230 
Increment 0.13 0.30 -0.09 0.17 -0.12 
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
N 4235 4227 4145 4010 4230 
% Cumulative 0.39 -0.15 0.91 -0.18 0.90 
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
N 4140 4130 4140 4005 4140 
% Increment -0.12 0.21 0.00 0.30 0.00 
p-value <0.0001 <0.0001 0.7678 <0.0001 0.9170 
N 3980 3979 3980 3965 3980 
 Red Clays  
Absolute 0.91 0.09 0.31 -0.20 0.24 
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

N 3557 3553 3557 3466 3827 

Increment 0.19 0.22 0.06 0.15 0.00 
p-value <0.0001 <0.0001 <0.0001 <0.0001 0.8667 

N 3554 3551 3554 3465 3823 

% Cumulative 0.39 -0.21 0.93 -0.21 0.93 
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

N 3557 3553 3558 3466 3828 

% Increment -0.12 0.12 0.10 0.23 0.08 
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

N 3543 3540 3543 3465 3799 

 Recent V. Ash  
Absolute 0.93 0.04 0.35 -0.18 0.24 
p-value <0.0001 0.0075 <0.0001 <0.0001 <0.0001 
N 3700 3696 3700 3641 3720 
Increment 0.13 0.14 0.09 0.11 0.03 
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
N 3697 3696 3697 3641 3717 
% Cumulative 0.44 -0.13 0.93 -0.14 0.91 
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
N 3697 3693 3698 3641 3718 
% Increment -0.06 0.12 0.12 0.16 0.10 
p-value <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
N 3658 3657 3658 3641 3678 
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Table 4. Summary of statistical significance (p>F) of contrasts testing the effects of weed control (WCT), nutrient availability (NAV), soil 
physical constraints (SST), and water availability (WAV) effects on tree diameter (CD) and total height percent daily growth (cm/day) 
and seasonal cumulative growth (cm) by date for DS. Model [1] (see Table 2 for a detailed description of each contrast). 
  Percent CD daily growth  Percent H daily growth  CD cumulative growth  H cumulative growth  
Season Jday NAV SST WAV WCT  NAV SST WAV WCT  NAV SST WAV WCT  NAV SST WAV WCT  
3rd 300 0.295 0.273 0.083 0.073  0.629 0.992 0.108 0.060  0.335 0.474 0.453 0.510  0.358 0.003 <0.001 <0.001  
 315 0.614 0.441 0.276 0.692  0.790 0.789 0.772 0.288  0.897 0.779 0.557 0.948  0.207 0.002 <0.001 <0.001  
 328 0.600 0.245 0.247 0.073  0.964 0.079 0.525 0.774  0.723 0.281 0.492 0.121  0.116 0.000 <0.001 <0.001  
 342 0.477 0.309 0.527 0.589  0.082 0.401 0.881 0.488  0.919 0.504 0.593 0.153  0.390 0.003 <0.001 <0.001  
 359 0.570 0.061 0.310 0.753  0.575 0.347 0.436 0.465  0.912 0.427 0.614 0.082  0.569 0.002 <0.001 <0.001  
 374 0.565 0.199 0.044 0.082  0.670 0.124 0.007 0.023  0.865 0.737 0.140 0.016  0.485 0.001 <0.001 <0.001  
 388 0.003 0.643 0.121 0.930  0.523 0.175 0.103 0.210  0.371 0.699 0.298 0.018  0.500 0.001 <0.001 <0.001  
 401 0.300 0.528 0.441 0.379  0.211 0.214 0.081 0.184  0.511 0.749 0.213 0.009  0.559 0.001 <0.001 <0.001  
 433 0.097 0.324 0.059 0.649  0.786 0.146 0.174 0.807  0.952 0.848 0.090 0.008  0.534 0.001 <0.001 <0.001  
 446 0.181 0.425 0.348 0.501  0.289 0.352 1.000 0.448  0.997 0.867 0.080 0.007  0.544 0.001 <0.001 <0.001  
 450 0.056 0.081 0.023 0.344  0.451 0.175 0.091 0.234  0.746 0.897 0.049 0.008  0.494 0.001 <0.001 <0.001  
 464 0.676 0.390 0.175 0.736  0.367 0.936 0.231 0.344  0.486 0.484 0.011 0.004  0.535 0.001 <0.001 <0.001  
 481 0.215 0.226 0.593 0.653  0.828 0.942 0.141 0.215  0.287 0.780 0.008 0.002  0.549 0.001 <0.001 <0.001  
 498 0.046 0.679 0.907 0.916  0.527 0.454 0.939 0.753  0.421 0.853 0.009 0.002  0.568 0.001 <0.001 <0.001  
                      
4th 147 0.323 0.916 0.691 0.894  0.001 0.015 0.020 0.393  na na na na  na na na na  
 161 0.023 0.337 0.044 0.049  0.312 0.770 0.101 0.531  0.001 0.162 0.004 0.008  0.425 0.681 0.199 0.815  
 176 0.893 0.195 0.435 0.518  0.186 0.929 0.058 0.285  0.033 0.849 0.179 0.134  0.260 0.758 0.168 0.817  
 190 0.163 0.864 0.267 0.054  0.752 0.162 0.074 0.063  0.008 0.925 0.065 0.030  0.254 0.246 0.050 0.269  
 205 0.086 0.177 0.398 0.149  0.469 0.367 0.432 0.663  0.051 0.210 0.067 0.001  0.967 0.439 0.813 0.471  
 222 0.273 0.429 0.898 0.736  0.080 0.046 0.639 0.778  0.007 0.969 0.047 0.003  0.161 0.075 0.998 0.140  
 237 0.004 0.022 0.077 0.614  0.516 0.120 0.012 0.001  <0.001 0.140 0.007 0.002  0.288 0.607 0.037 0.001  
 256 0.265 0.776 0.082 0.047  0.781 0.268 0.769 0.405  <0.001 0.155 <0.001 <0.001  0.727 0.663 0.012 <0.001  
 270 0.047 0.037 0.813 0.036  0.185 0.832 0.061 0.028  <0.001 0.694 0.001 <0.001  0.386 0.503 0.034 0.001  
 284 0.228 0.092 0.016 0.062  0.475 0.047 0.548 0.152  <0.001 0.151 0.001 <0.001  0.289 0.661 0.043 0.001  
 298 0.221 0.833 0.411 0.564  0.080 0.188 0.066 0.423  <0.001 0.262 <0.001 <0.001  0.208 0.413 0.081 0.001  
 312 0.471 0.661 0.299 0.025  0.005 0.955 0.037 0.000  <0.001 0.232 <0.001 <0.001  0.875 0.693 0.055 0.003  
 327 0.162 0.076 0.255 0.400  0.145 0.903 0.580 0.485  <0.001 0.803 <0.001 <0.001  0.721 0.603 0.013 <0.001  
 342 0.089 0.344 0.026 0.094  0.036 0.040 0.404 0.493  <0.001 0.961 <0.001 <0.001  0.932 0.373 0.006 <0.001  
 359 0.658 0.135 0.288 0.827  0.029 0.038 0.039 0.047  <0.001 0.708 <0.001 <0.001  0.611 0.708 0.003 <0.001  
 375 0.138 0.717 0.656 0.834  0.991 0.590 0.873 0.274  <0.001 0.816 <0.001 <0.001  0.559 0.952 0.002 <0.001  
 389 0.394 0.529 0.916 0.374  0.809 0.503 0.285 0.444  <0.001 0.996 <0.001 <0.001  0.518 0.908 0.003 <0.001  
 403 0.459 0.873 0.762 0.324  0.865 0.240 0.025 0.004  <0.001 0.993 <0.001 <0.001  0.529 0.936 0.002 <0.001  
 419 0.232 0.023 0.078 0.237  0.379 0.101 0.625 0.618  <0.001 0.517 <0.001 <0.001  0.441 0.956 0.002 <0.001  
 437 0.899 0.077 0.069 0.867  0.912 0.975 0.819 0.854  <0.001 0.230 <0.001 <0.001  0.483 0.976 0.002 <0.001  
 452 0.146 0.819 0.246 0.517  0.045 0.083 0.230 0.385  <0.001 0.277 <0.001 <0.001  0.346 0.800 0.002 <0.001  
 468 0.242 0.651 0.318 0.227  0.200 0.005 0.242 0.278  <0.001 0.331 <0.001 <0.001  0.324 0.533 0.002 <0.001  
 484 0.469 0.625 0.847 0.857  0.184 0.475 0.074 0.262  <0.001 0.391 <0.001 <0.001  0.253 0.624 0.001 <0.001  
 500 0.213 0.628 0.607 0.942  0.510 0.595 0.930 0.386  <0.001 0.294 <0.001 <0.001  0.254 0.558 0.002 <0.001  
 515 0.762 0.883 0.562 0.874  0.316 0.693 0.345 0.193  <0.001 0.326 <0.001 <0.001  0.199 0.420 0.003 <0.001  
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Table 5. Summary of statistical significance (p>F) of contrasts testing the effects of weed control (WCT), nutrient availability (NAV), soil 
physical constraints (SST), and water availability (WAV) effects on tree diameter and total height percent daily growth (cm/day) and 
seasonal cumulative growth (cm) by date for RC. Model [1] (see Table 2 for a detailed description of each contrast). 
 
  Percent CD daily growth  Percent H daily growth  CD cumulative growth  H cumulative growth  
Season Jday NAV SST WAV WCT  NAV SST WAV WCT  NAV SST WAV WCT  NAV SST WAV WCT  
3rd 314 0.757 0.985 0.934 0.096  0.027 0.162 0.010 0.015  0.805 0.846 0.921 0.367  0.230 0.826 <0.001 <0.001  
 325 0.144 0.083 0.751 0.025  0.585 0.746 0.164 0.026  0.418 0.320 0.693 0.139  0.354 0.876 <0.001 <0.001  
 335 0.644 0.627 0.336 0.393  0.092 0.005 0.050 0.405  0.761 0.255 0.713 0.268  0.124 0.567 <0.001 <0.001  
 352 0.077 0.675 0.272 0.781  0.963 0.853 0.443 0.078  0.207 0.277 0.341 0.275  0.275 0.635 <0.001 <0.001  
 365 0.333 0.319 0.280 0.594  0.020 0.402 0.032 0.073  0.686 0.792 0.949 0.091  0.168 0.597 <0.001 <0.001  
 381 0.389 0.454 0.697 0.887  0.674 0.597 0.783 0.102  0.600 0.706 0.584 0.018  0.596 0.311 0.013 0.002  
 396 0.703 0.120 0.481 0.731  0.714 0.864 0.739 0.622  0.431 0.294 0.230 0.012  0.664 0.345 0.017 0.003  
 412 0.263 0.433 0.336 0.337  0.104 0.708 0.132 0.023  0.600 0.465 0.355 0.030  0.616 0.470 0.016 0.002  
 430 0.899 0.378 0.234 0.031  0.390 0.062 0.695 0.847  0.542 0.596 0.436 0.046  0.521 0.498 0.006 0.001  
 445 0.370 0.198 0.721 0.670  0.706 0.197 0.249 0.645  0.419 0.433 0.573 0.071  0.526 0.579 0.009 0.001  
 460 0.387 0.292 0.400 0.596  0.804 0.417 0.235 0.883  0.359 0.377 0.779 0.107  0.486 0.624 0.010 0.001  
 477 0.213 0.036 0.440 0.022  0.370 0.983 0.931 0.844  0.437 0.722 0.642 0.028  0.371 0.291 0.003 <0.001  
 506 0.520 0.920 0.714 0.362  0.365 0.405 0.336 0.208  0.242 0.716 0.557 0.034  0.336 0.277 0.002 <0.001  
 520 0.003 0.423 0.511 0.184  0.136 0.175 0.267 0.736  0.098 0.684 0.448 0.022  0.233 0.230 0.002 <0.001  
                      
4th 172 0.759 0.711 0.976 0.596  0.303 0.745 0.649 0.881  0.611 0.558 0.958 0.716  na na na na  
 185 0.992 0.659 0.709 0.871  0.103 0.940 0.539 0.802  0.625 0.068 0.055 0.006  0.020 0.765 0.130 0.220  
 199 0.058 0.063 0.004 0.000  0.101 0.426 0.465 0.860  0.136 0.106 0.069 0.012  0.016 0.346 0.380 0.597  
 213 0.621 0.915 0.798 0.868  0.082 0.539 0.066 0.013  0.068 0.361 0.967 0.142  0.030 0.485 0.117 0.067  
 228 0.821 0.014 0.034 0.043  0.953 0.242 0.004 0.006  0.017 0.548 0.882 0.274  0.090 0.315 0.003 <0.001  
 245 0.429 0.926 0.765 0.175  0.436 0.905 0.713 0.159  0.005 0.644 0.252 0.097  0.120 0.408 0.001 <0.001  
 260 0.105 0.102 0.090 0.325  0.553 0.512 0.739 0.520  0.001 0.066 0.019 0.003  0.087 0.467 0.001 <0.001  
 277 0.446 0.093 0.072 0.025  0.102 0.074 0.029 0.078  <0.001 0.016 0.001 <0.001  0.442 0.556 0.010 <0.001  
 292 0.613 0.890 0.178 0.263  0.027 0.001 0.129 0.001  <0.001 0.165 <0.001 <0.001  0.762 0.056 0.014 <0.001  
 307 0.578 0.008 0.693 0.928  0.030 0.005 0.480 <0.001  <0.001 0.100 <0.001 <0.001  0.953 0.622 0.017 0.001  
 322 0.254 0.432 0.404 0.998  0.961 0.067 0.920 0.701  <0.001 0.045 0.001 <0.001  0.859 0.238 0.008 <0.001  
 339 0.618 0.412 0.717 0.656  0.298 0.201 0.654 0.148  <0.001 0.416 <0.001 <0.001  0.973 0.179 0.014 <0.001  
 356 0.826 0.003 0.653 0.598  0.365 0.625 0.482 0.288  <0.001 0.364 0.001 <0.001  0.684 0.296 0.024 <0.001  
 374 0.590 0.848 0.330 0.178  0.590 0.230 0.110 0.017  <0.001 0.066 0.001 <0.001  0.564 0.200 0.009 <0.001  
 388 0.613 0.160 0.490 0.209  0.870 0.185 0.548 0.708  <0.001 0.031 0.001 <0.001  0.495 0.383 0.008 <0.001  
 401 0.654 0.809 0.108 0.126  0.172 0.107 0.753 0.122  <0.001 0.027 0.001 <0.001  0.392 0.601 0.012 <0.001  
 417 0.113 0.999 0.961 0.214  0.394 0.695 0.782 0.202  <0.001 0.015 0.002 <0.001  0.456 0.589 0.017 <0.001  
 432 0.374 0.120 0.984 0.617  0.408 0.927 0.995 0.115  <0.001 0.043 0.001 <0.001  0.306 0.591 0.013 <0.001  
 449 0.847 0.602 0.982 0.969  0.324 0.454 0.337 0.194  <0.001 0.109 0.003 <0.001  0.365 0.659 0.012 <0.001  
 466 0.274 0.151 0.521 0.135  0.761 0.606 0.670 0.088  <0.001 0.085 0.003 <0.001  0.399 0.705 0.012 <0.001  
 480 0.021 0.373 0.490 0.726  0.378 0.604 0.404 0.122  <0.001 0.099 0.003 <0.001  0.352 0.667 0.012 <0.001  
 498 0.866 0.615 0.531 0.237  0.647 0.088 0.613 0.121  <0.001 0.046 0.001 <0.001  0.360 0.556 0.011 <0.001  
 514 0.461 0.177 0.433 0.942  0.746 0.137 0.701 0.237  na na na na  0.377 0.700 0.010 <0.001  
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Table 6. Summary of statistical significance (p>F) of orthogonal contrast testing the effects of weed control (WCT), nutrient availability 
(NAV), soil physical constraints (SST), and water availability (WAV) effects on tree diameter and total height percent daily growth 
(cm/day) and seasonal cumulative growth (cm) by date for RV. Model [1] (see Table 2 for a detailed description of each contrast). 
 
  Percent CD daily growth  Percent H daily growth  CD cumulative growth  H cumulative growth  
Season Jday NAV SST WAV WCT  NAV SST WAV WCT  NAV SST WAV WCT  NAV SST WAV WCT  
3rd 311 0.051 0.939 0.042 0.019  0.413 0.820 0.947 0.568  0.075 0.634 0.052 0.034  0.559 0.369 <0.001 <0.001  
 326 0.785 0.360 0.918 0.789  0.738 0.358 0.462 0.147  0.307 0.943 0.272 0.205  0.646 0.412 <0.001 <0.001  
 339 0.007 0.020 0.404 0.129  0.259 0.252 0.638 0.218  0.269 0.065 0.966 0.103  0.247 0.609 <0.001 <0.001  
 356 0.125 0.011 0.374 0.278  0.711 0.279 0.221 0.965  0.043 0.002 0.339 0.132  0.340 0.663 <0.001 <0.001  
 372 0.109 0.480 0.811 0.597  0.478 0.773 0.223 0.079  0.049 0.041 0.610 0.164  0.224 0.602 <0.001 <0.001  
 387 0.951 0.218 0.915 0.753  0.157 0.866 0.505 0.916  0.178 0.362 0.611 0.428  0.107 0.714 <0.001 <0.001  
 405 0.544 0.412 0.090 0.297  0.270 0.942 0.853 0.999  0.421 0.797 0.792 0.383  0.075 0.693 <0.001 <0.001  
 423 0.061 0.148 0.004 0.008  0.329 0.692 0.896 0.888  0.623 0.933 0.448 0.212  0.083 0.748 0.001 <0.001  
 440 0.372 0.419 0.046 0.002  0.005 0.129 0.253 0.942  0.787 0.301 0.537 0.134  0.030 0.964 0.001 <0.001  
 454 0.446 0.252 0.815 0.621  0.120 0.226 0.851 0.781  0.622 0.482 0.323 0.042  0.016 0.825 <0.001 <0.001  
 470 0.988 0.862 0.640 0.691  0.257 0.628 0.863 0.259  0.611 0.422 0.179 0.017  0.009 0.750 <0.001 <0.001  
 485 0.870 0.944 0.469 0.540  0.414 0.472 0.731 0.906  0.577 0.388 0.207 0.016  0.010 0.813 <0.001 <0.001  
 501 0.252 0.607 0.207 0.286  0.593 0.808 0.731 0.747  0.657 0.396 0.155 0.011  0.010 0.839 <0.001 <0.001  
 517 0.919 0.458 0.744 0.968  0.178 0.746 0.784 0.624  0.651 0.225 0.106 0.007  0.005 0.899 <0.001 <0.001  
                      
4th 167 0.456 0.340 0.062 0.166  0.990 0.269 0.719 0.586  na na na na  na na na na  
 197 0.894 0.980 0.011 0.002  0.157 0.689 0.298 0.786  0.279 0.993 0.005 0.003  0.205 0.815 0.186 0.817  
 210 0.424 0.889 0.233 0.767  0.903 0.526 0.377 0.466  0.617 0.649 0.029 0.003  0.611 0.577 0.215 0.662  
 227 0.000 0.170 0.000 0.985  0.835 0.754 0.341 0.169  0.006 0.996 0.001 0.023  0.888 0.299 0.002 0.015  
 244 0.967 0.867 0.115 0.029  0.067 0.940 0.660 0.108  0.021 0.993 0.015 0.203  0.310 0.221 0.007 0.007  
 261 0.994 0.741 0.431 0.119  0.812 0.025 0.030 0.035  0.071 0.925 0.082 0.691  0.333 0.855 0.005 0.007  
 274 0.177 0.929 0.662 0.915  0.550 0.806 0.673 0.386  0.159 0.962 0.084 0.645  0.349 0.667 0.017 0.044  
 288 0.332 0.573 0.304 0.896  0.079 0.023 0.852 0.153  0.223 0.856 0.127 0.658  0.111 0.074 0.017 0.023  
 304 0.373 0.246 0.083 0.003  0.995 0.206 0.746 0.966  0.287 0.970 0.198 0.897  0.197 0.226 0.024 0.040  
 318 0.602 0.448 0.071 0.001  0.750 0.451 0.466 0.238  0.259 0.886 0.347 0.332  0.212 0.306 0.035 0.130  
 336 0.675 0.196 0.230 0.583  0.671 0.424 0.805 0.708  0.375 0.780 0.566 0.566  0.162 0.261 0.010 0.038  
 354 0.931 0.121 0.721 0.340  0.678 0.561 0.512 0.257  0.390 0.612 0.440 0.396  0.335 0.457 0.062 0.244  
 371 0.232 0.044 0.651 0.383  0.068 0.085 0.377 0.875  0.110 0.721 0.215 0.573  0.150 0.162 0.076 0.212  
 387 0.383 0.938 0.356 0.164  0.979 0.874 0.611 0.600  0.141 0.820 0.106 0.905  0.175 0.124 0.102 0.290  
 402 0.028 0.110 0.655 0.146  0.130 0.017 0.823 0.688  0.294 0.681 0.069 0.829  0.107 0.030 0.128 0.400  
 418 0.200 0.105 0.176 0.046  0.721 0.098 0.056 0.054  0.021 0.784 0.108 0.370  0.293 0.036 0.263 0.921  
 433 0.956 0.912 0.928 0.897  0.261 0.183 0.599 0.983  0.023 0.874 0.114 0.411  0.338 0.043 0.219 0.898  
 450 0.021 0.276 0.313 0.559  0.392 0.044 0.319 0.561  0.141 0.847 0.202 0.452  0.372 0.058 0.170 0.769  
 467 0.240 0.436 0.403 0.498  0.019 0.009 0.066 0.692  0.358 0.713 0.304 0.454  0.483 0.104 0.106 0.658  
 481 0.152 0.050 0.236 0.269  0.346 0.491 0.756 0.344  0.240 0.940 0.189 0.599  0.566 0.088 0.092 0.513  
 499 0.498 0.207 0.210 0.495  0.522 0.163 0.059 0.724  0.197 0.611 0.194 0.685  0.612 0.074 0.099 0.469  
 516 0.371 0.063 0.038 0.256  0.862 0.104 0.384 0.996  0.197 0.483 0.155 0.744  0.605 0.046 0.090 0.487  
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Table 7. Third and fourth growing season contingency analyses for the total number of flushes developed by each tree at each site and 
treatment.  
 

  Dry Sands (number of flushes)  Red Clay  (number of flushes)  Recent V. Ash  (number of flushes) 
TREATMENT THIRD SEASON 1 2 3 4 5 6  1 2 3 4 5 6 7  1 2 3 4 5 6 7 

Control No of Trees 1 5 13 3 0    5 11 2 1 1    1 9 7 3 0   
 % of total 2 24 62 14 0    25 55 10 5 5    5 45 35 15 0   
                        

F+WC No of Trees 1 4 9 7 1    0 7 9 3 1    0 4 7 6 2   
 % of total 2 

 

19 43 33 5    0 35 45 15 5    0 21 37 32 11   
                         

S+WC No of Trees 1 2 8 8 4    3 7 8 2 0    2 4 10 3 0   
 % of total 2  9 36 36 18    15 35 40 10 0    11 21 53 16 0   
                         

S+F No of Trees 1 4 14 3 1    2 8 10 1 0    1 6 8 5 0   
 % of total 2  18 64 14 5    10 38 48 5 0    5 30 40 25 0   
                         

S+F+WC No of Trees 1 1 7 10 3    0 6 10 3 1    0 2 9 9 1   
 % of total 2  5 33 48 14    0 30 50 15 5    0 10 43 43 5   

Tests for each Site and Season  Chi^2 Prob>Chi^2  Chi^2 Prob>Chi^2   Chi^2 Prob>Chi^2  
Likelihood ratio  21.26 0.047  25.98 0.054   21.20 0.171  

Pearson  19.39 0.080  20.72 0.189   19.86 0.226  
                         

TREATMENT FOURTH SEASON 1 2 3 4 5 6  1 2 3 4 5 6 7  1 2 3 4 5 6 7 
Control No of Trees 1 0 12 4 4 0 1  1 9 6 3 1 0 0  2 2 9 4 2 1 2 

 % of total 2 
 

0 57 19 19 0 5  5 45 30 15 5 0 0  10 10 45 20 10 5 10 
                         

F+WC No of Trees 1 1 3 10 5 2 0  0 2 6 6 6 0 0  2 1 7 5 4 0 2 
 % of total 2  5 14 48 24 10 0  0 10 30 30 30 0 0  11 5 37 26 21 0 11 
                         

S+WC No of Trees 1 0 3 10 6 4 0  0 2 8 6 3 1 0  2 7 6 3 1 0 2 
 % of total 2  0 13 43 26 17 0  0 10 40 30 15 5 0  11 37 32 16 5 0 11 
                         

S+F No of Trees 1 1 5 10 5 1 0  0 1 12 6 1 1 0  1 7 7 4 1 0 1 
 % of total 2  5 23 45 23 5 0  0 5 57 29 5 5 0  5 35 35 20 5 0 5 
                         

S+F+WC No of Trees 1 0 2 10 6 3 0  0 0 5 10 4 0 1  1 7 7 4 2 0 1 
 % of total 2  0 10 48 29 14 0  0 0 25 50 20 0 5  5 33 33 19 10 0 5 

Tests for each Site and Season  Chi^2 Prob>Chi^2  Chi^2 Prob>Chi^2   Chi^2 Prob>Chi^2  
Likelihood ratio  29.01 0.088  40.47 0.019   17.00 0.653  

Pearson  29.28 0.082  43.43 0.009   16.61 0.678  
1 Count of number of trees with an specific number of flushes at the end of the growing season 
2 Percentage of the total of trees showing a particular number of flushes at the end of the growing season,  
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Table 8.- Terminal leader mean total elongation and standard errors (SE) by flush number developed at each site, and treatment during 
the third (2002 to 2003) and fourth (2003 to 2004) growing seasons. Model [1]. 
 

   Dry Sands  Red Clay  Recent V. Ash 
Season Flush  Control F+WC S+WC S+F S+F+WC  Control F+WC S+WC S+F S+F+WC  Control F+WC S+WC S+F S+F+WC 

3 1  45.8 53.4 53.7 42.8 59.1  23.9 18.5 28.3 22.5 22.1  45.0 29.5 45.3 30.2 29.8 
 SE  4.8 4.8 4.8 4.8 4.8  4.5 4.5 4.5 4.5 4.5  8.0 8.0 8.0 8.0 8.0 
  n  20 21 21 22 21  21 20 20 22 21  20 22 20 22 21 
3 2  25.2 25.9 34.5 26.2 39.5  30.1 26.9 36.3 27.7 33.8  39.4 49.6 39.1 40.3 44.6 
 SE  3.4 3.4 3.4 3.4 3.4  3.2 3.2 3.2 3.2 3.2  6.1 6.1 6.1 6.1 6.1 
  n  20 21 21 22 21  20 20 20 22 21  20 22 20 22 21 
3 3  21.0 20.0 29.6 25.3 27.6  29.9 42.5 25.8 29.4 33.1  46.1 55.3 47.3 39.6 59.8 
 SE  8.7 6.2 6.2 7.1 6.2  8.1 5.8 5.8 5.8 5.8  5.6 5.6 5.6 5.6 5.6 
  n  11 13 16 15 19  13.0 18.0 14.0 16 20  17 19 17 19 21 
3 4  28.7 20.0 18.3 9.0 21.0  24.5 40.8 30.5 27.0 34.3  66.3 77.6 58.7 47.3 57.2 
 SE  6.2 10.3 5.9 10.3 5.9  11.3 6.5 8.0 11.3 6.5  21.2 12.2 21.2 12.2 10.6 
  n  3.0 5 8.0 4.0 8.0  2.0 10.0 8.0 6.0 11.0  9 15 13 10 15 
3 5  na na 62.0 na 29.5  16.0 69.0 na na 4.0  na 52.5 na na 42.2 
 SE  na na 9.5 na 1.5   53.0 na na na  na 8.5 na na 8.8 
  n  na na 4.0 na 2.0  1.0 2.0 na na 1.0  na 6 na na 5 
                    
4 1  59.5 52.3 64.6 51.5 57.9  69.6 73.2 84.9 59.8 53.3  84.1 63.9 95.5 56.1 77.4 
 SE  8.4 8.4 8.4 8.4 8.4  7.0 7.0 7.0 7.0 7.0  7.6 7.6 7.6 7.6 7.6 
  n  20 21 21 21 19  21 19 20 20 19  19 19 19 20 21 
4 2  23.3 46.5 30.5 35.0 35.7  35.4 57.5 46.5 49.5 59.1  57.4 73.8 64.1 51.4 57.5 
 SE  5.0 5.0 5.0 5.0 5.0  6.4 6.4 6.4 6.4 6.4  6.7 6.7 6.7 6.7 6.7 
  n  21 20 21 21 20  16 20 20 20 20  20 19 18 20 20 
4 3  15.4 32.5 23.2 15.3 32.1  23.4 41.3 29.2 27.6 40.9  60.9 52.4 38.6 52.9 54.3 
 SE  5.5 5.5 5.5 5.5 5.5  5.4 5.4 5.4 5.4 5.4  7.5 7.5 7.5 7.5 7.5 
  n  10 14 18 14 17  9 18 14 15 19  18 19 16 19 18 
4 4  22.7 21.3 13.4 12.0 22.6  21.0 27.2 26.5 16.4 25.3  52.1 54.5 51.8 34.0 29.0 

 SE  9.2 6.6 6.6 7.6 6.6  6.1 5.3 5.3 5.3 5.3  5.7 5.7 5.7 5.7 5.7 
  n  5 7 9 3 8  3 10.0 10.0 7 13.0  14.0 16 11 10 12 

4 5  24.0 6.0 17.5 10.0 11.0  na 19.1 9.5 27.2 13.9  70.4 38.5 52.9 21.6 32.5 
 SE  4.4 4.4 4.4 4.4 4.4  na 8.5 8.5 12.0 9.8  8.2 8.2 11.2 11.2 9.3 

  n  3 2 3 3 2.0  na 6.0 4.0 2 3.0  8.0 9 5 4 7 
4 6  na 7.0 na na na  na na na 36.0 na  47.1 52.0 na 10.0 51.5 

 SE  na na na na na  na na na na na  27.8 23.0 na 39.9 39.9 
  n  na 1 na na na  na na na 1 na  2.0 5 na na 2 
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Table 9. Summary of statistical significance (p-value>F) of orthogonal contrast testing the 
effects of weed control (WCT), nutrient availability (NAV), soil physical constraints (SST), 
and water availability (WAV) effects on seasonal flushes elongation for each site. Model [1] 
(see Table 2 for detailed description of each contrast). 
 
 

  Contrast 
  NAV SST WAV WCT 

Season Flush Dry Sands (DS) 
3 1 0.349 0.422 0.015 0.011 
 2 0.247 0.016 0.009 0.016 
 3 0.820 0.403 0.816 0.708 

4 1 0.503 0.646 0.519 0.667 
 2 0.427 0.146 0.908 0.067 
 3 0.270 0.964 0.048 0.014 
 4 0.307 0.898 0.281 0.794 
 5 <0.001 0.001 0.003 <0.001 

Season Flush Red Clay (RC) 
3 1 0.347 0.589 0.945 0.958 
 2 0.423 0.163 0.078 0.121 
 3 0.357 0.269 0.636 0.475 
 4 0.726 0.513 0.599 0.340 

4 1 0.008 0.065 0.504 0.365 
 2 0.113 0.837 0.217 0.027 
 3 0.149 0.954 0.104 0.033 
 4 0.866 0.801 0.247 0.150 
 5 0.739 0.698 0.413 0.996 

Season Flush Recent V. Ash (RV) 
3 1 0.192 0.978 0.977 0.718 
 2 0.529 0.576 0.623 0.424 
 3 0.126 0.564 0.021 0.041 
 4 0.953 0.249 0.561 0.629 

4 1 0.107 0.218 0.062 0.211 
 2 0.491 0.105 0.530 0.098 
 3 0.062 0.850 0.856 0.109 
 4 0.006 0.007 0.452 0.631 
 5 0.166 0.646 0.421 0.570 
 6 0.390 0.992 0.496 0.884 
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FIGURES 
 
 

 
 
 
Figure 1. Location of the study sites in Chile. 
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Figure 2. Climate comparison among Dry sands(DS), Red Clay (RC), and Recent 
Volcanic Ash (RV) sites. a) Monthly rainfall, b) Mean temperature for the duration 
of the study. 
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Figure 3. Soil water balance comparison among Dry Sands (DS), Red Clay (RC), 
and Recent Volcanic Ash (RV) sites. Water balance was calculated based on 1 m soil 
depth calculated using site-specific soils data and a Priestley-Taylor model (1972) of 
potential evapotranspiration for soil water demand. 
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Figure 4. Phenological measurements obtained from the terminal elongation during 
2002-2003 (third) and 2003-2004 (fourth) growing seasons. 
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Figure 5. Daily growth rates (cm/day) comparison among sites for a) collar diameter 
and b) terminal shoot (tree height) for S:1+F:1+WC:1 (high intensity) treatment. 
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Figure 6. Comparison of average cumulative seasonal patterns of growth for the highest 
intensity treatment (S:1+F:1+WC:1) at each site for a) diameter and b) height for the 
fourth growing season. 
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Figure 7. Average percent growth comparison for the S:1+F:1+WC:1 (high intensity) 
treatment among sites for a) diameter and b) height for the fourth growing season. 
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Figure 8. Average cumulative diameter seasonal growth comparison among treatments 
for DS and RV sites. A similar pattern to DS was observed at RC. 
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Figure 9. Average cumulative height seasonal growth comparison between treatments 
for height growth for DS and RV sites. A similar pattern to DS was observed at RC. 
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Figure 10. Average percent growth comparison between Control (low silvicultural 
intensity) and S:1+F:1+WC:1 (high silvicultural intensity) treatments for diameter (left 
side figures) and height (right side figures) at each site for the fourth growing season. 
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Figure 11. Contingency mosaic analysis for number of flushes of the terminal shoot 
elongated during each growing season for each site. 
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CHAPTER 4 

Phenology of leaf area display of young Pinus radiata (D. Don) trees at three contrasting sites in 

the central Valley of Chile. 
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ABSTRACT 

Environmental site-specific constraints on leaf area growth and phenology were investigated 

during two consecutive growing seasons in two-year-old radiata pine plantations established 

under a factorial combination of soil preparation, fertilization, and weed control, at three 

contrasting textural and climatic soil-site conditions in the Central Valley of Chile. At each site, 

a factorial combination of soil preparation (subsoil vs. shovel), fertilization (1st and 3rd year), and 

weed control (none vs. two-year banded) treatments were applied since establishment. In 

October 2002, five specific treatments were selected to investigate how soil physical properties, 

water, and nutritional limitations, affect leaf area display. During October 2002 and June 2004, 

biweekly measurements of foliage elongation were obtained from upper and lower crown 

branches. Number of fascicles and senescence of branch fascicles were assessed at several times 

from December 2003 until May 2005, until a clear pattern of foliage abscission was obtained. 

Our results indicate that needle length, number of fascicles, and maximum foliage index (fascicle 

length x number of fascicles) increased with site water and nutrient availability. No differences 

in maximum foliage index were observed for upper crown branches developed during 

consecutive seasons despite large differences in soil water constraints between seasons. Lower 

foliage index values were observed at lower crown positions and in cohorts developed during the 

third growing season in the same branch. Phenology of fascicle elongation indicated that sites 

with water and nutritional constraints ended fascicle elongation earlier during a growing season. 

Phenology of fascicle senescence indicated that maximum needlefall occurred during the 

summer and autumn seasons. No differences in silvicultural treatments were observed in foliage 

accretion or senescence patterns. Foliage longevity increased for sites with water and nutrient 

limitations, and with no biotic limitations. 
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INTRODUCTION 

Productivity of a forest stand is mainly a function of its foliage photosynthetic area and its 

efficiency converting solar radiation, CO2, nutrients, and water resources into woody mass 

(Linder, 1987; Cannell, 1989). However, foliage mass and environmental resources change and 

interact dynamically during one or more growing seasons depending on species (Hennessey et 

al., 1992; Dougherty et al., 1994; Whitehead et al., 1994a; Dougherty et al., 1995; Kimberley and 

Richardson, 2004). Foliage longevity has also large ecological implications for carbon gain, 

nutrient use, growth efficiency, and seasonal water use in forest plantations and natural stands 

(Reich et al., 1992; Gholz et al., 1994; Whitehead et al., 1994b). Coupled with its longevity, 

foliage distribution in the crown and its phenology are critical to characterize within crown 

radiation transfer and foliage efficiency for converting solar energy in woody biomass (Grace et 

al., 1987b; Grace et al., 1987a; Whitehead et al., 1990; Gholz et al., 1991; Sampson and Allen, 

1998). 

 

Understanding the environmental controls on foliage development and abscission is fundamental 

to clarify how site-specific environmental constraints may affect individual tree and stand growth 

(Gholz et al., 1994; Dougherty et al., 1994; Dougherty et al., 1995; Fife and Nambiar, 1997; 

Sampson and Allen, 1999). Kirongo and Mason (2003) reported that young radiata pine trees 

with no competing vegetation had earlier needle emergence and an extended period of needle 

development at the end of the growing season. Modeling these early tree growth interactions is 

important to understand weed control and fertilization effects on fast growing species (Mason 

and Milne, 1999; Albaugh et al., 2004a; Allen et al., 1990). 
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Attempts to incorporate phenological information into empirical models assessing silvicultural 

interactions for radiata pine and other species have shown promising results (Clinton et al., 1994; 

Perala, 1985; Jones et al., 1991; Battaglia et al., 1998; Kimberley and Richardson, 2004; Watt et 

al., 2004). The timing of foliage development, abscission, and longevity will influence decisions 

concerning the rate and timing of fertilization, weed control, pruning, and thinning operations 

(Cown, 1977; Allen and Wentworth, 1993). Large opportunities exist for the application of 

remote sensing techniques to characterize foliage dynamics and to use such information for 

forest operations (Gholz et al., 1991; Coops et al., 1998; Allen et al., 2005). 

 

Phenological information is also needed to calibrate process-based models based on leaf area 

interception of solar radiation (Landsberg and Waring, 1997; Coops et al., 1998; Sands et al., 

2000; Sampson et al., 2003). Incorporation of phenology dynamics into these models may 

provide for a more explicit description of the interaction of potential abiotic (climate and soil) 

and biotic (pests, weeds) effects on leaf area development and improve prediction of current and 

potential productivity across landscapes (Jones et al., 1991; Allen and Wentworth, 1993). 

Furthermore, foliage phenological information is critical in quantifying the potential response of 

various species to increases in atmospheric CO2 and temperature (Aber et al., 1995;Arneth et al., 

1999; Warren and Adams, 2000; Whitehead et al., 2001).  

 

This study investigated the effects of soil tillage, weed control, and fertilization on the phenology 

and morphology of foliage display and branch position in three-year-old radiata pine plantations 

established at three sites in the central valley of Chile.  
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MATERIALS AND METHODS 

A detailed description of site characteristics has been presented in Chapter 2. Briefly, three 

studies were installed in the central valley of Chile in 2000 (Table 1). Monthly rainfall and 

average temperature data were available from weather stations located less than 20 Km away 

from each site (Figure 3). Annual rainfall at DS, RC, and RV were 1313, 1194, and 1611 mm for 

year 2002, and 785, 967, and 1240 mm for year 2003. Seasonal rainfall for DS, RC and RV (July 

2002 to June 2003) were respectively 972, 972, and 1260 mm for the third growing season, and 

874, 1086, and 1389 mm for the fourth growing season (July 2003 to July 2004). The soils were 

andesitic-basaltic dry sands (DS), old volcanic ash red clay soils (RC) and recent volcanic ash 

loamy soils (RV). Land past use corresponded to ex-pasture for RV and second rotation cutover 

sites for DS and RC sites. Site index (at age 20) and productivity estimates (at age 24) for the 

cutover sites were 14.9 m height and 7.8 m3ha-1yr-1 for the DS site, and 24.4 m height and 15.5 

m3ha-1yr-1 for the RC site (Forestal Mininco S.A, 2001). In March 2000, a broadcast weed 

control was applied at each site removing pine volunteers and other significant reestablished 

vegetation after harvesting. Bareroot 1-0 radiata pine cuttings of the best genetic families were 

planted at each site (Table 1) between June and July 2000. Initial planting spacing varied among 

trials. DS sites were planted at 4 m x 2.0 m (1250 plants ha-1) and RV and RC sites at 2 m x 5 m 

(1000 plants ha-1).  

 
Soil physical properties 

At each site, a 1m depth soil pit centered where an average size tree had been felled, was 

excavated. From each soil pit, bulk density samples were obtained from each 20 cm soil layer 

down to 1 m depth using a 5 cm diameter x 5 cm length core (99.1 ± 0.5 cm3). The samples were 

dried at 110oC and bulk density determined by dividing soil dry weight by volume of the core. 
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The soil collected on each core was ground to pass trough a 2 mm mesh, an aliquot was saturated 

with water, and percent water retention was obtained at 0.03 MPa for field capacity and at 1.5 

MPa for permanent wilting point determinations using a pressure membrane apparatus.  

 

Experimental Design 

The experimental design consisted of a split-plot design with the whole plots testing the effects 

of soil tillage (S:0 = shovel, S:1 = subsoil),where whole plots were arranged in four blocks, and a 

factorial combination of weed control (WC:0 = none, WC:1 = two year banded),  and 

fertilization (F:0 = boron at establishment, F:1= NPB at establishment + NPKB after two years) 

as subplots. In May and June 2000, a broadcast chemical weed control was applied prior planting 

at each site (Glyphosate 2 Kgha-1 + Atrazine 3 Kgha-1 + Galactic surfactant 1cm3L-1). Tillage 

treatments were applied between February and March 2000 and considered a low intensity 

shovel soil preparation and high intensity subsoil at 80 cm depth plus 20 cm height mounding 

treatment. Bareroot 1-0 radiata pine cuttings of the best genetic families were planted at each site 

(Table 1) between June and July 2000. Initial planting spacing varied among trials, DS sites were 

planted at 4 m x 2.0 m (1250 plants ha-1) and RV and RC sites at 2 m x 5 m (1000 plants ha-1). In 

September and October 2000, weed control treatments were applied mechanically by hand and 

chemically (Glyphosate 2 Kgha-1+ Atrazine 3 Kgha-1 + Galactic surfactant 1cm3L-1) maintaining 

a 2 m weed free band centered in the planting row. A second chemical weed control treatment 

was applied in the spring of 2001 using the same formulation. Fertilization treatments, applied in 

September 2000, considered a single application (1.5 g B) dose per plant at planting (F:0) vs. a 

double application at planting (29.5g N + 32.4 g P + 1.5 g B) and at year two second application 

(29.5 g N + 32.4 g P + 25g K + 3 g B) (F:1). Fertilizers were applied around each plant at 

planting and along the band at 2 years. Total nutrient additions on a hectare basis for fertilized 
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treatments of RC and RV sites were 59, 64.8 and 4.5 Kg ha-1 for N, P and B, respectively. For 

the DS site, rates were 73.7, 81 and 5.5 Kg ha-1 for N, P and B, respectively. Final treatment 

plots were 0.4 ha with an internal measurement plot ranging 0.09-0.12 ha for 100 measurement 

trees and a buffer area of 10 m each side.  

 

Foliage assessments 

In October 2002, five specific treatments were selected at each site to test a set of particular 

hypotheses on the phenology of foliage development. Hypotheses were established as 

independent statistical contrasts testing the hypothetical effects of soil physical properties (soil 

strength), water availability, and nutrient availability on tree growth (Table 2). Selected 

treatments corresponded to S:1+F:1+WC:1, S:0+F:1+WC:1, S:1+F:0+WC:1, S:1+F:1+WC:0. 

Additionally, the control treatment (S:0+F:0+WC:0) was included to test the magnitude of other 

selected treatments. At each site and treatment replicate (block), five dominant and co-dominant 

trees, free of defects, with no apparent insect or diseases damage, and with all immediate 

neighbors (not alone in gaps) were selected (a total of 20 trees per treatment, and 100 trees per 

site).  

 

Foliage accretion measurements 

Foliage elongation measurements were obtained approximately at biweekly steps during three 

growing seasons until May 2005 at upper and lower crown positions. On each sampled tree, a 

representative branch was selected from the branch whorl that was produced as the first flush of 

stem growth during the second growing season (2001). This branch selected in 2002 was 

considered an upper crown branch during the third growing season 2002-2003 (UCB03). During 

the fourth growing season 2003-2004, an additional branch was selected from the first flush of 
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growth produced during 2002, and was considered the upper branch for that season (UCB04). 

Consequently, the UCB03 branch, selected in 2002, changed its denomination to lower crown 

branch (LCB04). This allowed us to compare upper and lower crown branches during the 2003-

2004 growing season. All branch flushes developed during a single growing season (2002-2003 

or 2003-2004) were considered a cohort of foliage. At each measurement date, foliage elongation 

was measured on a random sample of 3 to 5 representative healthy fascicles developed at the 

middle of each branch flush. Measurements were obtained by holding a ruler next to the 

fascicles, and measuring fascicle length from the insertion point in the branch to the tip of the 

longest needle of each selected fascicle (to nearest 1 mm). During each measurement period, care 

was taken to not damage fascicles and measurements were obtained after fascicles were 3 to 4 

cm long to avoid damage to the newly formed tissues. When insect or pest damage affected 

branch or fascicles development, a replacement branch was selected preferably in the same tree 

whorl or in other cases in a neighbor tree. At least two overlapped measurements were obtained 

on original and replaced branches in order to scale original branch measurements to new 

replacement branches. 

 

Foliage senescence 

Foliage senescence measurements were obtained by either counting all live fascicles in a branch 

by flush, or counting the number of scars left by needle abscission. Due the complexity of the 

counting procedure, duplicate measures were made on 20% of all measured branches at each 

measurement date and counts were accepted at each plot with a 5% error margin in total number 

of counts per branch flush. Total fascicle counts were initially obtained between July and August 

2003, prior to any fascicles abscission at any site. This date was considered a starting point for 

senescence measurements. At approximately bi-weekly periods counts of scars on each branch 
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flush were recorded. Additional total live fascicle counts were used to validate scars counts in 

December 2003, February-March 2004, April-May 2004, and June-July 2004. From June 2004 

until May 2005, three of the four treatment replicates at each site were selected for bi-weekly 

counting of live fascicles at each branch flush on three of the five originally selected trees per 

plot.  

 

Data Analyses 

Soil water availability 

Daily soil water availability (SAW) estimates for DS, RC, and RV sites were obtained using a 

simplified water balance approach of the form 

 

Model [1]   SWHCt = SWHCt-1 + Pt – PEt. 

 

SAW estimates at time (SAWt) were derived from SWHCt calculations subject to the following 

restrictions: 

 

SAWt=0 if SWHCt < 0  

SAWt = SWHCt  if SWHCt > SWHCmax 

else SAWt=SWHCt, 

 

where 

SWHCt Soil water holding capacity for 1 m depth at time t in cm. Assumed at SWHCmax 

for July 1st 2002 or t=0 

SWHCmax Maximum soil water holding capacity for 1 m depth at time t in cm 



 149

SAWt  Soil available water for 1 m depth at time t in cm 

Pt  Rainfall at time t in cm from a near weather station 

PEt Potential evapotranspiration at time t calculated using a Priestley-Taylor model 

(1972) of potential evapotranspiration. 

 

Maximum soil water holding capacity (SWHCmax) was calculated by adding the differences 

between field capacity and permanent wilting point estimates from soil samples obtained in the 

field every 20 cm depth up to 1 m. 

 

Foliage index 

The phenology of foliage display was analyzed by calculating a foliage index for each 

measurement period by multiplying foliage length by the number of fascicles remaining on each 

branch flush. Fascicle density at each site and treatments was calculated as number of fascicles 

on each flush cohort divided by branch flush length. Seasonal mean fascicle length, standard 

error, and coefficient of variation of maximum foliage index were calculated for each site to 

compare needle size effects.  

 

Effects of season, crown position, and branch cohort on maximum foliage index  

Foliage index estimates at each site were obtained for UCB03, UCB04, and LCB04 positions by 

summing all the foliage indexes for the given branch at each measurement date. Maximum 

foliage index comparisons for season of branch development for upper crown branches (UCB03 

vs. UCB04)), branch position in the crown (LCB04 vs. UCB04), and branch cohorts developed 

on a single branch between consecutive seasons (UCB03 vs. LCB04) were evaluated including 

treatment effects. Given that trees developed a different number of flushes during a particular 
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season and treatment at each plot, missing values were assigned to all parameters if a flush was 

not developed for a particular tree.  

 

Maximum foliage index and percent of the maximum were used as dependent variables in an 

analyses of variance (ANOVA) of plot means to test for treatment effects. The model including 

effects for branch position or season had the form  

 
Model [2]   yijklm = µ+ τik + δj + bk + (bρ)kl + (τδ)ij + εijklm, 
 

where 

yijkml  dependent variable  

µ  overall mean 

τil  fixed parameter associated with the ith fertilization and weed control and kth soil tillage 

treatment. 

δj  fixed parameter associated with the jth season of branch development (e.g. UCB03 vs 

UCB04), branch position (e.g. UCB04 vs LCB04), or cohort of the same branch (UCB03 

vs LCB04) 

bk  is the random effect associated with the kth block 

(bρ)kl  is the whole plot random error associated with the kth block x lth soil tillage treatment. 

(τδ)ij  is the interaction term associated with the τth treatment x δth season or branch position. 

εijklm  is the random error associated with the mth experimental unit in kth block x lth soil tillage 

treatment for the jth season of branch development, branch position or cohort, that 

received treatment ith.  
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Selected specific contrasts were used to test the hypothesized effects of soil strength constraints 

(SST), nutrient availability (NAV), and water availability (WAV) at each site (Table 2). Each of 

these effects was evaluated for maximum foliage index developed at branch positions or seasons 

comparing maximum foliage index estimates for UCB03, UCB04, and LCB04. Additionally, a 

contrast comparing treatments with weed control versus treatments without weed control was 

included and designated as WCT. Site effects were not included in statistical models and 

separate models were fit for each site. Graphical inspections of maximum foliage index or 

foliage index display along the season were used to compare sites trends. 

 

Single flush phenology of foliage display 

In order to understand phenology (accretion and longevity) of foliage display, a graphical 

comparison of the first flush cohort foliage index and percent of its maximum by treatment at 

each measurement date was obtained for the branch selected in 2002 (UCB03) and plotted for all 

measurement periods.  

 

Foliage display phenology for a whole branch 

Total foliage index estimates at the branch level were obtained by adding UCB03 and LCB04 

foliage index estimations for each treatment plot at each measurement date. Measurement dates 

were converted to Julian days starting from January 1st 2002 for comparisons among treatments. 

ANOVA analyses comparing treatment effects on long-term foliage index display, and percent 

of its maximum at each site and measurement date, were obtained using a simplified form of 

Model 2, dropping branch and seasonal of branch development effects, and their corresponding 

interactions (e.g. δj and (τδ)ilj) Model 3:  
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Model  [3]   yiklm = µ+ τil +  bk + (bρ)kl + εiklm. 
 

  

PROC MIXED (SAS Institute Inc., Cary, NC, 2004) was used to evaluate ANOVA analyses and 

specific contrasts for hypothesized effects of soil strength (SST), nutrient availability (NAV), 

water availability (WAV), and weed control (WCT). In addition, branch position, and season of 

branch development effects were also tested using contrast. Statistical differences were tested 

using a p-value less than 0.05 unless indicated. 

 

RESULTS 

Soil water balance 

Maximum soil available water in the top 1 m was 250 mm for RV, 48 mm for RC and 11 mm for 

DS. Soil available water showed large differences among sites and showed long periods of 

deficit during the summer at DS and RC (Figure 4). Similar total rainfall amounts were observed 

during each growing season (July 2002- July 2003 vs. July 2003-July 2004); however, a longer 

summer dry period was observed during 2002-2003 as compared with 2003-2004. 

 

Foliage development 

Average needle length (± standard error) during the third growing season was 50±0.1 mm at DS, 

58±0.2 at RC, and 88±0.2 at RV; and during the fourth growing season was 88±0.1 mm at DS, 

107±0.1 at RC, and 136±0.1 at RV. First flush needle length was similar among sites and 

treatments for both seasons. However, shorter needles were observed for second and successive 

flushes of the same cohort at DS and RC. More homogenous fascicle length were observed 

among sites and within and among flushes for the fourth growing season upper and lower crown 
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branch cohorts. Coefficients of variation for needle length during the third growing season were 

105% at DS, 101% at RC and 70% at RV; and during the fourth growing season were 38% at 

DS, 24% at RC and 21% at RV. Average number of fascicles on a single flush cohort ranged 210 

to 470 among sites and treatments. Despite this variation, fascicle density (the number of 

fascicles per unit of branch length) ranged 5.9 cm-1 to 6.7 cm-1, with lower values at RV and 

higher values at DS and RC. Final foliage index for a branch cohort (all foliage developed during 

a growing season) ranged 1606 cm to 3450 cm for DS, 1934 cm to 4260 cm for RC, and 3960 

cm to 6938 cm for RV.  

 

Effects of season, crown position, and branch cohort on maximum foliage index  

No significant differences in maximum foliage index for the season of development of upper 

crown branches (UCB03 vs. UCB04) was observed at DS and RC. However, significant larger 

foliage index estimates were found for the UCB04 at RV (Table 3, Figures 5a, 5b, and 5c). Weed 

control increased maximum foliage index and showed to be significant for all sites for the 

UCB03 but not for the UCB04, except at DS. Weed control effects were mainly associated with 

significant WAV effects for DS and RC. Nevertheless, NAV were strong at both sites. In 

addition, RV showed significant SST negative effects on maximum foliage index for UCB03. 

 

Significant differences in branch crown position maximum foliage index were observed with 

higher values for the UCB04 branch at all sites (Table 4, Figure 6). Significant positive WCT, 

WAV, NAV treatment effects on maximum foliar index were observed for both crown branch 

positions (LCB04 and UCB04) at DS and RV (Table 4, Figures 6a, 6c). Positive SST effects 

were observed at DS, and negative effects were observed at RV for each branch position. For 
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RC, large NAV effects were observed in maximum foliage index for the LCB04 but not for the 

UCB04 (Table 4, Figure 6b). 

 

Significant effects of branch seasonal cohorts (UCB03 and LCB04) for maximum foliage index 

were observed at DS and RC, showing lower maximum foliage index for the cohort developed 

during the 2003-2004 season (LCB04) (Table 5, Figures 7a, 7b). In contrast, no differences in 

cohort estimates were observed at RV (Table 5, Figure 7c).  

 

Single flush branch phenology of foliage display 

Graphical analyses of foliage phenology for a single flush showed similar patterns for all 

treatments at each site (Figure 8). Foliage accretion for the first flush cohort of the branch 

selected in 2002 (UCB03) was initiated almost at the same time for all sites, but lasted until the 

end of the summer season (March 2003) for RV compared with DS and RC which elongated just 

until mid-summer (January 2003). Foliage longevity of the first UCB03 flush varied largely 

among sites. Foliage senescence was completed approximately after 1.5 years at RV, after 2.5 

years at RC, and longer than 3 years at DS. Given the observed patterns, maximum foliage 

senescence was observed from late summer to autumn period for all sites. The rate of needlefall 

was faster for RV and DS, and smoother for RC. 

 

Branch phenology of foliage display 

Total foliage index estimates at the branch level for each treatment and site showed significant 

differences among treatments at each measurement date. Large positive effects of WCT, WAV, 

and NAV were observed at DS and RC sites for total foliage index developed during the 2002-

2003 and 2003-2004 growing seasons. In addition, during 2003-2004 growing season, positive 
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effects of SST were observed at both sites (Table 6, Figures 10a, 10b). RV presented positive 

WCT effects only during the third growing season (2002-2003), however negative NAV effects 

were observed during both growing seasons. In contrast to other sites, almost no WAV effects 

were observed at RV except for mid-summer dates (Julian dates 372 to 423 and 815 and 846). In 

addition, large negative effects of SST were observed during both growing seasons (Table 6, 

Figure 10c). 

 

Total foliage development for each growing season peaked consistently during late summer to 

early autumn (February to April) for each growing season at each site (Julian days 490-550 and 

750-790). Patterns of total foliage phenology among seasons suggested an earlier peak for the 

fourth growing season. Lowest foliage levels for DS and RC (60% of maximum total) were 

observed during late winter to early spring (July to September). RV showed lowest total foliage 

indices at late spring and early summer (65-70% of its maximum). Patterns of change were 

smoother for DS and RC with longer peak periods, contrasting with irregular patterns for RV 

given the simultaneous rapid accretion and senescence patterns of the foliage (Figure 11c, Julian 

days 730 to 970) 

 

Sporadic effects of WCT, WAV, NAV or SST were observed in total foliage index percent. The 

WCT effects at DS were the most pronounced effects for all sites and were mainly observed 

during the third growing season. SST effects were also observed at DS at the end of the fifth 

growing season when the rate of senescence of foliage increased at this site. At RC, NAV effects 

were observed during the spring and summer of the third growing season and WCT effects, 

associated with NAV and WAV effects, were also observed during the spring of the fourth 

growing season. At RV, NAV, SST and WAV effects were observed during the third growing 
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season summer (Julian dates 339 to 440) and less consistently during the spring of the fourth 

growing season (Julian dates 609 to 719). Similar to DS, SST effects were observed at the end of 

the fifth growing season affecting patterns of needlefall (Julian dates 1125 to 1241).  

 

DISCUSSION 

Soil water balance 

Despite the similar amounts of annual rainfall for northern sites (DS and RC), available soil 

water showed large deficits during the summer of the third growing season in 2003 compared to 

the summer of the fourth growing season in 2004. Even at early stages of plantation 

development, available water may play a significant role in tree growth. Mitchel and Correl 

(1987) demonstrated that a two-year radiata pine plantation was able to consume all water within 

the top one meter of soil and at age 5 the top three meters in a sandy soil in Australia (~760 mm 

rainfall).  

 

Reductions in growth may be triggered by deficits in available water and by atmospheric demand 

(Kozlowski and Pallardy, 1997a). It has been shown that even at modest atmospheric demand 

conditions, radiata pine xylem pressure potential may rapidly fall triggering stomatal closure 

causing reduced carbon fixation and tree growth (Kaufmann, 1977). The slope of the relationship 

between pressure potential and atmospheric demand has been found to be dependent on soil 

available water (Thompson and Wheeler, 1992; Myers, 1988) and plant nutrient status (Myers, 

1988). Not surprisingly, our study (Chapters 2 and 3) and previous studies have shown large 

effects of water constraints associated with the lack of weed control on radiata pine growth and 

foliage development on moderate fertile sites (Raison et al., 1992b; Nambiar and Sands, 1993; 

Fife and Nambiar, 1995; Bandara et al., 1999; Watt et al., 2003) 
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Foliage development 

Foliage index was a dynamic function of needle length, and number of fascicles developed 

during a season. Needle elongation has been shown to be affected by water stress, soil and air 

temperature, and nutrient availability (Kaufmann, 1977; Sands and Correl, 1976; Sands and 

Nambiar, 1984; Bollmann et al., 1986; Linder et al., 1987; Myers, 1988; Raison et al., 1992b). 

However, the largest effects on needle elongation have been associated with prolonged mild 

water stress conditions (Gholz et al., 1994; Myers, 1988; Raison et al., 1992b). The number of 

fascicles developed during a growing season depends on the number of primordia preformed 

during the previous growing season or cycle of growth  and branch elongation for development 

of preformed primordia (Bollmann et al., 1986). The number of preformed primordia have been 

also related to water and nutritional limitations of the previous growing season (Raison et al., 

1992b).  

 

Foliage index calculations may be considered a surrogate for foliage production and leaf area on 

an individual tree basis. Therefore, differences in foliage index levels among our sites and 

treatments reflected the magnitude of water, nutrient, and soil physical constraints on foliage 

production. Our results suggest that differences in water availability among sites seem to explain 

the large differences in number of fascicles, final needle lengths, and maximum foliage index 

developed each year.  

 

Water availability constraints may have also affected nutrient availability and uptake, and 

therefore foliage development at these sites. Increased nutrient availability has been shown to 

increase foliage mass and stand growth (Nambiar, 1990; Benson et al., 1992; Albaugh et al., 

1998; Jokela and Martin, 2000; Albaugh et al., 2004b). Large increases in foliar biomass, 
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commonly observed after fertilization, may increase the risk of water loss by transpiration of 

photosynthetic mass at water-limited sites. However, gains in water use efficiency, tree, and 

stand growth, have been reported even in drought prone sites (Raison et al., 1992b; Fife and 

Nambiar, 1995).  

 

The genetic material planted at DS may be better able to tolerate water stress compared to RC, 

given the small differences in foliage index between these stands. Research suggests differences 

in transpiration rates and stomatal control among genotypes for radiata pine (Jackson et al., 1973; 

Dean and Sands, 1983). Fife and Nambiar (1995) found a strong genetic control of growth 

responses with gains ranging from 9% to 99% in basal area growth of radiata pine on water- 

limited sites. Surprisingly, the differences among genotypes were not related to stomatal control 

or soil available water availability conditions. This suggests that other mechanisms of improved 

water use efficiency such as improved root hydraulic conductivity (Myers, 1988), partitioning, 

and root architecture (Gautam et al., 2003), reduced fine root production (Albaugh et al., 1998; 

Ryan, 1989) or reduced cavitation of cell water conduits at root or stem level (Sperry and Ikeda, 

1997).  

 

Effects of season, crown position, and branch cohort on maximum foliage index  

Considering the large differences in soil water availability for each growing season, the lack of 

differences in branch maximum foliage index between upper crown branches between seasons at 

the northern sites was unexpected. In fact, similar maximum foliage levels with large differences 

in available water suggest that available was not the largest determinant on maximum foliage 

production at branch cohort level. This may explain the almost significant NAV effects during 

the 2002-2003 season for upper crown branches. In fact, irrigation without fertilization on very 
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nitrogen deficient sites has shown to have no large impacts on foliage mass production (Raison 

et al., 1992b; Albaugh et al., 1998; Albaugh et al., 2004b). In addition, upper branches can be 

strong sinks for mobile nutrient during the growing season. About 40 to 70% of nutrients 

occurring in new foliage formation may have been withdrawn from previous season developed 

foliage during the 2002-2003 growing season (Fife and Nambiar, 1982; Nambiar, 1990; Crane 

and Banks, 1992) compensating for nutritional limitations caused by shortages in soil water.  

 

At RV, the overall maximum foliage index for UCB03 compared to UCB04 at RV was lower 

suggesting larger nutritional limitations during the 2002-2003 season. Positive effects of weed 

control on maximum foliage index may have had an influence in the nutritional status of the 

plantation which had a severe weed competition (Sands and Nambiar, 1984; Nambiar and Sands, 

1993; Zutter et al., 1999). Negative effects of subsoiling at RV were unexpected and may be 

related to wind instability due to the low soil strength of this loamy textured soil (Mason, 1985).  

 

The upper branch position showed higher maximum foliage indexes at the cohort level compared 

to lower crown positions. Differences in foliage production between crown positions may be 

related to longer fascicle lengths and number of fascicles developed on longer branches. The 

number of branch flushes grown during a single season has been shown to decrease from apex to 

crown base (Madgwick, 1983; Rook et al., 1987), reducing the amount of foliage that may be 

developed. Whitehead et al. (1990) indicated that radial distance from the stem to the initial point 

of foliage appearance decreased with crown depth. Higher foliage production in upper crown 

branches has been associated to increased light and nutrient availability (Tang et al., 1999; Brix, 

1981; Zhang et al., 1997). Brix (1981) indicated that as fertilization increased foliage mass in 

upper crown positions, light was reduced for lower crown branches, despite increases of foliage 



 160

production for lower crown branches. Rook et al. (1987) on a very fertile site, similar to RV, 

found that needle length decreased with crown depth and branch order, as also numbers of new 

fascicles, branch elongation, and specific needle area increased.  

 

Maximum levels of foliage production and its interaction with cohort crown position have been 

also associated to water and nutritional stress, and hormonal gradients within the tree (Raison et 

al., 1992b; Raison et al., 1992a; Vose and Allen, 1991; Walcroft et al., 2002). Modeling of water 

and nutritional stresses in radiata pine indicate that foliage production is shifted towards the outer 

and upper crown (Wang et al., 1990).  

 

All treatments effects were significant for DS and RV for UCB04 and LCB04 positions. At DS, 

the larger effect of S:1+F:1+WC:1, compared to other treatments, suggested an interaction of 

WAV, NAV and SST effects on foliage production for each branch position. Surprisingly, 

effects of tillage at this sandy site were not expected given the low soil strength for root 

penetration. However, compaction of second rotation sandy soils has been reported before in 

Australia (Sands and Bowen, 1978; Sands et al., 1979) or more favorably root development 

conditions to tap deeper sources of water have been favored by subsoiling (Nambiar, 1990; 

Nambiar and Sands, 1992). On the other hand, at RV negative effects of the interactions of 

subsoiling, weed control, and fertilization, may be related to the large crowns developed at 

treatments with higher silvicultural intensity but also previously discussed negative subsoiling 

effect. RC showed a clear response of increased foliage to nutrient availability at lower crown 

positions (LCB04). Similar results have been reported before for thinning and fertilizer 

experiments suggesting that the magnitude of response at low crown position depend on light 
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availability conditions (Brix, 1981). Given the large inter-row spacing at this site light limitations 

at low crown positions (LCB04) are not expected. 

 

A decline in the maximum foliage index at DS and RC between successive cohorts on a single 

branch was expected, especially considering the change in crown position associated with each 

season of development. The lack of differences at RV was unexpected given the large 

differences in light conditions compared to other sites. The high site fertility observed at this site 

may explain the equivalent foliage development to the previous year maximum foliage index. 

However, a reduced foliage production for the UCB03 may also be explained by the longer 

period of deficit in soil available water for the summer 2002-2003. This later explanation will be 

in agreement with the higher foliage index levels observed in the UCB04.  

 

Single flush branch phenology of foliage display 

Whether a species has determinate or indeterminate growth habits will influence its patterns of 

development during a growing season and especially its branch flushing patterns (Bollmann and 

Sweet, 1976; Kozlowski and Pallardy, 1997a; Kozlowski and Pallardy, 1997b; Grace et al., 

1998). There is no agreement in the literature whether radiata pine is a determinate or 

indeterminate growth species (Bollmann et al., 1986; Nambiar, 1990; Whitehead et al., 1990). 

However, continuous growth observed in Hawaii suggests an indeterminate free growth of the 

species under optimum climatic conditions (Lanner, 1966) or at least a polycyclic behavior on a 

variety of sites (Grace et al., 1998). Most of foliage elongation occurred during the spring and 

early summer period at DS and RC, but extended through early autumn for RV. Needle 

elongation has been reported from late winter to the end of the summer and early autumn for 

New Zealand fertile sites (Bollmann et al., 1986; Rook et al., 1987) and until mid summer for 
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Australian sites with large water constraints (Nambiar, 1990; Raison et al., 1992b).  The shorter 

period of foliage accretion for the first flush of the UCB03 at northern sites, suggest that water 

constraints have affected foliage elongation.  

 

Patterns of foliage fascicle elongation or total foliage mass development following a sigmoid 

pattern have been described for radiata pine planted in New Zealand sites (Madgwick, 1983) and 

have been commonly described for other species (Perala, 1985; Sampson et al., 2003). However, 

our patterns of elongation showed a two-step sigmoid pattern with a first step maximum at the 

beginning of the summer and completion of foliage elongation at the end of autumn. Large 

effects of soil and atmospheric demand, mainly at northern sites, may explain these differences 

in foliage development (Linder et al., 1987) 

 

Regardless of leaf longevity, needle senescence occurred mainly during summer and autumn at 

all sites. Similar results have been reported before (Whitehead et al., 1994a; Linder et al., 1987) 

and variations in needlefall timing have been associated with water constraints (Cromer et al., 

1983; Linder et al., 1987; Raison et al., 1992b), retranslocation (Whitehead et al., 1994a), leaf 

area index and nitrogen status (Raison and Myers, 1992, Vose and Allen, 1991). Considering the 

more pronounced water availability constraints at DS, it seems that needlefall was mainly 

associated with the summer water stress period. For RV, needlefall was affected by a widespread 

infestation of Cyclaneusma sp., a fungi-defoliator. It seems that the larger leaf area levels 

developed may have favored higher moisture in the lower crown resulting in accelerated fungi-

defoliator effects on needlefall (Gadgil, 1977). Interestingly, no fungi-defoliator effects were 

observed in control treatments. However, needlefall patterns did not differed among treatments at 

this site, suggesting potential combined effects of shading and fungi attack on needlefall. In the 
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case of RC site, a different pattern of needlefall suggested that a combination of summer water 

stress and within tree shading of foliage was taking place but at a slower rate as compared with 

other sites. This coincides with our comparison between UCB04 and LCB04 maximum foliage 

index estimates for RC. 

 

Branch phenology of foliage display 

Differences in phenological patterns of foliage display, expressed as a foliage index percent 

values were observed among treatments and sites (Figure 10). Across sites, treatments with 

higher resource availability did not show large differences in patterns of foliage display except at 

RV. Similar effects have been reported before for radiata (Nambiar, 1990) and other species 

(Zhang et al., 1997; Sampson et al., 2003). The strong control of temperature and light quality on 

foliage development may explain the small differences between northern sites compared to RV 

(Bollmann et al., 1986; Whitehead et al., 1994a; Kozlowski and Pallardy, 1997a). However, 

resource availability seems to have affected phenology of foliage display at DS on treatments 

without weed control during the first growing season. In addition, a smoother pattern of foliage 

senescence was observed on subsoiled areas at DS. Changes belowground seem to be associated 

with this effect suggesting improved resource acquisition for subsoiled planted trees (Nambiar, 

1990; Nambiar and Sands, 1992). An additional explanation may be related to an interaction of 

soil tillage with improved weed control.  

 

Our results showed a decrease in foliage longevity with an increase in site fertility. Increased 

nutrient availability (e.g. site fertility or addition of fertilizers) has been shown to affect foliage 

production and its longevity before (Brix, 1981; Vose and Allen, 1991; Raison et al., 1992b). 

Increased nutrient availability has been found to reduce (Brix, 1981; Vose and Allen, 1991) or 
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increase (Miller and Miller, 1976) foliage longevity. Differences in reported responses in the 

literature may be related to stand dynamics, tree ontogeny, initial nutritional status, or site water 

limitations. Stand closure and crown shading may also explain differences in foliage longevity at 

our sites (Madgwick, 1983). Walcroft et al., 2002 showed that artificially shaded branches in 

radiata pine trees increased carbon partitioning to the branches, reduced stem growth and, after a 

year, accelerated needle senescence recovering stem growth rates. Larger crowns at RC and RV 

suggest larger effects of shading may reduce the carbon balance at the branch level for lower 

crown positions (Walcroft et al., 2002; Reich et al., 1992). At DS, even with a larger number of 

trees planted per hectare (1200 vs. 1000 trees ha-1), less shading was observed at low crown 

positions compared with RV. However, comparison with RC site does not support a large 

differential shading effect given the similar leaf area levels estimated between these sites 

(Chapter 2). Nambiar (1990) indicated that radiata pine foliage lasted up to 4 years except in 

poor sites. Raison et al. (1992b), Linder et al.  (1987), and Cromer et al. (1983), found that water 

stress caused rapid shedding of older foliage during summer droughts. The long dry period 

during 2002-2003 at DS occurred without foliage shedding so it seems that the stage of stand 

development (e.g. intra-specific competition) may play a large role on shedding of foliage given 

that previous studies observed such responses in older stands. Another possible explanation 

could be that observed soil and atmospheric water deficits at our sites were mild compared to 

previous studies. 

 

Important changes in foliage display were observed for control treatments at RV and similar 

trends were observed at RC. These results suggest that longer foliage longevity is attained at 

poorer sites with large water and nutritional constraints. In addition longer foliage longevity is 

attained by silvicultural treatments that do not improve resource availability. Our results agree 
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with Kirongo et al. (2002) who found longer foliage longevity on young radiata pine seedling 

with less intensive weed control on a water limited site. These responses suggest certain 

mechanisms of nutrient retention, stomatal control, or partitioning that may allow for reduced 

water losses by transpiration during long periods of soil water deficit with high atmospheric 

demands.  

 

Foliage retention has been found increase with stand age (Madgwick et al., 1977; Beets and 

Pollock, 1987) suggesting ontogenic mechanisms that may affect foliage longevity. Raison et al. 

(1992b) indicated that needle longevity decreased from four to two years when a stand, under 

severe water stress, reached crown closure. Although our stands did not differ in age, cumulative 

growth differences after four years mimicked physiological conditions of a younger stand at DS 

compared to an older stand at RV. Our results suggest that younger physiological trees retain 

more foliage. The claim that foliage retention increases with stand age may be an interpretation 

of reduced nutrient or water availability affecting older stands (Huber and Iroume, 2001; 

Smethurst and Nambiar, 1990; Smethurst and Nambiar, 1995; Li et al., 2003). However, a trade-

off on foliage longevity between light and resource availability may be hypothesized. 

 

Positive and negative effects on C balance have been reported for increased foliage longevity 

(Gower et al., 1993; Reich et al., 1992). From a nutritional point of view, longer longevity 

improves nutrient retention mechanisms at the plant level and allows a more efficient capture of 

carbon per unit of nutrient acquired. However, there is a trade-off between larger foliar mass 

gain with reduced carbon assimilation in lower canopy positions due to limited light and 

increased respiration costs (Gower et al., 1993). Reich et al. (1992) suggested that greater foliage 

production might compensate for lower foliar efficiency for species with longer longevity, 
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considering that aboveground net primary productivity has not been related to foliage longevity. 

The large annual losses of foliage at RV may represent a large nutrient cost at this site affecting 

tree growth and growth efficiency from a carbon balance cost point. However, such response has 

not been observed at RV, and the high foliage productions rates occur at a similar level of growth 

efficiency as found at RC (Chapters 2 and 3). These conditions may explain the transient 

nutritional effects on foliage development at this site. 

 

Optimal values of LAI (foliage production) have been hypothesized to maintain maximum net 

primary productivity for fast growing plantations with high LAI (Battaglia et al., 1998). These 

optimum LAI values may be modulated by incorporating foliage longevity dynamics under 

water, nutritional and temperature stresses (Battaglia et al., 1998).   

 

CONCLUSIONS 

Needle length, number of fascicles and maximum foliage index increased with increased water 

and nutrient availability. No differences in maximum foliage index were observed for upper 

crown branches developed during consecutive seasons, despite large differences in soil water 

constraints between seasons. Lower foliage index values were observed at lower crown positions 

and in cohorts developed during the fourth growing season in the same branch. Phenology of 

fascicle elongation indicated that sites with water and nutritional constraints ended fascicle 

elongation earlier during a growing season. Phenology of fascicle senescence indicated that 

maximum needlefall occurred during the summer and autumn seasons. Silvicultural treatments 

did not affect foliage accretion or senescence patterns. Foliage longevity increased for sites with 

water and nutrient limitations. 
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TABLES 
 
Table 1. Site and stand information for the three sites examined in this study. 
 

Site Name Recent Volcanic Ash 
(RV) 

Dry Sands 
(DS) 

Red Clay 
(RC) 

Latitude and 
longitude 

39°  4' 40" S 
72° 24' 23" W 

37° 10' 40" S 
72° 15' 47" W 

37° 50' 43"  S 
72° 20'  5" W 

Mean annual 
temperature (ºC) 

10.7 13.7 13.3 

Mean annual rainfall 
(mm) 

2180 1160 1100 

Geology Recent volcanic ash Volcanic sands Red clay - old volcanic 
ash 

Soil taxonomic name Medial, Mesic Typic 
Haploxerands 

Fragmental, Thermic 
Dystric Xerorthents 

Very fine, Mixed, Thermic 
Typic Rhodoxeralfs 

Drainage Well Somewhat 
excessively well 

Well 

Family Genotype MP31 IF24 MP31 
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Table 2. Statistical contrasts between selected treatments to test pre-planned hypothesis to 
evaluate site-specific constraints on tree growth. 
 

Treatments Contrasts 1 Hypothesis tested 2 
S F W - S F W  
1 1 1 - 0 1 1 Soil strength (SST): Isolates the effect of tillage on soil physical properties 

affecting tree growth, considering that both water and nutritional constraints 
have been satisfied by weed control and fertilization. 

1 1 1 - 1 0 1 Nutrient Availability (NAV): Isolates the effect of nutrient availability 
affecting tree growth, considering that both soil physical limitations have 
been ameliorated by soil tillage, and water limitations have been ameliorated 
by weed control. 

1 1 1 - 1 1 0 Water availability (WAV): Isolates the effect of weed control increasing  
water availability, considering that both soil physical limitations have been 
ameliorated by tillage, and nutrient availability limitations have been 
ameliorated by fertilization. 

1 S: soil tillage, F: fertilization, W: weed control; 1: treatment applied, 0: no application 
2 In addition a weed control contrast was tested contrasting all treatments including weed control (S:1+F:1+WC:1, 

S:1+F:0+WC:1, S:0+F:1+WC:1) against treatments without weed control (S:1+F:1+WC:0, S:0+F:0+WC:0).  
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Table 3. Summary of statistical significance (p-value>F) of effects of season of branch development 
(UCB03 vs. UCB04) and treatment on maximum foliage index production at each site. Model [2] 
specific contrasts testing the effects of weed control (WCT), nutrient availability (NAV), soil physical 
constraints (SST), and water availability (WAV) effects on maximum foliage index for each branch.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DS 
Orthogonal contrasts ProbF 
Branch 0.159 
UCB03 Site Prep Effects 0.702 
UCB03  Nutrient Availability Effects 0.055 
UCB03  Water Availability Effects 0.001 
UCB03  Weed Control vs No WC 0.000 
UCB04 Site Prep Effects 0.410 
UCB04 Nutrient Availability Effects 0.103 
UCB04 Water Availability Effects 0.035 
UCB04 Weed Control vs No WC 0.036 

RC 
Orthogonal contrasts ProbF 
Branch 0.646 
UCB03 Site Prep Effects 0.261 
UCB03  Nutrient Availability Effects 0.084 
UCB03  Water Availability Effects 0.012 
UCB03  Weed Control vs No WC 0.001 
UCB04 Site Prep Effects 0.211 
UCB04 Nutrient Availability Effects 0.123 
UCB04 Water Availability Effects 0.302 
UCB04 Weed Control vs No WC 0.153 

RV 
Orthogonal contrasts ProbF 
Branch 0.000 
UCB03 Site Prep Effects 0.001 
UCB03  Nutrient Availability Effects 0.314 
UCB03  Water Availability Effects 0.175 
UCB03  Weed Control vs No WC 0.003 
UCB04 Site Prep Effects 0.391 
UCB04 Nutrient Availability Effects 0.575 
UCB04 Water Availability Effects 0.442 
UCB04 Weed Control vs No WC 0.903 
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Table 4. Summary of statistical significance (p-value>F) of effects of branch position (LCB04 vs. 
UCB04) and treatment effects on each branch position for maximum foliage index production at each 
site. Model [2], specific contrasts testing the effects of weed control (WCT), nutrient availability 
(NAV), soil physical constraints (SST), and water availability (WAV) effects on maximum foliage index 
for each branch position. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DS 
Orthogonal contrasts ProbF 
Branch <0.001 
LCB04 Site Prep Effects <0.001 
LCB04 Nutrient Availability Effects <0.001 
LCB04 Water Availability Effects <0.001 
LCB04 Weed Control vs No WC <0.001 
UCB04 Site Prep Effects <0.001 
UCB04 Nutrient Availability Effects <0.001 
UCB04 Water Availability Effects <0.001 
UCB04 Weed Control vs No WC <0.001 

RC 
Orthogonal contrasts ProbF 
Branch 0.029 
LCB04 Site Prep Effects 0.192 
LCB04 Nutrient Availability Effects 0.002 
LCB04 Water Availability Effects 0.199 
LCB04 Weed Control vs No WC 0.123 
UCB04 Site Prep Effects 0.230 
UCB04 Nutrient Availability Effects 0.143 
UCB04 Water Availability Effects 0.327 
UCB04 Weed Control vs No WC 0.175 

RV 
Orthogonal contrasts ProbF 
Branch <0.001 
LCB04 Site Prep Effects <0.001 
LCB04 Nutrient Availability Effects <0.001 
LCB04 Water Availability Effects <0.001 
LCB04 Weed Control vs No WC <0.001 
UCB04 Site Prep Effects <0.001 
UCB04 Nutrient Availability Effects <0.001 
UCB04 Water Availability Effects <0.001 
UCB04 Weed Control vs No WC <0.001 
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Table 5. Summary of statistical significance (p-value>F) of effects of season (UCB03 vs LCB04) and 
treatment effects on the lower crown branch position for maximum foliage index production at each 
site. Model [2], specific contrasts testing the effects of weed control (WCT), nutrient availability 
(NAV), soil physical constraints (SST), and water availability (WAV) effects on maximum foliage index 
for each season. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DS 
Orthogonal contrasts ProbF 
Season 0.000 
UCB03 Site Prep Effects 0.617 
UCB03 Nutrient Availability Effects 0.014 
UCB03 Water Availability Effects <0.001 
UCB03 Weed Control vs No WC <0.001 
LCB 04 Site Prep Effects 0.002 
LCB 04 Nutrient Availability Effects 0.001 
LCB 04 Water Availability Effects <0.001 
LCB 04 Weed Control vs No WC 0.016 

RC 
Orthogonal contrasts ProbF 
Season 0.001 
UCB03 Site Prep Effects 0.146 
UCB03 Nutrient Availability Effects 0.025 
UCB03 Water Availability Effects 0.001 
UCB03 Weed Control vs No WC <0.001 
LCB 04 Site Prep Effects 0.080 
LCB 04 Nutrient Availability Effects <0.001 
LCB 04 Water Availability Effects 0.077 
LCB 04 Weed Control vs No WC 0.035 

RV 
Orthogonal contrasts ProbF 
Season 0.355 
UCB03 Site Prep Effects <0.001 
UCB03 Nutrient Availability Effects 0.207 
UCB03 Water Availability Effects 0.091 
UCB03 Weed Control vs No WC <0.001 
LCB 04 Site Prep Effects 0.004 
LCB 04 Nutrient Availability Effects 0.003 
LCB 04 Water Availability Effects 0.125 
LCB 04 Weed Control vs No WC 0.629 
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Table 6. Summary of statistical significance (p-value>F) of Model [3] specific contrasts testing the effects of 
weed control (WCT), nutrient availability (NAV), soil physical constraints (SST), and water availability (WAV) 
effects on total foliage index for the sum of UCB03 and LCB04 by date for DS, RC and RV. 
 

  DS    RC    RV  
Jday  NAV SST WAV WCT  Jday  NAV SST WAV WCT  Jday  NAV SST WAV WCT  
284  0.317 0.435 0.001 0.000  293  0.802 0.213 0.013 0.001  296  0.109 0.061 0.250 0.012  
300  0.107 0.369 0.001 0.000  314  0.608 0.323 0.106 0.001  311  0.063 0.037 0.217 0.009  
315  0.030 0.501 0.004 0.000  325  0.776 0.406 0.028 0.001  326  0.074 0.024 0.147 0.005  
328  0.001 0.969 0.000 0.000  335  0.467 0.227 0.013 0.001  339  0.092 0.045 0.175 0.012  
342  0.003 0.977 0.000 0.000  352  0.245 0.156 0.006 0.000  356  0.171 0.018 0.073 0.002  
359  0.025 0.980 0.000 0.000  365  0.133 0.154 0.022 0.002  372  0.194 0.006 0.023 0.000  
374  0.038 0.908 0.001 0.000  381  0.053 0.094 0.006 0.001  387  0.721 0.445 0.064 0.028  
388  0.019 0.450 0.000 0.000  396  0.066 0.130 0.016 0.001  405  0.661 0.027 0.039 0.001  
401  0.023 0.531 0.000 0.000  412  0.046 0.132 0.062 0.004  423  0.035 0.002 0.041 0.000  
433  0.026 0.639 0.001 0.000  430  0.025 0.067 0.032 0.002  440  0.010 0.001 0.143 0.000  
446  0.025 0.681 0.001 0.000  445  0.027 0.058 0.052 0.002  454  0.000 0.000 0.586 0.000  
450  0.010 0.476 0.000 0.000  460  0.027 0.394 0.047 0.001  470  0.000 0.000 0.472 0.000  
464  0.016 0.335 0.000 0.000  477  0.029 0.810 0.028 0.001  485  0.000 0.000 0.547 0.000  
481  0.017 0.312 0.000 0.000  506  0.020 0.757 0.023 0.001  501  0.000 0.000 0.686 0.000  
498  0.015 0.276 0.000 0.000  520  0.020 0.757 0.023 0.001  517  0.000 0.000 0.656 0.000  
512  0.014 0.275 0.000 0.000  537  0.022 0.753 0.032 0.001  532  0.000 0.000 0.628 0.000  
526  0.014 0.275 0.000 0.000  550  0.017 0.663 0.025 0.001  562  0.000 0.000 0.725 0.000  
541  0.015 0.282 0.000 0.000  564  0.014 0.576 0.020 0.001  575  0.000 0.000 0.895 0.001  
555  0.015 0.301 0.000 0.000  578  0.021 0.624 0.065 0.004  592  0.002 0.001 0.753 0.036  
570  0.015 0.302 0.000 0.000  593  0.014 0.600 0.043 0.005  609  0.026 0.000 0.788 0.030  
587  0.024 0.577 0.000 0.000  610  0.003 0.694 0.004 0.000  626  0.111 0.000 0.899 0.090  
602  0.003 0.982 0.000 0.000  625  0.000 0.159 0.000 0.000  639  0.053 0.000 0.524 0.004  
621  0.000 0.397 0.000 0.000  642  0.000 0.210 0.000 0.000  653  0.048 0.001 0.504 0.015  
635  0.000 0.084 0.000 0.000  657  0.000 0.223 0.000 0.000  669  0.189 0.005 0.258 0.016  
649  0.000 0.030 0.000 0.000  672  0.000 0.203 0.000 0.000  719  0.005 0.009 0.774 0.578  
663  0.000 0.151 0.000 0.000  687  0.000 0.273 0.000 0.000  736  0.218 0.020 0.509 0.298  
677  0.000 0.243 0.000 0.000  704  0.000 0.124 0.000 0.000  752  0.000 0.003 0.097 0.221  
692  0.000 0.107 0.000 0.000  721  0.000 0.207 0.000 0.000  767  0.371 0.017 0.600 0.156  
724  0.000 0.027 0.000 0.000  739  0.000 0.128 0.000 0.000  783  0.000 0.020 0.162 0.181  
740  0.000 0.024 0.000 0.000  753  0.000 0.349 0.000 0.000  798  0.243 0.014 0.517 0.090  
754  0.000 0.025 0.000 0.000  766  0.000 0.113 0.000 0.000  815  0.000 0.005 0.021 0.761  
768  0.000 0.030 0.000 0.000  782  0.000 0.080 0.000 0.000  832  0.119 0.017 0.464 0.069  
784  0.000 0.048 0.000 0.000  797  0.000 0.072 0.000 0.000  846  0.000 0.001 0.047 0.663  
802  0.000 0.042 0.000 0.000  814  0.000 0.066 0.000 0.000  864  0.117 0.011 0.389 0.054  
817  0.000 0.043 0.000 0.000  831  0.000 0.062 0.000 0.000  881  0.125 0.011 0.401 0.056  
833  0.000 0.047 0.000 0.000  845  0.000 0.061 0.000 0.000  928  0.000 0.114 0.510 0.243  
849  0.000 0.043 0.000 0.000  863  0.000 0.050 0.000 0.000  995  0.003 0.043 0.254 0.065  
865  0.000 0.038 0.000 0.000  879  0.000 0.041 0.000 0.000  1011  0.003 0.038 0.258 0.084  
880  0.000 0.037 0.000 0.000  884  0.001 0.071 0.001 0.000  1026  0.004 0.035 0.272 0.108  
914  0.000 0.012 0.000 0.000  926  0.002 0.078 0.001 0.000  1042  0.006 0.032 0.288 0.150  
993  0.000 0.013 0.000 0.000  993  0.001 0.067 0.000 0.000  1059  0.004 0.048 0.422 0.191  

1009  0.001 0.018 0.000 0.000  1009  0.003 0.049 0.000 0.000  1080  0.002 0.048 0.289 0.165  
1024  0.001 0.018 0.000 0.000  1024  0.004 0.039 0.001 0.000  1094  0.005 0.030 0.732 0.259  
1041  0.001 0.018 0.000 0.000  1041  0.005 0.027 0.001 0.000  1110  0.019 0.017 0.989 0.645  
1056  0.001 0.016 0.000 0.000  1058  0.004 0.020 0.000 0.000  1125  0.052 0.008 0.835 0.930  
1073  0.001 0.009 0.000 0.000  1076  0.002 0.014 0.000 0.000  1226  0.429 0.006 0.899 0.936  
1090  0.002 0.009 0.000 0.000  1090  0.001 0.016 0.000 0.000  1241  0.477 0.006 0.911 0.943  
1106  0.002 0.002 0.000 0.000  1105  0.000 0.032 0.000 0.000         
1120  0.001 0.001 0.000 0.000  1119  0.000 0.064 0.000 0.002         
1135  0.002 0.000 0.000 0.000  1137  0.000 0.087 0.001 0.005         
1156  0.001 0.000 0.000 0.000  1222  0.000 0.147 0.000 0.005         
1173  0.010 0.000 0.000 0.000  1240  0.000 0.135 0.000 0.007         
1191  0.009 0.001 0.000 0.000                
1205  0.002 0.000 0.000 0.000                
1219  0.002 0.000 0.000 0.000                
1236  0.001 0.000 0.000 0.000                
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Table 7. Summary of statistical significance (p-value>F) of Model [3] specific contrasts testing the effects of 
weed control (WCT), nutrient availability (NAV), soil physical constraints (SST), and water availability (WAV) 
effects on percentage of maximum foliage index for the sum of UCB03 and LCB04 by date for DS, RC and RV. 
 

  DS    RC    RV  
Jday  NAV SST WAV WCT  Jday  NAV SST WAV WCT  Jday  NAV SST WAV WCT  

284  0.096 0.460 0.478 0.000  293  0.001 0.676 0.188 0.107  296  0.342 0.216 0.099 0.222  
300  0.093 0.018 0.634 0.002  314  0.002 0.453 0.480 0.526  311  0.240 0.108 0.067 0.311  
315  0.550 0.017 0.533 0.001  325  0.005 0.441 0.912 0.149  326  0.146 0.115 0.052 0.297  
328  0.827 0.045 0.434 0.005  335  0.003 0.629 0.209 0.017  339  0.090 0.054 0.088 0.690  
342  0.750 0.048 0.580 0.006  352  0.003 0.600 0.219 0.072  356  0.028 0.037 0.046 0.460  
359  0.364 0.111 0.981 0.008  365  0.017 0.669 0.664 0.420  372  0.011 0.022 0.027 0.515  
374  0.342 0.067 0.874 0.006  381  0.043 0.826 0.407 0.267  387  0.001 0.001 0.009 0.919  
388  0.319 0.212 0.997 0.003  396  0.015 0.783 0.422 0.130  405  0.000 0.008 0.002 0.189  
401  0.364 0.244 0.705 0.022  412  0.025 0.659 0.650 0.690  423  0.002 0.025 0.005 0.084  
433  0.443 0.179 0.799 0.019  430  0.088 0.944 0.824 0.266  440  0.010 0.041 0.013 0.103  
446  0.448 0.168 0.801 0.019  445  0.151 0.790 0.957 0.263  454  0.633 0.038 0.250 0.305  
450  0.536 0.238 0.976 0.010  460  0.333 0.211 0.855 0.239  470  0.541 0.039 0.191 0.648  
464  0.157 0.274 0.951 0.007  477  0.435 0.127 0.982 0.305  485  0.770 0.073 0.243 0.577  
481  0.180 0.297 0.977 0.009  506  0.561 0.168 0.961 0.326  501  0.917 0.073 0.347 0.851  
498  0.159 0.300 0.968 0.008  520  0.561 0.168 0.961 0.326  517  0.573 0.165 0.372 0.836  
512  0.160 0.301 0.942 0.009  537  0.570 0.177 0.969 0.370  532  0.970 0.175 0.351 0.886  
526  0.160 0.301 0.942 0.009  550  0.622 0.201 0.972 0.352  562  0.903 0.161 0.392 0.884  
541  0.159 0.297 0.942 0.009  564  0.678 0.230 0.912 0.336  575  0.541 0.174 0.885 0.381  
555  0.160 0.288 0.937 0.009  578  0.770 0.287 0.892 0.492  592  0.189 0.050 0.813 0.056  
570  0.158 0.285 0.914 0.009  593  0.874 0.302 0.995 0.544  609  0.010 0.030 0.884 0.032  
587  0.106 0.122 0.886 0.004  610  0.740 0.183 0.979 0.422  626  0.013 0.086 0.929 0.044  
602  0.108 0.032 0.887 0.003  625  0.216 0.213 0.371 0.045  639  0.021 0.110 0.433 0.265  
621  0.616 0.166 0.859 0.035  642  0.235 0.051 0.136 0.013  653  0.017 0.034 0.396 0.173  
635  0.583 0.227 0.551 0.009  657  0.326 0.038 0.070 0.010  669  0.004 0.007 0.169 0.153  
649  0.736 0.449 0.951 0.011  672  0.433 0.060 0.043 0.059  719  0.798 0.938 0.680 0.034  
663  0.583 0.084 0.888 0.001  687  0.274 0.058 0.130 0.032  736  0.960 0.034 0.270 0.467  
677  0.717 0.025 0.306 0.002  704  0.788 0.342 0.178 0.153  752  0.986 0.628 0.285 0.018  
692  0.272 0.088 0.532 0.025  721  0.714 0.020 0.926 0.760  767  0.647 0.114 0.321 0.326  
724  0.703 0.835 0.880 0.457  739  0.395 0.130 0.452 0.348  783  0.980 0.778 0.351 0.009  
740  0.893 0.871 0.997 0.362  753  0.925 0.933 0.394 0.895  798  0.642 0.038 0.270 0.288  
754  0.921 0.761 0.934 0.179  766  0.007 0.028 0.116 0.404  815  0.558 0.282 0.235 0.036  
768  0.374 0.324 0.943 0.062  782  0.029 0.073 0.206 0.850  832  0.896 0.032 0.264 0.309  
784  0.397 0.311 0.957 0.103  797  0.113 0.545 0.709 0.629  846  0.599 0.214 0.286 0.060  
802  0.979 0.845 0.631 0.038  814  0.186 0.989 0.992 0.521  864  0.885 0.015 0.235 0.357  
817  0.993 0.821 0.793 0.058  831  0.168 0.739 0.950 0.652  881  0.880 0.014 0.238 0.361  
833  0.745 0.823 0.995 0.040  845  0.136 0.686 0.936 0.695  928  0.235 0.588 0.455 0.058  
849  0.099 0.555 0.167 0.967  863  0.124 0.451 0.875 0.838  995  0.298 0.290 0.316 0.027  
865  0.107 0.742 0.078 0.474  879  0.140 0.312 0.846 0.950  1011  0.261 0.238 0.331 0.035  
880  0.102 0.688 0.076 0.520  884  0.013 0.822 0.715 0.993  1026  0.283 0.238 0.334 0.040  
914  0.797 0.987 0.439 0.488  926  0.034 0.900 0.694 0.811  1042  0.301 0.240 0.342 0.050  
993  0.528 0.768 0.551 0.695  993  0.143 0.914 0.958 0.618  1059  0.245 0.226 0.453 0.084  

1009  0.489 0.872 0.540 0.705  1009  0.135 0.771 0.991 0.597  1080  0.144 0.159 0.299 0.065  
1024  0.537 0.839 0.457 0.769  1024  0.117 0.708 0.951 0.519  1094  0.156 0.097 0.673 0.089  
1041  0.546 0.784 0.551 0.964  1041  0.120 0.716 0.956 0.468  1110  0.241 0.062 0.946 0.288  
1056  0.584 0.714 0.574 0.837  1058  0.145 0.563 0.942 0.617  1125  0.339 0.039 0.867 0.513  
1073  0.716 0.474 0.828 0.482  1076  0.214 0.442 0.642 0.839  1226  0.726 0.022 0.933 0.638  
1090  0.944 0.479 0.663 0.232  1090  0.158 0.482 0.589 0.621  1241  0.755 0.021 0.942 0.648  
1106  0.988 0.247 0.873 0.501  1105  0.365 0.433 0.663 0.664         
1120  0.801 0.099 0.375 0.276  1119  0.586 0.619 0.935 0.331         
1135  0.905 0.058 0.500 0.494  1137  0.494 0.679 0.896 0.223         
1156  0.764 0.014 0.166 0.335  1222  0.489 0.746 0.801 0.242         
1173  0.517 0.075 0.254 0.394  1240  0.553 0.703 0.795 0.221         
1191  0.603 0.060 0.226 0.449                
1205  0.476 0.030 0.107 0.201                
1219  0.518 0.035 0.113 0.208                
1236  0.526 0.030 0.110 0.217                
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Figure 1. Location of the study sites in Chile. 
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Figure 2. Phenological measurements of branch selected during 2002-2003 growing 
season. An additional branch selected at the base of the first stem flush developed 
during the 2002-2003 season was measured during the 2003-2004 growing season. 
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Figure 3. Climate comparison among Dry sands(DS), Red Clay (RC), and Recent Volcanic 
Ash (RV) sites. a) monthly rainfall, b) mean temperature for the duration of the study. 
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Figure 4. Soil water balance comparison among Dry sands(DS), Red Clay (RC), and Recent 
Volcanic Ash (RV) sites. Water balance was calculated based on 1 m soil depth calculated 
using site-specific soils data and a Priestley-Taylor model (1972) of potential 
evapotranspiration for soil water demand. 
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Figure 5. Maximum mean foliage index comparison for the season of development of upper 
crown branches (UCB03 vs. UCB04) and treatment at a) DS, b)RC, and c)RV. Model [3]. 
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Figure 6. Maximum mean foliage index comparison for branch crown position (LCB04 vs. 
UCB04) and treatment at a) DS, b) RC, and c) RV. Model [3]. 
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Figure 7. Maximum mean foliage index comparison for branch cohort (UCB03 vs. LCB04) 
and treatment at a) DS, b) RC, and c) RV. Model [3]. 
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Figure 8. Graphical analysis of foliage index (fascicle number*fascicle length) percent of its 
maximum for the lower crown branch (UCB03) first flush elongated from November 2002 
to July 2004 for the S+F+WC treatment. Similar responses were observed for other 
treatments, except for Control treatment at DS. 
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Figure 9. Foliage index (fascicle number*fascicle length) for the lower crown branch 
(UCB03 and LCB04) elongated during the seasons 2002-2003 and 2003-2004 for a) 
DS, b) RC, and c) RV and selected treatments. 
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Figure 10. Foliage index (fascicle number*fascicle length) phenological patterns  
expressed as the percentage of maximum foliage index for the lower crown branch 
(UCB03 and LCB04) elongated during the seasons 2002-2003 and 2003-2004 for a) 
DS, b) RC, and c) RV and selected treatments. 
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