
 

 

ABSTRACT 

SMITH, BENJAMIN CHRISTIAN. Genetic Effects on Long-term Growth in Loblolly Pine. 

(Under the direction of Drs. Steven E. McKeand and Bronson P. Bullock.) 

 

 Virtually all loblolly pine (Pinus taeda L.) seedlings currently planted in the southeastern 

United States have been genetically improved through selection and breeding.  When 

deployed operationally, many of these seedlings are planted in single-family blocks.  Optimal 

deployment of improved planting stock requires an understanding of how trees respond at 

both the individual-tree and stand level.  Three tests were utilized to examine the growth of 

trees in single-family block plantings. 

The first study utilized the SETRES-2 test in North Carolina.  Ten open-pollinated 

families from two very different provenances, Atlantic Coastal Plain and Lost Pines Texas, 

were grown in single-family block plots to test for growth differences between provenances 

and among families under severely deficient and optimal nutrition regimes on a nutrient-

deficient and dry site.  The three-parameter Chapman-Richards function was fit to plot means 

over time by both provenance and family by nutrition treatment.  Models with provenance- 

or family-specific parameters of the Chapman-Richards were tested for significant 

improvement over the use of global parameters. 

 Significant nutrition by provenance interactions were found for stand-level traits of basal 

area per hectare and volume per hectare, as well as significant family differences.  Mean 

individual tree size was significantly higher in the Atlantic Coastal Plain provenance, but 

higher mortality in the fertilized treatment resulted in the provenance by nutrition treatment 

interaction at the stand level. 



 

 

 In general, provenance- or family-specific asymptotic parameters were most significant in 

accounting for differences in growth over time.  Several traits required the use of local 

asymptotic and rate parameters in the fertilized treatment only.  For modeling growth, a 

growth multiplier would be sufficient for the majority of traits.  In some cases, adding a time 

multiplier could improve model predictions, but would likely be needed one for only a few 

families. 

 Linear regressions were fit to selected subsets for various genotypes at the maximum size-

density frontier.  Significant differences in the intercept parameters were found between the 

provenances, but no difference existed in the slope parameters for the provenances, 

indicating a difference in carrying capacity.  The Lost Pines Texas provenance had a higher 

carrying capacity.  Tests of the five open-pollinated families of the Atlantic Coastal Plain 

provenance showed the intercepts differed for the maximum size-density lines of most 

families, but the slope of only one family differed from the other four families.  Results 

showed that genotypes with superior individual-tree growth may not have the highest stand-

level yields, particularly if not managed properly. 

 The effectiveness of early, indirect selection for breeding programs is dependent upon the 

association between the selection trait and the traits that are of interest at harvest, and the 

presence of phenotypic differences among genotypes at harvest.  Two tests established by 

MeadWestvaco in South Carolina with first- and second-generation families were examined 

to address these concerns. 

 Significant differences between genotypes planted in single-family blocks were found at 

all ages tested through 23 and 24 years.  Differences in individual-tree characteristics of 



 

 

height, diameter and volume were highly significant at ages 6, 12, 17, 23, and 24.  However, 

in both tests differences in the stand-level traits of volume per hectare and basal area per 

hectare were significant at age 6, but differences lost significance over time.  Although the 

interaction of family by deployment type was significant for many of the traits examined, it 

was not for individual-tree volume at age 6, indicate that improvement in selection at age 6 

would not be realized by changing progeny tests from mixed-family plantings to single-

family blocks. 
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CHAPTER 1.  Performance of Diverse Provenances and Families of 

Loblolly Pine Under Optimum and Deficient Nutrient Regimes After 14 

Years of Growth 

Abstract 

 Optimal deployment of improved loblolly pine (Pinus taeda L.) planting stock in the 

southeast US requires an understanding of how diverse seed sources and genetic families 

perform over time under different levels of nutrient availability.  Ten open-pollinated 

families from two very different provenances, Atlantic Coastal Plain and Lost Pines Texas, 

were grown in single-family block plots to test for growth differences between provenances 

and among families under severely deficient and optimal nutrition regimes on a nutrient-

deficient and dry site.  The three-parameter Chapman-Richards function was fit to plot means 

over time by both provenance and family by nutrition treatment.  Models with provenance- 

or family-specific parameters of the Chapman-Richards were tested for significant 

improvement over global parameters. 

 Analysis of variance at age 14 showed significant effects from family, provenance, and 

nutrition treatment on individual-tree size traits of height, diameter at breast height, and 

volume.  Significant nutrition by provenance interactions were found for stand-level traits of 

basal area per hectare and volume per hectare, as well as significant family differences.  

Mean individual tree size was significantly higher in the Atlantic Coastal Plain provenance, 
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but higher mortality in the fertilized treatment resulted in the provenance by nutrition 

treatment interaction at the stand level. 

 In general, provenance- or family-specific asymptotic parameters were most significant in 

accounting for differences in growth over time.  Several traits required the use of local 

asymptotic and rate parameters in the fertilized treatment only.  Change in the asymptotic 

indicated a Type B response to genetic differences, with the addition of the local rate 

parameter indicated either a Type A or C response.  For modeling growth, a growth 

multiplier would be the equivalent of local asymptotic parameters, and sufficient for the 

majority of traits.  When necessary, adding a time multiplier could improve modeling, but 

mostly for only a few families. 

Introduction 

 Loblolly pine tree improvement programs have been actively selecting and breeding a 

wide range of genotypes in the Southeast US for over 50 years.  Virtually all loblolly pine 

seedlings now planted are improved stock (McKeand et al. 2006).  Most testing for selection 

purposes has been with either row plots or single-tree plots, where individual trees are often 

competing against neighbors with lower levels of relatedness.  However, deployment of 

improved planting stock is most commonly deployed in large open-pollinated (presumed to 

be half-sib) or full-sib family blocks (McKeand et al. 2006).  Evaluating genotypes based on 

individual tree growth traits may not account for possible differences in yield due to stand-

level response to competition.  The best genotype based upon single-tree-plot tests may not 

be the most efficient at using site resources, but may exhibit better growth by out-competing 
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its neighbors.  Planted in a pure family block, that genotype may not be the best producer, as 

it no longer has a competitive advantage over its neighbors (Cannell 1978, Nance and Bey 

1979), and is less efficient than another genotype with regards to resource usage.  

Understanding the differing response of genotypes to competition is necessary to understand 

the ultimate impact of family block deployment on yield (Wearstler 1979, Cannell 1982, 

Williams et al. 1983, Adams et al. 2006). 

Loblolly pine is planted commercially across a broad range of site conditions.  Genotype 

by environment (GxE) interaction occurs when the relative performance of genotypes differs 

across environmental conditions.  GxE interactions may be manifested by magnitude of 

response differences or by rank changes; that is, a genotype performs better than another 

genotype in one environment and worse in another environment.  Many studies have failed to 

identify any substantial GxE interactions in loblolly pine, including environmental factors 

such as vegetation control (Martin and Shiver 2002), spacing (McCrady and Jokela 1996), 

and fertilization (Retzlaff et al. 2001).  Significant positive GxE interactions have been 

observed at age 5 years in loblolly pine, with the best genotypes responding the most to 

silvicultural treatments (Roth et al. 2007).  The most effective deployment of genotypes 

requires understanding the performance of genotypes across a wide range of environments 

and silvicultural treatments.  If sufficient adaptive differences exist, the best genotypes for a 

particular set of site conditions may not be the best performing under a different set of 

conditions.  For example, a more drought-tolerant genotype may have a lower growth rate 

compared to other genotypes on a site where water is not limiting to growth but may perform 

better than those same genotypes when water is a limiting factor.  Given the broad range of 
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site conditions and nutrient management regimes over which loblolly pine silviculture is 

practiced, GxE interactions could be a concern for deployment if any interaction results in 

rank changes among genotypes.  

 The difference between testing (individual tree) and deployment (family block) methods 

raises the question of whether families selected based on individual-tree characteristics 

perform similarly at both the individual-tree and stand levels when competing against related 

individuals.  An additional question of interest is whether adaptive differences in loblolly 

pine sufficient for very different genotypes to perform very differently under environmental 

extremes for such factors as nutrition. 

The objectives of this study are to test whether several genotypes of loblolly pine have the 

same relative performance at the individual-tree and stand levels of growth, and if those 

genotypes respond similarly to optimum nutrition levels.  We hypothesize that the genotypes 

with the best mean growth at the individual tree level, the current basis for selection from 

progeny test results, will also have the greatest mean growth at the stand level.  We also 

hypothesize that sufficient adaptive differences exist between the tested provenances, so that 

under extreme environmental differences the best performer will vary by environments. 

Methods 

Study design 

A large block-plot study designed to evaluate GxE interactions was established in the winter 

of 1993-1994 at the SouthEastern Tree Research and Education Site-2 (SETRES-2) in the 

Sandhills of Scotland Co., NC (34.902
o
 N, 79.491

o
 W) by the North Carolina State 
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University Cooperative Tree Improvement Program.  The study was a split-split plot 

experimental design composed of nine experimental blocks, each with nutrition (optimally-

fertilized and non-fertilized) as main plots, genetic provenance (Atlantic Coastal Plain and 

―Lost Pines‖ Texas seed sources) as split-plots, and family (five open-pollinated families per 

provenance) split-split-plots nested in provenance.  The site was excessively drained and 

infertile having a Wakulla soil series (siliceous, thermic Psammentic Hapludult) with sand to 

greater than 43 m depth (see McKeand et al. 2000 for additional site information).  Family 

split-split-plots, hereafter referred to as family plots, were composed of 10 by 10 tree plots at 

a spacing of 1.5 m by 2.1 m, for a total of 100 trees per family at a density of 3075 trees per 

hectare.  Buffer trees at the same spacing totaling 25.6 m were planted between the family 

plots of adjacent differing nutrition treatment.  Within the nutrition treatment plots, the 

provenance split-plots were separated by a 4.3 m buffer, while within provenance sub-plots, 

the family plots were not separated by any buffer.  Due to low rainfall shortly after 

establishment necessitating the replanting of buffer areas the following year, the outermost 

rows of each 10 tree by 10 tree family plot were excluded from analysis to ensure sufficient 

buffers between treatments. 

Treatments 

 In order to maximize the differences between nutrition treatments, fertilizer was applied 

annually.  The fertilization prescription was based on nutrient concentrations and ratios 

determined from foliar nutrient analysis (Table 1) (Adams and Allen 1985).  Foliar analysis 

indicated no deficiencies in 2006, so no application was made. 
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 The provenances utilized in this study were selected for performance and adaptive 

differences.  The Atlantic Coastal Plain (ACP) provenance is generally considered fast-

growing, but susceptible to fusiform rust (caused by the fungus Cronartium quercuum (Berk) 

Miyabe ex Shirai f. sp. fusiforme).  In contrast, the "Lost Pines" Texas (LPT) provenance 

from the western extreme of the native range of loblolly pine, is thought to be slower-

growing, more drought-tolerant, and more resistant to fusiform rust (Schmidtling 2001, 

Sierra-Lucero et al. 2002).  Texas-source loblolly pine planted previously in the Sandhills of 

North Carolina has exhibited good growth and rust resistance (Jett and Guiness 1992, 

Schmidtling 2001).  The families included were chosen to be average to slightly above-

average performers for growth, as compared to the improved stock available. 

Traits assessed 

 Growth and disease traits were assessed regularly through the duration of the study, with 

measurements made at establishment and ages 1 through 6, and 8, 10, 12, and 14 years.  For 

each study tree, total height was measured at every age.  Diameter at breast height (dbh) 

(1.4m) was measured starting at age 3 years.  Presence or absence of fusiform rust was 

assessed from ages 5 to 12 years.  Family plot means were calculated for individual tree 

growth traits at every age, for a total of 180 plot means per age (9 blocks x 2 nutrition 

treatments x 10 families).  Individual tree volumes were calculated by the equation  

20.00748 0.0000353( )Vol d h    1 

where Vol is the individual tree volume in m
3
, d is the dbh in cm, and h is the height in m 

(from Shelton et al. 1984).  Individual tree basal areas were calculated as: 
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2

40000

d
BA


   2 

where BA is the individual tree basal area in m
2
, and d is the dbh in cm.  For each family 

plot-age combination, stand level variables of basal area per hectare and volume per hectare 

were also generated, where basal area per hectare was the sum of all individual tree basal 

areas in the family plot divided by the size of the family plot (0.02081 ha), and volume per 

hectare was the sum of all individual tree volumes in the family plot divided by the size of 

the family plot. 

Statistical analysis 

 One approach used in forestry studies for analysis of data obtained by multiple 

measurements of the same experimental units over time is repeated measures analysis of 

variance (Meredith and Stehman 1991, Gumpertz and Brownie 1993, Isik et al. 2008).  The 

results of an appropriate repeated measures ANOVA model are presented in Appendix A.  

However, interpretation of a repeated measures analysis can be complex, and may require 

additional analyses to characterize changes over time.  Due to the primary interests of 

detecting treatment differences as close to rotation age as possible and understanding the 

nature of differences in the growth patterns over time, an alternative approach was applied 

for this study.  For the continuous response variables at the individual-tree (height, dbh, and 

volume) and stand (basal area per hectare, volume per hectare) level, the effects of treatments 

at age 14, the most advanced age available, were tested with a univariate analysis of variance 

(ANOVA), using the MIXED procedure of SAS/STAT software (SAS Institute Inc. 2000-
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2004).  Yield was of interest at two levels:  individual-tree and stand.  The model used for 

these analyses was  

( ) ( ) ( ) ( )( ) ( )

1,  2,..., 9;  1, 2; 1, 2; 1,  2,..., 5

ijl k i j ij k jk ijk l k jl k ijl ky B T BT P TP BTP F P TF P e

i j k l

         

   
 3 

where yijl(k) is the plot mean of the l
th

 family nested in the k
th

 provenance from the j
th

 

treatment from the i
th

 block, µ is the overall mean, Bi is the random effect of the i
th

 block, Tj 

is the fixed effect of the jth nutrition treatment, BTij is the random interaction effect of the i
th

 

block with the j
th

 nutrition treatment, Pk is the fixed effect of the k
th

 provenance, TPjk is the 

fixed interaction effect of the j
th

 nutrition treatment with the k
th

 provenance, BTPijk is the 

random interaction effect of the i
th

 block with the j
th

 nutrition treatment with the k
th

 

provenance, F(P)l(k) is the fixed effect of the l
th

 family nested in the k
th

 provenance, TF(P)jl(k) 

is the fixed interaction effect of the j
th

 nutrition treatment with the l
th

 family (nested in the k
th

 

provenance), and eijl(k) is the random residual.  The F-test for the nutrition effect utilized the 

mean square (MS) for the block by nutrition treatment interaction (BT) as the error term, the 

F-tests for provenance (P) and nutrition by provenance interaction (TP) effects used the 

block by nutrition treatment by provenance interaction (TP) MS as the error term, and the F-

tests for the family (F) and nutrition treatment by family interaction (TF(P)) effects were 

conducted with the residual MS.  When appropriate, simple effects at each level of the factor 

were tested in the presence of significant interaction terms.  
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Provenance and family growth patterns 

 Of particular interest to breeding programs, and those making deployment decisions, is the 

stability of family performance, relative to other families, over time.  Ideally, the families 

ranked as best at the age utilized for selection decisions continue to be the best families at 

harvest, allowing for earlier selection and operational deployment.  As this test was not 

designed to evaluate the manner in which selections are made, the objective was not to 

determine if selections made at an early age would be the same selections based upon later 

data, but rather whether growth patterns differed among families and between provenances.  

If growth patterns exhibit major differences, further research would be needed to determine if 

changes in selection methods would be warranted, and how deployment decisions regarding 

currently available planting stock might be altered.  Additionally, given families with similar 

expected yields at a specified rotation length, the distribution of growth over time could 

make some families more suitable for a specific management regime, as the timing of 

silvicultural practices such as thinning could be impacted. 

To examine the relationships among families, growth curves of families were compared 

within levels of the nutrition treatment.  The Chapman-Richards function, a very flexible and 

generally sigmoid function that has been extensively utilized in modeling growth in a variety 

of plants including forest trees, was fitted to the growth data for each family (Richards 1959, 

Chapman 1961).  Several studies have used such an approach to characterize the growth over 

time of different genetic material in loblolly pine (Buford and Burkhart 1987, Knowe and 

Foster 1989, Frampton et al. 1998).  The Chapman-Richards function has also been used to 

test for differences in the allometric relationship of height and dbh in jack pine (Pinus 
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banksiana Lamb.) in New Brunswick, Canada, at several levels of genetic selection (Weng et 

al. 2008).  The height-age relationship in roble (Nothofagus obliqua (Birb.) Blume) in Chile 

was also modeled with the Chapman-Richards function (Salas and Garcia 2006).  The 

function has also been utilized as a genetic selection aid in tobacco (Nicotiana tabacum L.) 

through fitting of curves to plant height (Namkoong and Matzinger 1975).  One advantage of 

the Chapman-Richards function over some other asymptotic functions is that the first 

derivative of the function yields a biologically feasible growth rate function (Causton and 

Venus 1981). 

The Chapman-Richards function can include either three or four parameters.  In the three-

parameter form, an asymptotic parameter defines the maximum value of the function, a rate 

parameter controls how quickly the function approaches the asymptote, and a shape 

parameter defines the inflection point of the curve.  If used, the fourth parameter relates to 

the starting point of the function.  When only the asymptotic parameter is varied while the 

other parameters are fixed, it serves to scale the curve in the y-axis.  Varying the rate 

parameter while fixing the asymptotic and shape parameters scales the curve in the x-axis.  In 

terms of tree growth, a change in the asymptotic parameter upward would indicate a 

fundamental difference in the maximum potential yield.  For individual-tree variables this 

would mean larger potential tree size, while for stand-level variables a change in carrying 

capacity could be indicated.  A change in the rate parameter only would be indicative of an 

acceleration (or deceleration) of individual-tree growth or stand development, with no change 

in maximum potential or relative distribution of growth over time (i.e. growth is accelerated 

by a constant).  A set of curves generated with variable asymptotes and fixed rate and shape 
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parameters would be considered anamorphic, while those generated by varying the rate 

parameter are polymorphic (Salas and Garcia 2006).  It should be noted that the rate 

parameter is not to be confused with growth rate; an increase in the asymptotic parameter 

only will result in an increase in growth rate, as more cumulative growth must occur over the 

same time interval. 

The flexibility of the Chapman-Richards function and effect of each of the parameters on 

the overall shape of the curve may be seen in Appendix B.  The form of the function utilized 

for this study was  

 1 exp
m

ik i ikY A cT         4 

where ikY  was the mean response of the k
th

 family plot for the dependent variable of interest 

(mean height, mean dbh, volume per hectare, basal area per hectare) at time i, iT  was the age 

in years at time i, A  was the asymptotic parameter, c was the rate parameter, m  was the 

shape parameter, and ik  was the random residual.  The NLIN procedure of SAS/STAT 

software was used to fit the Richards function to the observed data, using the Marquardt 

iterative fitting method (SAS Institute Inc. 2000-2004).  When examining the degree of 

variability needed in the functional parameters to adequately fit the range of curves 

encountered when accounting for multiple levels of a some factor, the concept of ―local‖ and 

―global‖ parameters can be used (Garcia 1983, Salas and Garcia 2006).  A local parameter is 

one which is allowed to vary for each level of the factor, while a global parameter is fixed 

across all factors.  This has been applied to the height-age relationship in Nothofagus obliqua 

where both asymptotic and rate parameters were tested as local to specific sites (Salas and 



12 

Garcia 2006), and in jack pine where parameters were local to different levels of genetic 

selection in seedlots, but only one parameter at a time was treated as local (Weng et al. 2008).  

In loblolly pine, a similar but more limited approach was taken fitting local parameters for 

genetic families (Knowe and Foster 1989).  For this study, testing for the effects of 

provenance on growth patterns was accomplished utilizing local parameters with respect to 

provenances, and genetic family effects were tested separately with local parameters for each 

family.  Full models were compared to reduced models (local in one less parameter), 

progressively increasing the complexity of differences among families accommodated by the 

function as the number of local parameters increased, calculating the F-statistic as 

r f

f

r f SSE SSE

f SSE

SSE SSE df df
F

SSE df

         5 

where rSSE is the error sum of squares for the reduced model, 
fSSE  is the error sum of 

squares for the full model, 
rSSEdf are the degrees of freedom associated with the reduced 

model error sum of squares, and 
fSSEdf  are the degrees of freedom associated with the full 

model error sum of squares.  For testing the local asymptotic parameter, the full model 

utilized was Equation 6, for the local rate parameter Equation 7, and Equation 8 for the local 

shape parameter; all tested against the reduced model of Equation 4.  Equations 9, 10, and 11 

were the full models for local asymptotic and rate, asymptotic and shape, and rate and shape 

parameters, respectively.  The full model local in all parameters was Equation 12. 

 1 exp
m

ijk j i ijkY A cT         6 



13 

 1 exp
m

ijk j i ijkY A c T     
 

  7 

 1 exp
jm

ijk i ijkY A cT         8 

 1 exp
m

ijk j j i ijkY A c T     
 

  9 

 1 exp
jm

ijk j i ijkY A cT         10 

 1 exp
jm

ijk j i ijkY A c T     
 

  11 

 1 exp
jm

ijk j j i ijkY A c T     
 

  12 

where 
ijkY is the value of a trait for the k

th
 plot in the j

th
 provenance or family at time i. 

Selection of the final models was made in a forward manner, where the local parameter 

accounting for the greatest variation was added to the model first, and kept in the model if 

using it reduced the residual sums of squares a significant amount from the model with all 

parameters global.  When the first parameter tested was included in the model, it was 

followed by testing the next local parameter resulting in the greatest reduction in the residual 

sums of squares when included in the model in conjunction with the first local parameter.  If 

adding the second parameter to the model resulting in a statistically significant reduction in 

the residual sums of squares, that parameter was added to the final model, and the process 

repeated for the third parameter. 
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Results  

Analysis of variance of growth characteristics 

 Fertilization resulted in a highly significant 65 percent increase in mean height (Table 2 

and 3).  The effect of provenance on height was also significant; the mean difference between 

the provenances was 0.92 meters, with the ACP provenance greater than the LPT provenance.  

Significant differences existed among families.  The interaction between nutrition treatment 

and provenance was not significant; likewise, the interaction between nutrition treatments 

and families was not significant (Table 3). 

 Analysis of variance on diameter yielded results identical to height with respect to 

significance of factor effects; fertilized trees were 48 percent larger in diameter, and the 

mean diameter difference between the ACP and LPT provenances was 0.29 cm.  The 

difference between provenances was significant in the control treatment but not in the 

fertilized treatment. 

 Individual tree volume, a function of height and diameter, exhibited a 187 percent increase 

from the control to fertilized treatment, and a difference of 7.1 dm
3
 per tree between 

provenances, with both factors statistically significant, as was the family effect.  The 

interactions between these terms were not significant. 

 Stand-level growth characteristics of basal area per hectare and volume per hectare had 

similar responses to one another.  Nutrition treatment, family, and the interaction of nutrition 

treatment and provenance were significant, while the nutrition treatment by family 

interaction effect was not significant.  The nutrition treatment by provenance interactions 
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were crossover interactions (Figure 1, Figure 2), where the relative rank of the provenances 

reversed from the control to fertilized treatments. 

Family growth patterns 

 At the provenance level for height, provenance-specific asymptotic parameters 

significantly reduced error in fitting growth curves at both levels of nutrition treatment 

(Table 4, Figure 3).  Incorporation of additional local parameters did not significantly 

improve curve fits through reduction of SSE.  Identical results were also obtained at the 

family level as at the provenance level for height, with no local parameters other than family-

specific asymptotic parameters statistically significant (Table 5). 

 When fitting the Chapman-Richards function to mean dbh, differences between the 

provenances were not consistent across nutrition treatments.  Provenance-specific shape 

parameters were significant in the fertilized treatment, while provenance-specific rate 

parameters were necessary in the control treatment (Table 4, Figure 4).  At the family level, 

both rate and asymptotic provenance-specific parameters were significant in the fertilized 

treatment, with the rate parameters accounting for a greater proportion of the variation than 

the asymptotic parameters.  In the control treatment, only the asymptotic parameter needed to 

change to account for the differences among families (Table 5).  See Appendix C for 

additional detail of growth curves over time for height and diameter. 

 For the stand-level measure of basal area per hectare, the use of provenance-specific local 

asymptotic parameters was needed for both nutrition treatments, and inclusion of local rate 

parameters also resulted in significant reduction of SSE in the fertilized treatment (Table 4, 
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Figure 5).  Similar results were seen at the family level for basal area per hectare (Table 5).  

However, within the families of the ACP provenance, we observe several rank changes over 

time, and one of the best early performers for basal area per hectare, ACP-2, experienced a 

much more rapid decline than other families in the accumulation of basal area (Figure 6).  

Several other families in the provenance, ACP-1 and ACP-4, appear to continue to add basal 

area at a higher rate than the other families through age 14 (Figure 6).  In contrast to the 

families of the ACP provenance, the rankings of families in the LPT provenance were very 

stable, and the differences appear to be predominantly asymptotic in nature. 

 The performance for volume per hectare was slightly different than that of basal area per 

hectare, in that at the provenance level, the use of local shape parameters was justified 

instead of local rate parameters (Table 4, Figure 8).  At the family level, however, only 

asymptotic parameters were family-specific in the fertilized treatment (Table 5).  In the ACP 

provenance, several families change rank over time in the fertilized treatment.  Most notably, 

family ACP-2 declines the most in rate of volume accumulation (Figure 9).  In contrast, 

ACP-4 began to have a higher rate of increase than the other families in the provenance 

(Figure 9).  Unlike the ACP provenance, the LPT provenance is more stable in the fertilized 

treatment, with only asymptotic differences apparent (Figure 10).  Differences could not be 

evaluated at either genetic level with the Chapman-Richards function for volume per acre in 

the control treatment, due to insufficient curvature in the data for fitting of the function. 
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Discussion 

 As has been shown in previous studies (e.g. Hynynen et al. 1998, Albaugh et al. 2004, 

Jokela et al. 2004), the effects of nutrition on growth in loblolly pine plantations were large 

and sustained, significantly impacting all measures of growth assessed in this study.  

Significant provenance effects were also identified for all the growth measures.  In addition, 

variation within families was highly significant.  At the level of individual tree growth, GxE 

interactions were not observed.  Significant GxE interactions with provenance rank reversals 

after age 10 years were found for the two stand-level measures of growth considered, basal 

area per hectare and volume per hectare, but individual-tree basal area and volume did not 

experience any reversal in rank or GxE interaction.  The response to environment of the 

provenance observed at the individual-tree level for all of the growth traits examined were 

unexpected.  We expected the LPT provenance to be better adapted to the harsher 

environmental conditions represented by the control treatment as that provenance would be 

considered to originate in a much harsher environment than the ACP provenance.  In spite of 

this, the ACP provenance always showed superior growth in the control treatment for every 

growth trait.  In addition, the responses at the stand-level for basal area and volume were 

contrary to expectations.  In the fertilized treatment, where the ACP provenance was 

expected to be better able to take advantage of the optimal nutrition, the LPT provenance 

eventually had higher net productivity.  These results indicate that adaptive differences to 

nutrient availability may not exist between the two provenances represented, but that some 

other genetic difference was affecting growth. 



18 

 Since stand-level measures are a function of both individual-tree size and stem density, 

the underlying reasons for the interactions observed are density differences, given that mean 

individual-tree size was always greater in the ACP provenance.  Because spacing at 

establishment was constant, the only way stem density could differ was through mortality.  

Although statistical tests for survival differences were not conducted because the proportion 

of surviving trees was greater than the limit of 0.7 recommended for binary traits (Gilmour et 

al. 1985), it is clear that survival in the fertilized ACP treatment is much lower than the other 

nutrition-provenance combinations.  There were several possible causes of the likely survival 

differences between the provenances in the fertilized treatment.  One factor examined was 

the dramatic difference in the incidence of rust in each of the provenances (significantly 

higher in the ACP provenance).  The analysis of rust incidence showed that rust infection 

was not responsible for the survival differences between the provenances, and investigations 

of other possible reasons for the difference are presented in detail in the following chapter. 

The patterns of growth differences over time due to genotype can be categorized in similar 

terms to response types used to describe the changes in growth to such silvicultural factors as 

fertilization (see Morris and Lowery (1988), Richardson (1993), Nilsson and Allen (2003) 

and Figure 12 for background and graphical representations of response types).  Those 

response types also can be modeled by the Chapman-Richards function in terms of 

differences in the parameters required to describe the various response types.  The Type A 

(also called Type II) response, indicative of a long-term, steadily increasing difference 

relative to the reference growth curve, could be characterized by a larger asymptotic 

parameter (greater final growth accumulation) and a smaller rate parameter (longer time to 
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approach asymptotic level), with no change required in the shape parameter.  It should be 

noted that without a reduction in the shape parameter, the possibility of an early growth rate 

below the reference level exists.  Producing the Type B (or Type I) response would require 

only an increase in the asymptotic parameter.  An increase in only the rate parameter gives a 

Type C (or Type III) response, where the same ultimate size as the reference is merely 

reached more quickly (a decrease in the rate parameter would simply result in poorer 

performance than the reference during the entire growth period).  The Type D response can 

be expressed through a decrease in the asymptotic parameter and an increase in the rate 

parameter, yielding faster initial growth but ultimately leading to a lower final yield.  In 

responses where the rate parameter increases (becoming asymptotic later, as in a Type A 

response), adjustment of the shape parameter downward is necessary if early performance 

equals or exceeds the reference level. 

 The connection between the parameters of the Chapman-Richards function and response 

types may aid in describing and understanding the growth differences among different 

genotypes, as well as give a basis for comparison to previously reported effects of 

silvicultural treatments from other studies.  Fitting the Chapman-Richards function to growth 

curves enables statistical testing for differences, while translating the parameters of the 

function into response types provides a convenient simplification into more universally 

understood terms.  One limitation of this study with regard to making response type 

comparisons is the lack of a clear reference level such as a local check could provide, whose 

inclusion could provide an indication of the nature of improved growth.  Without a check, 

our comparisons instead reflect the type of variation in growth patterns for the selected 
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genotypes.  In terms of modeling growth, the magnitude and nature of variation determines 

the degree of flexibility required in those models.  This comparison is practical, as it would 

be possible for different genotypes to exhibit differing growth response types relative to a 

check.  The physiological mechanisms responsible for improved growth, at either the 

individual-tree or stand levels, need not be the same for all genotypes.  The use of multiple 

selection criteria should help maintain this diversity as selections favoring different criteria 

likely reflect the action of different physiological factors (McKeand and Svensson 1997).  

For example, breeding and selection for resistance to a disease may result in less mortality 

prior to crown closure, accompanied by higher stand-level growth accumulation compared to 

a less-resistant genotype.  However, if there were no difference in tolerance to competition 

(i.e. no difference in carrying capacity), we would expect the net accumulated growth of the 

two genotypes to become equal over time as the more disease-resistant genotype was either 

impacted by higher mortality rates following crown closure, slower individual tree growth, or 

both, leading to a Type C response (see Rehfeldt et al. (1991) and Hamilton and Rehfeldt 

(1994) for related discussion). 

 In this study, the variation in mean height growth was sufficiently accommodated by a 

change in only the asymptotic parameter.  This seems to indicate that genetic improvement in 

height growth would lead to a Type B response, with the improvement in height lasting for 

the full rotation.  However, since height growth does not appear to be close to an asymptote 

(Figure 3), whether this is truly the case is uncertain.  Differences in the asymptotic 

parameter for height associated with different families have been found in several other 

studies (Buford and Burkhart 1987, Knowe and Foster 1989), reinforcing the results observed 
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here.  Knowe and Foster (1989) also found consistent significant differences in the rate 

parameter, which could indicate a possible type A response.  Neither of the previously 

mentioned studies found differences in the shape parameter.  Rankings of height growth over 

time were generally very stable, as is further indicated by only asymptotic parameter 

differences.  Based on the results of this study, we do not find any reason to believe 

selections made based on young height rankings would not select the best genotypes for total 

height at later ages. 

 The differences between genotypes with respect to diameter growth were the least 

consistent in terms of local parameters for the Chapman-Richards function.  At the 

provenance level, the need for local rate parameters indicates a Type C response, while the 

local shape parameter in the fertilized treatment does not specifically correspond to a 

particular response type, although it would be most like the Type C response as well.  This 

would seem to indicate that differences in diameter among genotypes would gradually 

disappear over time, but the family level results, which indicate the presence of asymptotic 

differences for at least some families, showed otherwise.  The significance of the rate 

parameter at the family level was indicative of some families where a greater proportion of 

the total diameter growth occurred slightly earlier than for the remaining families.  The same 

type of response applied to basal area per hectare, where the variation in asymptotic values 

was relatively large, and one family, ACP-2, with faster early growth began slowing in basal 

area accumulation at a much faster rate than the other families, necessitating the need for 

family-specific rate parameters.  The difference in trajectories of families ACP-1 and ACP-4 

as compared to ACP-3 and ACP-5 may also be contributing to the need for adjustment of the 
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rate parameter in addition to the asymptotic parameter, which would mean three different rate 

parameters would be necessary to accurately quantify the growth of only five families.  

Differences in the LPT provenance are much simpler, and it is likely that the use of only 

asymptotic parameter adjustments would be sufficient to describe the variation in basal area 

accumulation. 

 Similar to basal area per hectare, the need for family-specific shape parameters for volume 

per hectare at the provenance level is likely driven by the similarity in magnitude of the 

differences between the provenances before they cross over and change rank, and after they 

change rank.  The early difference is sufficient that adjusting the growth curves only 

asymptotically still leaves a large amount of variation unexplained.  At the family level, the 

shape parameter was not significantly different, and is probably due to the fact that only 

ACP-4, and to a lesser degree possibly ACP-1 and ACP-2, would require a change in either 

the shape or rate parameters to account for differences with the remaining families of both 

provenances.  So while some crossing over in family ranks is evident in the ACP provenance, 

they are not of sufficient magnitude and frequency to require adjustment of additional 

parameters.  Overall, the differences in responses for most traits may be characterized as 

Type B, with several families appearing to be more like Type A or C responses.  Due to the 

current rate of volume accumulation relative to the asymptote, it is difficult to distinguish 

between a Type A and Type B response at this time. 
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Implications for modeling 

The findings of this study indicate that for modeling of height growth, the use of a growth 

multiplier would be sufficient to account for genetic differences.  This has also been found to 

be the case in radiata pine (Pinus radiata D. Don), where the use of a genetic gain multiplier 

was suggested (Carson et al. 1999). 

 When considering the differences in results at the provenance and family levels, the 

family level adjustments should be more typical of the types of adjustments that would be 

required for modeling of operational stands, where many different families originating from 

the same region or seed source may be deployed.  For most growth traits, the use of local 

asymptotic parameters, equivalent to a growth multiplier, is generally sufficient to account 

for genetic variation in growth.  For the characteristics of diameter and basal area per hectare, 

where local rate parameters are justified, a time multiplier could be applied to existing 

models to accelerate (or decelerate) development, when those traits are treated discretely.  If 

the results of this study reflect the typical level of variation, for many genotypes, the value of 

the time multiplier would likely be negligible since relatively few families differed in rate 

from the more typical growth pattern.  Although this study does illustrate the potential need 

for adjustments to current modeling techniques, it does not attempt to address what the actual 

values of any multipliers should be, or the best method to determine growth or time 

multipliers for specific genotypes.  Such questions would be more appropriately addressed by 

an experimental design encompassing multiple test sites, more genotypes, checks that can be 

reasonably modeled by current methods, and rotation age measurements.  Clearly, further 
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research is required to accurately model the differences between specific genotypes under 

operational conditions. 
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Table 1.  Elemental nutrient rate of annual fertilizer application and composition of fertilizer 

utilized. 

Year Fertilizer N P K Ca Mg S 

  .....................................(kg/ha)................................... 

1994 10-10-10 52 22 43 — — <0.9 

1995 12-6-6 + Micros* 41 9 17 — — — 

1996 Urea, TSP, KMagS 56 6 28 2.8 17 40 

1997 Urea, TSP, Mg 90 9 — — 18 11 

1998 Urea, Mg 90 — — — 17 11 

1999 Urea, DAP, B† 95 9 — — — 12 

2000 Ammonium Sulfate 91 10 — 6.4 — 103 

2001 Urea, DAP 90 9 — — — — 

2002 Urea, DAP 90 9 — — — — 

2003 Urea 123 — — — — — 

2004 Urea, TSP, KMagS 86 11 38 — 24 46 

2005 Urea 112 — — — — — 

2006 None — — — — — — 

2007 Urea 123 — — — — — 

Total  1138 94 126 9.2 76 224 

 

* Micros 0.6 B, 2.2 Cu, 5.6 Fe, 5.6 Mn, 2.2 Zn 

† 1.3 B 
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Table 2.  Summary statistics for ages 6 and 14 by nutrition treatment and provenance.  

Reference levels for percent differences were LPT for provenances and control for nutrition 

treatments.  Standard errors are shown in parentheses. 

  Control  Fertilized  

 Age LPT 

mean (SE) 

ACP 

mean (SE) 

% diff 

prov  
 

LPT 

mean (SE) 

ACP 

mean (SE) 

% diff 

prov 

% diff 

nutrition 

          
Ht (m) 6 3.5 (0.02) 3.8 (0.02) 8.2  5.6 (0.01) 6.0 (0.01) 7.5 58.0 

Ht (m) 14 8.0 (0.04) 8.9 (0.04) 11.2  13.5 (0.03) 14.4 (0.03) 7.0 65.5 

Dbh (cm) 6 4.8 (0.04) 5.3 (0.04) 9.1  8.9 (0.03) 9.1 (0.03) 2.4 78.2 

Dbh (cm) 14 9.6 (0.05) 10.1 (0.05) 5.5  14.6 (0.05) 14.6 (0.06) 0.3 48.1 

Vol (dm3) 6 11.4 (0.07) 12.2 (0.07) 7.7  23.9 (0.13) 26.0 (0.14) 8.6 112.1 

Vol (dm3) 14 38.3 (0.43) 44.6 (0.46) 16.0  114.3 (0.94) 121.8 (1.04) 7.0 186.7 

Ba/ha (m2ha-1) 6 5.8 (0.31) 6.7 (0.27) 15.5  17.6 (0.32) 18.2 (0.34) 3.6 185.0 

Ba/ha (m2ha-1) 14 20.8 (0.75) 22.7 (0.59) 9.1  43.9 (0.70) 39.7 (0.55) -9.5 92.6 

Vol/ha (m3ha-1) 6 31.6 (0.83) 33.7 (0.77) 6.7  65.0 (1.13) 70.3 (1.47) 8.0 107.4 

Vol/ha (m3ha-1) 14 101.9 (4.65) 116.8 (4.22) 14.6  280.4 (5.59) 270.7 (5.34) -3.4 152.0 
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Table 3.  Analysis of variance for growth traits at age 14. 

Source  Height Dbh Volume Ba/ha Vol/ha 

 
df 

num/den 
……….………………………..F-stat (p-value).….…………………………….. 

Nutrition 1/8 309.8 (<0.01) 537.9 (<0.01) 966.0 (<0.01) 471.0 (<0.01) 634.5 (<0.01) 

Provenance 1/8 82.8 (<0.01) 7.15 (0.03) 35.16 (<0.01) 3.72 (0.09) 0.93 (0.37) 

Nutr x prov 1/8 0.06 (0.82) 2.33 (0.17) 0.24 (0.64) 20.69 (<0.01) 7.25 (0.03) 

Family(prov) 8/64 6.79 (<0.01) 6.57 (<0.01) 5.57 (<0.01) 6.91 (<0.01) 5.45 (<0.01) 

Nutr x 

family(prov) 
8/64 0.26 (0.98) 0.28 (0.97) 0.83 (0.58) 0.54 (0.83) 0.99 (0.45) 
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Table 4.  Significant provenance-specific local parameters for Chapman-Richards function, 

as indicated by reduction of SSE. 

Nutrition 

Treatment 
Height Dbh Ba/ha Vol/ha 

 ………….………..Local parameters………..…..…….. 

Fertilized asymptote shape 
asymptote*, 

rate 

asymptote*, 

shape 

Control asymptote rate asymptote — 

*greatest initial reduction in SSE (first local parameter to enter the model) 
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Table 5.  Significant family-specific local parameters for Chapman-Richards function, as 

indicated by reduction of SSE; both provenances combined. 

Nutrition 

Treatment 
Height Dbh Ba/ha Vol/ha 

 ………….………..Local parameters………..…..…….. 

Fertilized asymptote 
asymptote, 

rate* 

asymptote*, 

rate 
asymptote 

Control asymptote asymptote asymptote — 

*greatest initial reduction in SSE (first local parameter to enter the model) 
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Figure 1.  Interaction of provenance with treatment for basal area per hectare at age 14.  The 

difference between provenances is not significant in the control treatment (p-value=0.05) but 

significant in the fertilized treatment (p-value <0.01). 
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Figure 2.  Interaction of provenance with treatment for volume per hectare at age 14.  

Difference between provenances is significant in the control treatment (p-value=0.01) but not 

significant in the fertilized treatment (p-value=0.09). 
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Figure 3.  Chapman-Richards function fitted to observed mean height by nutrition treatment, 

over time.  Functions were fitted with provenance-specific asymptotic parameters, as 

indicated significantly different by reduction in SSE. 
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Figure 4.  Chapman-Richards function fitted to observed mean dbh by nutrition treatment, 

over time.  Functions were fitted with provenance-specific shape parameters in the fertilized 

treatment and rate parameters in the control treatment, as indicated significantly different by 

reduction in SSE. 
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Figure 5.  Chapman-Richards function fitted to observed mean basal area per hectare by 

nutrition treatment, over time.  Functions were fitted with provenance-specific asymptotic 

and rate parameters in the fertilized treatment and asypmtotic parameters in the control 

treatment, as indicated significantly different by reduction in SSE. 
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Figure 6.  Mean basal area per hectare family performance over time, with fitted Chapman-

Richards function, within the ACP provenance. 
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Figure 7.  Mean basal area per hectare family performance over time, with fitted Chapman-

Richards function, within the LPT provenance. 
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Figure 8.  Chapman-Richards function fitted to observed mean volume per hectare for 

fertilized treatment, over time.  Functions were fitted with provenance-specific asymptotic 

and shape parameters as indicated significantly different by reduction in SSE.  The control 

treatment contained insufficient curvature for fitting the Chapman-Richards function. 
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Figure 9.  Mean volume per hectare family performance over time, with fitted Chapman-

Richards function, within the ACP provenance.  Insufficient curvature in control treatment 

for fitting Chapman-Richards function.  Values shown here for the control treatment are 

smoothed family means, for visual reference only. 
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Figure 10.  Mean volume per hectare family performance over time, with fitted Richards 

function, within the LPT provenance.  Insufficient curvature in control treatment for fitting 

Chapman-Richards function.  Values shown here for the control treatment are smoothed 

family means, for visual reference only. 
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Figure 11.  Mean survival of ACP and LPT provenances in control and fertilized nutrition 

treatments.  Mortality increased for ACP in fertilized plots due to fast growth and inter-tree 

competition. 
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Figure 12.  Examples of different response types over time.  Parameter values used 

(asymptote, scale, shape):  reference: 1.0, 0.6, 2.0; type A:  1.2, 0.5, 1.7; type B:  1.1, 0.6, 1.9; 

type C:  1.0, 0.7, 2.0; type D:  0.9, 0.77, 2.0. 
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CHAPTER 2.  Effects of Genotype on Carrying Capacity of Loblolly Pine 

at Midrotation 

Abstract 

 Selections in loblolly pine (Pinus taeda L.) breeding programs are made based upon 

individual-tree performance in genetically mixed plantings, but operational plantations are 

often composed of related individuals in family block plantings.  Ten open-pollinated 

families from two very different provenances (Atlantic Coastal Plain and Lost Pines Texas) 

were grown in block plots to test for growth differences between provenances and among 

families under deficient and optimal nutrition regimes on a nutrient-deficient and dry site.  

Previous research with this study found significant genotype by environment interactions 

occurred in stand-level measures of growth, with significant provenance rank change in basal 

area per unit area in the fertilized treatment; differences in survival were the cause of the 

interaction.  

 Linear regressions were fit to selected subsets for various genotypes at the maximum size-

density frontier, as determined by Reineke’s stand density index, of log-transformed trees per 

hectare and quadratic mean diameter.  Extra sums of squares methods were utilized to test for 

differences in the intercepts and slopes of the maximum size density lines.  Significant 

differences in the intercept parameters were found between the provenances, but no 

difference existed in the slope parameters for the provenances, indicating a difference in 

carrying capacity.  The Lost Pines Texas provenance had a higher carrying capacity, capable 

of supporting larger trees at a given stem density.  The five open-pollinated families of the 
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Atlantic Coastal Plain provenance, a commercially significant seed source, were also tested 

for differences in carrying capacity in the fertilized treatment using the same methods.  

Significant differences were also observed at the family level, with most intercepts differing, 

and the slope of one family differing from the other four families.   

 Fusiform rust was examined as a possible cause for the observed differences in carrying 

capacity through effects on mortality.  Although the incidence of fusiform rust was markedly 

different between the two provenances, having much higher incidence rates in the Atlantic 

Coastal Plain provenance (10.9% vs. 44.0%), it did not sufficiently account for survival 

differences.  Rust infection rates among families were stable in rank across nutrition 

treatments, with only one slight family rank change.  While rust-infected trees were twice as 

likely to die as disease-free trees, and the highest mortality occurred in the Atlantic Coastal 

Plain provenance, which also had much higher rates of rust infection, at the family level, the 

correlations between rust incidence and survival were generally weak and highly variable, 

while survival was consistently strongly correlated with individual tree size in the fertilized 

treatment, where self-thinning was already occurring. 

 Clear differences in carrying capacity at the family and provenance levels indicate that 

genotypes with the best individual tree growth may not have the highest stand-level yields.  

However, the increase in value associated with larger stem sizes may offset the loss in total 

yield.  Maximizing stand value with genotypes of lower carrying capacity requires diligent 

management to prevent un-captured removals from self-thinning, as well as ensuring that 

growth accumulation is concentrated on the highest quality stems.  
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Introduction 

 Of utmost importance in operational forestry of loblolly pine is final yield at harvest.  

Aside from quality factors affecting merchantability of individual trees, two characteristics 

fundamentally control final yield:  individual tree size and the number of harvestable stems 

per hectare.  Larger trees fall into higher-value product classes making individual tree size 

control the value of a given volume, and for a given tree size more stems correspond to 

greater total volume.  As part of the ongoing effort to maximize yield of available forested 

land, tree improvement programs have long worked to breed faster-growing, higher-quality 

trees for deployment.  Currently, essentially every loblolly pine seedling planted in the 

southern US is genetically improved through breeding and selection (McKeand et al. 2006).  

Borne of practical necessity, genetic improvement efforts, through breeding and selection, 

primarily target the first controlling factor of yield, with selections and crosses favoring 

larger individual tree sizes.  This is a product of the way in which genetic value is determined 

since selections for volume yield are made based upon individual-tree sizes, with progeny 

tests being almost exclusively genetically mixed plantings comprised of single-tree-plots, 

while operational plantings are often large blocks of open-pollinated (OP, presumed to be 

half sib) or full-sib families (McKeand et al. 2006).  Genotypes may respond differently to 

competition (Wearstler 1979, Cannell 1982, Williams et al. 1983, Adams et al. 2006), and 

testing genotypes in single-tree-plot tests does not give direct insight into how they will 

develop individually and as a stand when faced with more uniform, equal competition from 

genetically similar neighbors over a rotation length.  Genotype by deployment interactions 
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with mixed- and pure-family plantings have been found in loblolly pine, with differing 

growth response dependent upon the stand composition (Staudhammer et al. 2009). 

As stated earlier, one of the major factors in stand yield is stand density.  There are many 

available methods of quantifying stand density; one that is effective and relatively easy to 

understand is total basal area, which accounts for individual tree size and the number of 

stems (Allen and Duzan 1981).  As development in an even-aged stand progresses from 

establishment, stand density usually increases due to individual tree growth additions 

outpacing losses from mortality, and trees eventually begin to compete with one another for 

growing space and the associated site resources, including, but not limited to, light and 

nutrients.  When the stand demand for the limiting resource approaches the available supply 

(fully-occupied growing space) in an even-aged, single-species stand (such as a plantation), 

stagnation or additional differentiation will occur (Oliver and Larson 1996).  With 

differentiation, some trees become more dominant, that is, continuing to expand in growing 

space and retaining an upper crown position, resulting in the suppression of other trees that 

give up growing space (Peet and Christensen 1987).  Whether individual trees become 

dominant or suppressed may be the result of the combination of many possible factors (e.g. 

microsite variation, genetics, stochastic events).  As the suppressed trees lose growing space, 

they will be forced to reduce growth rates and become weakened (Oliver and Larson 1996).  

This will often eventually lead to death of at least some of the suppressed trees when they are 

no longer able to occupy sufficient growing space to meet their minimum resource 

requirements for survival (Oliver and Larson 1996).  The closer the spacing of the stand 

(higher density), the smaller the trees will be when the growing area becomes fully occupied.  
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Once the site is fully occupied, further expansion of growing area by some trees comes at the 

expense of other trees. 

As a result of these dynamics, in the absence of imposed silvicultural thinning, loblolly 

pine at a given density will usually begin to self-thin from the mortality of weakened trees 

when the resource demands of the stand exceed the available supply.  When the relationship 

between the maximum mean size at a given density over a range of densities is represented 

graphically with axes of appropriate transformed scales, the maximum size-density function 

may be defined by a straight line (Reineke 1933).  Typically, a log transformation of both 

size and density is utilized to linearize the relationship.  The slope of the maximum size-

density line is often considered to be species invariant while the location of the line (intercept) 

can vary some among species (Reineke 1933, Jack and Long 1996).  The slope as proposed 

by Reineke (1933) for his stand density index (SDI), which plots the log of trees per unit area 

against the log of quadratic mean diameter (QMD), was -1.605, although it has been rounded 

to -1.6 in calculating SDI (Dean and Baldwin, 1993, Dean and Baldwin 1996).  Presence of a 

consistent difference in the maximum density attained over time by stands of differing 

genotypes, as indicated by changes in the parameters of the self-thinning line, indicate a 

difference in carrying capacity (Schmidtling 1988).  As long as the site and silvicultural 

treatments are held constant, carrying capacity differences should be attributable to the 

genetic differences among stands. 

This study utilizes a test with family block plantings in North Carolina.  It is comprised of 

open-pollinated families of two seed sources coming from very different regions in the 

natural range of loblolly pine.  The test sought to maximize environmental differences for the 
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study of genotype by environment interactions through fertilization of a nutrient-deficient 

site.  Previous work with this test has identified significant differences in individual tree sizes 

and total stand yields among different loblolly pine genotypes (see Chapter 1 for greater 

detail).  Additionally, the imposed nutrition treatment revealed a rank change over time in 

stand net accumulated growth under a fertilized regime.  This rank change was shown to be 

the result of significant survival differences.  The purpose of the current study was to 

determine whether carrying capacity differences were present among different provenances 

and families. 

Methods 

Study design 

The SouthEastern Tree Research and Education Site-2 (SETRES-2) was established in the 

winter of 1993-1994 in the Sandhills of Scotland Co., NC (34.902
o
 N, 79.491

o
 W) by the 

North Carolina State University Cooperative Tree Improvement Program.  One of the initial 

goals was to evaluate GxE interactions under pure family block conditions (more like 

operational deployment).  As such, it was a block-plot study with a split-split plot 

experimental design of nine experimental blocks, each with nutrition (optimally-fertilized 

and non-fertilized) as main plots, genetic provenance (Atlantic Coastal Plain and ―Lost Pines‖ 

Texas seed sources) as sub-plots, and family (five open-pollinated families per provenance) 

sub-sub-plots nested in provenance. The site was excessively drained; soil was a very 

infertile siliceous, thermic Psammentic Hapludult (Wakulla series) (see McKeand et al. 2000 

and Albaugh et al. 2004 for additional site information).  Family sub-sub-plots (family plots) 
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were composed of 10 by 10 tree plots at a spacing of 1.5 m by 2.1 m, for a total of 100 trees 

per family plot at a density of 3075 trees per hectare.  Buffers between family plots adjacent 

to different nutrition treatments were 25.6 m of trees at the study spacing.  Within the 

nutrition treatment plots, the provenance sub-plots were separated by a 4.3 m buffer, with no 

buffer between family plots within a provenance.  Low rainfall shortly after establishment 

necessitated the replanting of buffer areas the following year; consequently the outermost 

rows of each 10 tree by 10 tree family plot were excluded from analysis to ensure sufficient 

buffers between treatments. 

Treatments 

 Fertilizer was applied annually to maximize the differences between nutrition treatments.  

Foliar analysis of nutrient ratios and concentrations aided in making annual fertilization 

prescriptions (Table 1) (Adams and Allen 1985).  Foliar analysis indicated no deficiencies in 

2006, so no application was made. 

 The provenances utilized were intentionally selected from drastically different seed 

sources.  The Atlantic Coastal Plain (ACP) provenance is generally considered fast-growing, 

but susceptible to fusiform rust (caused by the fungus Cronartium quercuum (Berk) Miyabe 

ex Shirai f. sp. fusiforme).  Conversely, the "Lost Pines" Texas (LPT) provenance from the 

western extreme of the native range of loblolly pine, is thought to be slower-growing, more 

drought-tolerant, and more resistant to fusiform rust (Schmidtling 2001, Sierra-Lucero et al. 

2002).  Texas-source loblolly pine planted previously in the Sandhills of North Carolina has 

exhibited good growth and rust resistance (Jett and Guiness 1992, Schmidtling 2001). 
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Traits assessed 

Study trees were measured annually from establishment through age 6 years and 

biannually from ages 8 to 14.  Characteristics assessed tree diameter, height, and fusiform 

rust infection status.  Diameter at breast height (dbh) (1.4m) was not measured until age 3.  

Presence or absence of fusiform rust was assessed from ages 5 to 12 years.  Sub-sub-plot 

(family plot) means were calculated for individual tree growth traits at every age, for a total 

of 180 family plots per age (9 blocks x 2 nutrition treatments x 10 families).  Individual tree 

volumes were calculated by the equation from Shelton et al. (1984): 

20.00748 0.0000353( )Vol d h    13 

where Vol is the individual tree volume in m
3
, d is the dbh in cm, and h is the height in m.  

Individual tree basal areas were calculated as: 

2

40000

d
BA


   14 

where BA is the individual tree basal area in m
2
, and d is the dbh in cm.  The stand-level 

variables of basal area per hectare and volume per hectare were also calculated for every 

family plot, where basal area per hectare was the sum of all individual tree basal areas in the 

family plot divided by the size of the family plot (0.02081 ha), and volume per hectare was 

the sum of all individual tree volumes in the family plot divided by the size of the family plot. 

Size-density relationship 

 To determine whether study plots had begun self-thinning, and whether a difference 

existed in the carrying capacity between the provenances, several different methods of 
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displaying the size-density relationship were used.  Frequently used representations of stand 

density include stem density per unit area and basal area per unit area.  Plotting these 

measures against one another or against a measure of individual tree size, such as quadratic 

mean diameter (QMD; the diameter corresponding to a tree of average basal area) or stem 

volume, gives an indication of the upper threshold of density, provided the stand is 

sufficiently developed.  One often used plot is the log of trees per unit area against the log of 

quadratic mean diameter (Dean and Baldwin 1993, Jack and Long 1996, Zhang et al. 2005).  

As this plot has axes reversed from the typical plot of stand density index (SDI), the expected 

slope would be -0.625, the inverse of -1.6 (Jack and Long 1996).  Assuming self-thinning has 

occurred, testing for genetic differences in carrying capacity may be conducted. 

 Testing for differences in the carrying capacity between the ACP and LPT provenances 

was accomplished through comparing fitted regression lines of log QMD as a function of log 

of trees per hectare (TPH) on a subset of points for each provenance.  At every measurement 

age starting at age 3 years, SDI was calculated for each family plot, using the equation 

1.6

25.4

QMD
SDI N

 
  

 
  15 

where SDI is the stand density index on a metric basis, N is the number of stems in TPH, and 

QMD is the quadratic mean diameter in cm (from Dean and Baldwin 1996, VanderSchaaf 

and Burkhart 2007).  The 20 points in each provenance with the highest SDI values were 

selected for regression analysis.  Selecting by maximum SDI is based on the perpendicular 

distance from a theoretical maximum density line, of slope -0.625 in this analysis, which 

could lead to a bias in the slope of the regression line toward the slope of the theoretical line.  
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This bias would decrease as the true slope approaches -0.625.  Since the primary purpose of 

this analysis was to identify differences in carrying capacity, the ability to identify 

differences in intercept was of higher importance than differing slopes.  Differences between 

the fitted regression lines for each provenance were tested using full and reduced models.  F-

statistics were computed using the equation 

r f

f

r f SSE SSE

f SSE

SSE SSE df df
F

SSE df

         16 

where rSSE  is the error sum of squares from the reduced model, fSSE  is the error sum of 

squares from the full model, 
rSSEdf  are the degrees of freedom associated with the error term 

of the reduced model, and 
fSSEdf  are the degrees of freedom associated with the error term of 

the full model.  Associated p-values were computed from the F distribution with appropriate 

degrees of freedom.  To test for significant difference between the intercept terms, the full 

model was 

 0 1 2log log ( )QMD N LPT        17 

where logQMD is the log of quadratic mean diameter, logN is the log of trees per unit area in 

TPH, and LPT is an indicator variable for provenance (1 if provenance=LPT, 0 if 

provenance=ACP), and ε is the random residual.  The model fits separate regression lines for 

each provenance, with a common slope.  The reduced model for this test was 

 0 1log logQMD N       18 
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where all terms were as defined in equation 17, resulting in a single regression line for both 

provenances.  The test for difference in slopes, with any difference in intercept already 

accounted for, utilized the full model 

 0 1 2 3log log ( ) ( *log )QMD N LPT LPT N          19 

where all terms were as defined in equation 17.  The reduced model for this test was the 

model previously defined in equation 18. 

 Although the relationship between the provenances for carrying capacity sheds light on 

broad regional variability within the loblolly pine, the application of that information is 

limited, as the LPT provenance is not really commercially significant.  Additional research 

on this test revealed that the LPT provenance had excessive form problems, limiting its 

usefulness for timber production (Espinoza 2009).  Of far greater interest is the potential 

variability in carrying capacity within the deployment population under operational 

conditions in managed plantations.  In this study, the fertilized ACP treatment represented a 

commercially important provenance with more viable families for deployment than the LPT 

provenance.  Family differences in carrying capacity were tested in a similar manner to the 

tests at the provenance level.  Due to the lower number of observations for each family 

versus each provenance, regressions were fit to a subset composed of the 10 observations 

from each family with the highest SDI.  The initial hypothesis tested was that the self-

thinning lines were not all coincident, but shared a common slope.  The null hypothesis that 

β2=β3=β4=β5 =0 in equation 20 versus the alternative that at least one beta was not equal to 



57 

zero was tested with the F-statistic computed as before with equation 20 as the full model and 

equation 18 as the reduced model.  

 0 1 2 3

4 5

log log ( ) ( )

( ) ( )

QMD N ACP1 ACP2

ACP3 ACP4

   

  

    

 
 20 

where ACP1, ACP2, ACP3, ACP4 are indicator variables for family (ACP1=1 if 

family=ACP1, 0 otherwise, et cetera) and all other variables were as defined for equation 17.  

Subsequently, the test for differences in slopes after accounting for intercept differences was 

conducted using the full model of equation 21 and the reduced model of equation 20 (null 

hypothesis β3=β5=β7=β9=0 in equation ). 
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 Following identification of the presence of carrying capacity differences among families 

within the ACP provenance, pairwise comparisons of individual family maximum size-

density lines were made for each of the 10 possible pairs of families in the ACP provenance.  

For each pairwise comparison, indicator variables in equation 21 were re-assigned and re-

ordered to make one of the two families of interest the implicitly defined family (i.e. the 

family with no indicator variables; in equation 21 as shown ACP-5 is implicitly defined), and 

the other family the last to enter the model.  The effects of dropping first the partial slope 

indicator term for the latter family, then additionally the family partial intercept term 

indicated whether the families differed in slope and intercept, intercept only (parallel 

maximum size-density lines), or were coincident, respectively.  It was assumed that families 



58 

differing in slope would also differ in intercept, given the distance from the y-axis relative to 

the range of observed values of the two families could be tested with the reduced model 

resulting from dropping both terms including the indicator variable for the other family of 

interest. 

Fusiform rust 

 Evaluating the impact of fusiform rust on net growth is essential, as fusiform rust causes 

more damage than any other disease in loblolly pine (Anderson et al. 1986, Arabatzis et al. 

1991, Powers et al. 1993).  Fusiform rust was recorded as a binary variable: presence or 

absence of fusiform rust infection as indicated by stem and/or branch galls.  To determine 

whether the incidence of rust infection differed by provenance or nutrition treatment, the 

following generalized linear model was fit: 

1,  2,...,9  1, 2  1, 2

ijkl i j k jk ijkly B T P TP e

i j k

     

  
  22 

where yijkl is the proportion fusiform rust incidence from ages 5 to 14 of a family plot (from 0 

to 1) in the i
th

 block and j
th

 treatment and k
th

 provenance, µ is the overall probability of rust 

infection, Bi is the fixed effect of the i
th

 block, Tj is the fixed effect of the jth nutrition 

treatment, Pk is the fixed effect of the k
th

 provenance, TPjk is the fixed interaction effect of the 

j
th

 nutrition treatment with the k
th

 provenance, and eijkl is the random residual.  The 

GLIMMIX procedure of SAS/STAT software (SAS Institute Inc. 2000-2004) was used to 

evaluate the model.  The distribution of y was specified as binomial, with a logistic link 

function.  A tree was assigned infected status if a rust gall was observed at any measurement 
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time over that interval.  Trees dead at age 5 were excluded from the analysis, since the 

presence or absence of rust was first recorded at age 5 years, so the procedure modeled the 

probability that a tree still alive at age 5 would be infected with rust by the age of 14.  Within 

each of the factors indicated as significant, least square means were obtained for each group 

and significant differences among means determined by Tukey's multiple comparison test. 

 Of primary interest regarding rust when characterizing stand development for this study 

was whether the higher incidence of rust infection expected in the ACP provenance would 

have an impact on mortality, resulting in mortality differences between the provenances.  

Plot mean correlations between survival status and rust incidence, as well as survival status 

and several other growth traits were examined.  Correlations were calculated within nutrition 

treatments and provenances to minimize correlations due to different responses to the 

different levels of the treatments. 

Results  

Size-density relationship 

 It is evident that self-thinning due to competition-induced mortality was occurring in at 

least some of the family plots as the general pattern was a period of growth without mortality, 

followed by a period where individual tree growth was accompanied by decreasing density 

(TPH) through mortality (Figure 13).  The SDI values of the subsets of points used for fitting 

the individual provenance maximum size-density lines ranged from 1177 to 1281 in the LPT 

provenance, and 1062 to 1148 in the ACP provenance (477 to 518 and 430 to 464, 
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respectively, when diameter and area are in English units).  These values were larger than 

some of the reported maximum values of 450, 450, and 400 (using  English units) observed 

for loblolly pine by Reineke (1933), Dean and Baldwin (1993), and Williams (1996), 

respectively.  The test for difference in intercepts between the provenances was highly 

significant (p-value<0.01).  The addition of separate intercepts for the full model improved 

the model fit from an R
2
 of 0.54 for the reduced model with the same slope and intercept for 

both provenances to an R
2
 of 0.90.  After adjusting for separate intercepts, the test for 

difference in slopes was not significant (p-value=0.52).  The shared slope was -0.632 (Table 

7); quite similar to the expected value of -0.625 from Reineke (1933) based on SDI, -0.664 

reported by Williams (1996), and within the range of slope values reported for various fitting 

techniques of VanderSchaaf and Burkhart (2007).  These results, with separate parallel 

maximum size-density lines, support the existence of a fundamental difference in the 

carrying capacity of the provenances on this site (Figure 14).  The difference between 

intercepts corresponds to a size difference of just over 1 cm in non-transformed QMD, that, 

at 2500 TPH (near the center of the observed range), would change total basal area around 

6.3 m
2
ha

-1
. 

 From the relationships between the log of basal area per unit area and the log of N (TPH), 

it appears that despite initial differences in density, the provenances regardless of nutrition 

treatment were beginning to follow different growth trajectories (Figure 15).  The same 

pattern was evident in the relationship between volume per tree and log of N, providing 

further support of a difference in the carrying capacities of the provenances (Figure 16).  At 

any given density over the range of data observed, basal area per hectare and mean individual 
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tree volume would both be higher in the LPT provenance, indicating that provenance can 

support more standing timber at a specific density than the ACP provenance (Figure 15, 

Figure 16). 

 At the ACP family level in the fertilized treatment, significant differences in the 

maximum size-density lines were indicated for both the intercepts (p-value<0.01) and the 

slopes (p-value=0.02) at the 0.05 alpha level.  Individual family slopes ranged from -0.441 to 

-0.728 (Table 7).  The family ACP-1 had a visually apparent different slope than most 

families (Figure 17), and indeed, pairwise comparisons indicated its slope and intercepts 

differed from all families except ACP-3 (Table 8).  Families ACP-2, ACP-3, ACP-4, and 

ACP-5 did not differ in slope, but only ACP-3 and ACP-4 shared a common intercept as well, 

making the lines coincident (Table 8, Figure 17). 

Fusiform rust 

 The incidence of fusiform rust varied drastically between the provenances.  Rust incidence 

was much higher in the ACP provenance than in the LPT provenance, with mean incidence 

rates of 44.0 and 10.9 percent, respectively (Figure 18).  In addition to the highly significant 

effect of provenance (p-value<0.01), the interaction of provenance and treatment was 

significant (p-value=0.02), with the fertilization treatment resulting in a larger increase of 

incidence within the ACP provenance compared to the LPT provenance (Figure 18).  

However, the least squares means for the ACP provenance in the different nutrition 

treatments were not significantly different (Figure 18).  The nutrition treatment effect on rust 

infection rates was not significant (p-value=0.17), and like the ACP provenance, mean rust 
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rates in the LPT provenance were no different between nutrition treatments (Figure 18).  In 

addition, the family rankings for rust infection rate in both provenances were stable across 

nutrition treatments with only one family of ten changing rank slightly (Figure 19). 

 The difference in the rates of mortality among rust infected trees was such that a tree with 

rust was approximately twice as likely to die as a tree free of infection (Figure 20).  The 

consistency of the magnitude of this difference across nutrition treatments and provenances 

indicated the severity of individual cases of rust was not different among those factors.  As 

can be expected, this also resulted in a higher rate of rust incidence among dead trees.  In 

addition, trees in the ACP provenance were more likely to die than their counterparts in the 

LPT provenance within a nutrition treatment, and within provenances, a tree in the fertilized 

treatment was approximately four to five times more likely to die than one in the control 

treatment (Figure 20). 

 The plot mean correlations between survival and rust infection at either age 5 or age 14 

were highly variable, ranging from -0.69 to 0.36 in the control treatment, and from -0.78 to 

0.51 in the fertilized treatment (Table 9).  The association between survival and individual 

tree size variables (basal area and volume) were also quite variable within the control 

treatment, from -0.83 to 0.43, but were generally stronger in the fertilized treatment and 

almost exclusively negative (only one positive correlation) indicating that lower survival was 

associated with larger individual tree size.  Correlations between survival and either 

individual-tree basal area or volume were from -0.47 to -0.91 (Table 9). 
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Discussion 

Carrying capacity differences 

 There were clearly differences in survival between both the provenances as well as the 

nutrition treatments.  That the mortality differentials resulted in stands of different densities 

was also readily apparent.  Very similar effects have been observed previously in Texas-

sourced loblolly pine, where stand yields were higher after 37 years compared to other seed 

sources, with the difference due primarily to survival differences, as the individual trees were 

smaller than some other provenances (Schmidtling and Froelich 1993). 

 Fundamental differences in carrying capacity were observed at both the provenance and 

family levels, and would explain the rank change observed in the provenances for basal area 

per hectare and volume per hectare between the nutrition treatments until self-thinning begins 

in the control treatment (see Chapter 1 for test of rank changes between provenances).  The 

higher individual tree growth rate in the ACP provenance would result in greater stand-level 

growth prior to the onset of self-thinning caused by competition-induced mortality.  As a 

result of the higher individual tree growth rate self-thinning would begin earlier, increasing 

the rate of mortality relative to the LPT provenance.  With the existence of true carrying 

capacity differences, at least a portion of the higher rates of mortality in rust-infected trees 

can be attributed to opportunity.  In a genotype with a lower carrying capacity, a relatively 

higher level of mortality will occur as the stand develops, and the death of more rust infected 

trees is simply due to the greater ease with which they may be overtopped and weakened by 

neighbors.  That is, the mortality would occur regardless of whether the rust-infected trees 
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were present.  However, the presence of lower-vigor, rust-infected trees may also contribute 

to mortality happening at an earlier point in stand development, as the trees are more readily 

suppressed. 

 Fusiform rust infection was considered as a prime suspect for survival differences, 

particularly given the very drastic difference in rates of infection between the provenances.  

The difference was not surprising; the LPT provenance, a western source, is generally 

considered rust-resistant, and the ACP provenance, an eastern source, is considered more 

rust-susceptible (Wells 1985, Schmidtling 2001).  A prior study found incidence of stem 

infection in rust-resistant sources of 12.8 percent and 37.7 percent in rust-susceptible seed 

sources at age 10 years (Wells and Dinus 1978), not unlike the rates observed in this study.  

Even higher observed values could have been expected in this study as rust incidence 

included branch infection in addition to stem infection.  However, while the inclusion in rust 

incidence of trees exhibiting only branch galls would inflate the rate of incidence, we would 

not expect branch galls alone to have any measurable effect on growth or vigor.  The site also 

met several risk factors for increased rust infection, being well-drained with an oak 

understory prevalent in the area (Powers et al. 1993), and several other site and growth 

conditions may also contribute to rust infection.  The increased presence of susceptible tissue 

as a result of higher growth rates (Zutter et al. 1987, Schmidt et al. 1995, Miller et al. 2003) 

could have potentially had an effect on rust incidence in the fertilized treatment, but we 

observed very little difference in infection rates across nutrition treatment, at the provenance 

and family levels.  On the contrary, the family rankings and infection rates were stable across 

nutrition levels (Figure 19). 
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 Previous research has identified that most mortality due to rust occurs in trees that have 

stem infections by age five, although the mortality does not necessarily occur in the first five 

years (Campbell 1965, Geron and Hafley 1988).  Stem infections appearing after age five 

will not often result in tree death, but those occurring before then will probably result in 

death prior to stand harvest (Anderson et al. 1986).  In this study no mortality prior to age 

five could be attributed to fusiform rust, even if it should have been, since infection was not 

recorded prior to age five (i.e. age six would have been the first time a tree could be observed 

as dead and identified as having been rust infected).  This could be a cause for concern if 

there were significant losses to rust by age five, but typically rust damage is not fully 

manifested until at least five years after planting (Campbell 1965, Powers et al. 1993), and 

may be ignored in this case as very little mortality occurred in the interval between stand 

establishment and age six, mortality from rust would have only occurred on individuals with 

stem infections, and survival differences were not even apparent between the nutrition 

treatments until age eight. 

 As might be expected, mortality rates can be assumed to be different in rust-infected trees 

(Clutter et al. 1984), and in fact were approximately double in this study.  With the different 

infection rates in the provenances, a consistently higher rate of death in could result in the 

mortality differentials observed.  Unfortunately, the underlying reasons for rust infected trees 

having higher mortality rates makes it difficult to separate the effect of rust from possible 

differences in tolerance of competition for resources.  Trees infected with rust may be 

smaller in height and diameter (Zutter et al. 1987), and any early competitive disadvantage 

will likely result in death of a tree from competition (Peet and Christensen 1987), as it is 
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more easily overtopped by its neighbors.  This fits with the concept that better quality sites 

tend to have higher mortality (Clutter et al. 1984, Adams et al. 1996), due in part to the 

earlier effects of competition (Clutter et al. 1984).  Even if rust infection were to blame for 

increased levels of mortality, it is unclear whether that would have resulted in any major 

effect on the performance of the ACP provenance, as early loss to rust is at least partially 

offset by the availability of additional growing space for surviving trees (Geron and Hafley 

1988, Bridgwater and Smith 1997), thereby potentially reducing later competition-induced 

mortality (Geron and Hafley 1988). 

 Given the arguments above, one might conclude that fusiform rust was responsible for the 

mortality rates observed.  However, mortality at age 10 years has been well predicted by 

stem infection at age 5 years (Wells and Dinus 1978), but in the present study, infection at 

age five was very poorly correlated with mortality, although infection for this study also 

included branch galls, and as mentioned earlier, the presence of brach galls only would have 

practically no effect on tree vigor.  The correlations observed between survival and other 

traits were consistent with carrying capacity differences.  In the control treatment, where self-

thinning had not yet begun, none of the traits examined were even consistently correlated 

with survival, indicating it likely that deaths were due to stochastic factors weakening the 

tree to a level not conducive to survival regardless of competition from neighbors.  In 

addition, individual tree size was very consistently strongly correlated with mortality in the 

fertilized treatment, and generally at best weakly correlated with rust infection, lending 

credence to the concept of a difference in carrying capacity playing a primary role in the 

yield differences.  In addition, in the fertilized ACP treatment, where differences among 
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families for carrying capacity and the highest rust incidence rates were found, correlations 

between rust incidence and survival were highly variable, while individual tree size was very 

strongly correlated to mortality.  For the ACP-5 family, with the lowest carrying capacity, the 

correlation between rust at age five and survival was positive (0.44), meaning that increasing 

rust incidence was associated with higher survival, but survival was strongly correlated with 

individual-tree size (Table 9).  ACP-1, with its maximum size-density line of different slope 

or progressively lower capacity relative to the other families (Figure 17), might be expected 

to have been heavily impacted by rust, but it actually had one of the lowest rates of rust 

incidence of the ACP provenance (Figure 19) and survival was poorly correlated with rust 

incidence (Table 9). 

The difference in carrying capacity could also be a manifestation of a difference in 

biomass partitioning between stem and crown.  Allocating more growth to the crown would 

result in greater competition for light, suppressing and killing more trees, and leading to 

decreased stem density because of the larger crowns.  This could in turn lead to higher tree 

growth rates and larger individual stems as well, since the individual trees have access to 

greater resources through a larger crown and more growing space.  Genotypes with less 

relative allocation to the crown, or with narrower crowns, would exert less competitive 

pressure on neighbors, allowing for more stems per hectare for a given stem size 

 We believe that the most likely scenario is that both fusiform rust and carrying capacity 

are factors in the mortality differences.  The ACP provenance had higher individual growth 

rates during early stand development, and produced higher stand yields as well.  The higher 

individual growth rates coupled with a lower carrying capacity brought the ACP provenance 
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to its size-density limit more quickly than the LPT provenance and with that limit came the 

onset of self-thinning.  Once self-thinning began, it progressed more rapidly due to the much 

higher rate of rust infection providing greater numbers of weakened trees that were more 

easily suppressed.  The rapid self-thinning quickly reduced the stem density to a level of 

stand yield below the LPT provenance.  The ACP continued to have larger mean individual 

tree sizes, due both to the availability of greater resources per tree, as well as the self-

thinning removing weakened trees from the lower portion of the size distribution.  Since 

fertilization has the effect of accelerating stand development (Bolstad and Allen 1987), if this 

scenario is indeed correct, the control treatment of the ACP provenance will eventually fall 

below the LPT provenance in that nutrition treatment as well, and the carrying capacity will 

determine yield once self-thinning begins in the control treatment. 

 Using the available data from this study at this time, it is ultimately not possible to 

definitively determine the cause of the survival differences observed.  A difference in 

carrying capacity would indicate the ACP provenance is unable to cope with competition as 

well as the LPT provenance, resulting in higher mortality, and is supported by the findings of 

Schmidtling and Froehlich (1993).  Although a difference in the carrying capacity of the 

provenances was supported at this time, further research and continued maintenance of this 

study will be necessary to determine if the growth differences will be sustained through the 

rotation as a fundamental difference in carrying capacity, or whether the carrying capacities 

of the provenances eventually reach the same level as self-thinning continues. 
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Management implications 

 With differences in carrying capacity, forest managers will need to carefully evaluate their 

goals.  A broad range of genetically improved stock is available, and the fastest growers may 

not have the highest stand yields.  Losses in value from lower net yield may potentially be 

more than compensated for by prudent management for maximum individual tree size, with 

the accompanying push into higher value product classes, as well as the potential for shorter 

rotation lengths when faster growing trees reach a desired harvest size more quickly.  Having 

advance knowledge about the carrying capacity of a given genotype would help to ensure the 

timely  scheduling of thinning operations prior to the onset of heavy self-thinning, allowing 

the removals to provide an economic benefit and giving the manager greater control over the 

stand development and composition.  Thinning late has also resulted in less net basal area at 

harvest (Strub and Bredenkamp 1985), so missing the window of opportunity for thinning 

could have an even greater impact on harvest yield.  Improper or complete lack of 

management of genetically improved loblolly pine can result in the loss of any economic 

benefit if stands are left to regulate density through competition and self-thinning. 
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Table 6.  Elemental nutrient rate of annual fertilizer application and composition of fertilizer 

utilized. 

Year Fertilizer N P K Ca Mg S 

  .....................................(kg/ha)................................... 

1994 10-10-10 52 22 43 — — <0.9 

1995 12-6-6 + Micros* 41 9 17 — — — 

1996 Urea, TSP, KMagS 56 6 28 2.8 17 40 

1997 Urea, TSP, Mg 90 9 — — 18 11 

1998 Urea, Mg 90 — — — 17 11 

1999 Urea, DAP, B† 95 9 — — — 12 

2000 Ammonium Sulfate 91 10 — 6.4 — 103 

2001 Urea, DAP 90 9 — — — — 

2002 Urea, DAP 90 9 — — — — 

2003 Urea 123 — — — — — 

2004 Urea, TSP, KMagS 86 11 38 — 24 46 

2005 Urea 112 — — — — — 

2006 None — — — — — — 

2007 Urea 123 — — — — — 

Total  1138 94 126 9.2 76 224 

 

* Micros 0.6 B, 2.2 Cu, 5.6 Fe, 5.6 Mn, 2.2 Zn 

† 1.3 B 



76 

Table 7.  Parameters of the maximum size-density lines for provenances, and each family in 

the fertilized ACP treatment.  Provenances share a common slope parameter as the difference 

was not significant at the 0.05 alpha-level. 

Parameter  
LPT 

(prov) 

ACP 

(prov) 

ACP-1 

(family) 

ACP-2 

(family) 

ACP-3 

(family) 

ACP-4 

(family) 

ACP-5 

(family) 

Intercept  3.357 3.328 2.671 3.563 3.327 3.530 3.616 

Slope  -0.632 -0.632 -0.441 -0.708 -0.632 -0.693 -0.728 
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Table 8.  P-values for pairwise differences in parameters of maximum size-density lines 

between families in the fertilized ACP treatment, at the 0.05 alpha-level.  Values above the 

diagonal are for the slope parameter; values below the diagonal are for the intercept 

parameter.  Intercept was assumed to differ when the slopes differed and a ―NA‖ was entered 

in the cell for the intercept parameter to indicate that no test was performed.  

Family  ACP-1 ACP-2 ACP-3 ACP-4 ACP-5 
 

        

ACP-1   <0.01 0.08 0.03 <0.01 

Slope 

parameter 

ACP-2  NA  0.52 0.90 0.86 

ACP-3  0.07 <0.01  0.64 0.44 

ACP-4  NA <0.01 0.21  0.78 

ACP-5  NA <0.01 <0.01 <0.01  
 

  Intercept parameter   
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Table 9.  Plot mean Pearson correlation coefficients between survival and selected traits, by 

treatment-family (within provenance) combinations.  Gray background indicates significance 

at the 0.05 alpha-level.  N=9. 

 
Family Rust age 5 Rust age 14 Ba/tree age 14 Ba/ha age 14 Vol/tree age 14 

Control 

ACP-1 -0.38 -0.13 -0.09 0.34 -0.05 

ACP-2 0.01 -0.13 -0.05 0.07 -0.01 

ACP-3 -0.48 -0.38 0.05 0.39 -0.02 

ACP-4 -0.49 -0.22 -0.12 0.10 0.05 

ACP-5 -0.63+
 

-0.12 0.38 0.58+ 0.43 

LPT-1 -0.07 -0.55 -0.57 -0.33 -0.53 

LPT-2 -0.13 0.33 -0.10 0.20 0.02 

LPT-3 -0.41 0.12 -0.83* -0.69 -0.83* 

LPT-4 -0.03 -0.67+ -0.02 0.18 0.003 

LPT-5 -0.69 0.36 -0.49 -0.29 -0.46 

Fertilized 

ACP-1 -0.19 -0.40 -0.90* 0.46 -0.84* 

ACP-2 -0.73 -0.66+ -0.86* -0.41 -0.78 

ACP-3 -0.13 -0.12 -0.88* 0.12 -0.91* 

ACP-4 -0.76 -0.78 -0.66+ -0.12 -0.61+ 

ACP-5 0.44 -0.13 -0.88* -0.70 -0.87* 

LPT-1 0.06 0.51 -0.76 -0.21 -0.47 

LPT-2 -0.22 0.22 -0.79 -0.44 -0.84* 

LPT-3 0.06 0.20 -0.63+ -0.26 -0.61+ 

LPT-4 -0.28 -0.26 -0.74 0.19 -0.65+ 

LPT-5 0.19 -0.37 -0.82* 0.15 -0.69 

+ significant at the 0.1 level 

* significant at the 0.01 level 
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Figure 13.  Log of quadratic mean diameter over log density, by provenance, showing family 

plot development over time.  Each line represents the growth of one family plot over time. 
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Figure 14.  Log of quadratic mean diameter over log of density, by provenance.  Black-filled 

symbols represent the subsets of 20 observations from each provenance utilized for fitting 

maximum size-density regression lines, with the individually-fit regression lines.  The lower 

range of quadratic mean diameter is not shown. 

 

0.90

0.95

1.00

1.05

1.10

1.15

1.20

1.25

3.30 3.35 3.40 3.45 3.50

L
o

g
 o

f 
q

u
a

d
ra

ti
c

 m
e

a
n

 d
ia

m
e

te
r 

(c
m

) 

Log of N (TPH) 

LPT

ACP

ACP Subset

LPT Subset

ACP maximum

LPT maximum



81 

 

Figure 15.  Log of basal area per unit area over log of density, averaged within nutrition 

treatment-provenance combinations, from ages 4 to 14 years. 
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Figure 16.  Log of individual tree volume over log of density, averaged within nutrition 

treatment-provenance combinations, from ages 4 to 14 years. 
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Figure 17.  Individually-fitted maximum size density lines of the families in the fertilized treatment of the ACP provenance.  Pairwise 

comparisons indicated that the slope and intercept of ACP-1 differed from all other families, except ACP-3 with which it shared a 

common slope and intercept.  Families ACP-3 and ACP-4 shared a common slope and intercept, while all remaining pairs of families 

shared only a common slope with differing intercepts. 
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Figure 18.  Rust incidence by nutrition level and provenance at age 14 years.  Letters indicate 

groupings based on Tukey's multiple comparison test (0.05 alpha-level). 
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Figure 19.  Stability of family rankings for rust incidence across nutrition treatments.  

Families are ordered by rank with respect to rust incidence observed in the control treatment. 
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Figure 20.  Observed mortality rates for fusiform rust infected and non-infected trees, within 

nutrition treatments and provenances. 
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CHAPTER 3.  Effect of Family Block Plantings on Yield in Loblolly Pine 

in the Southeastern United States 

Abstract 

 The effectiveness of genetic improvement efforts in loblolly pine (Pinus taeda L.) in the 

southeastern U.S. is reliant upon several factors.  First, significant differences among 

genotypes must be present at harvest for important traits such as diameter and volume for an 

economic benefit to be realized.  Second, the relative performance of genotypes must be 

similar between the way genotypes are tested for selection purposes and how those genotypes 

are deployed operationally.  Currently, progeny tests are mixed-family plantings where inter-

tree competition is with individuals from different families, but much of the deployment 

operationally is in single-family blocks.  The effectiveness of early, indirect selection is also 

a function of the association between the selection trait and the trait that is ultimately of 

interest at harvest.  Two studies established by MeadWestvaco in Colleton Co., South 

Carolina with first- and second-generation families from the North Carolina State University 

Cooperative Tree Improvement Program were examined to assess whether differences among 

genotypes existed near rotation, and whether family performance changes with the 

deployment method utilized. 

 Significant differences between genotypes planted in single-family blocks were found at 

all ages tested through 23 and 24 years.  Differences in individual-tree characteristics of 

height, diameter and volume were highly significant at ages 6, 12, 17, 23, and 24.  However, 

in both tests differences in the stand-level traits of volume per hectare and basal area per 
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hectare were significant at age 6, but differences lost significance over time.  The loss of 

significance at the stand-level was due to the absence of management to regulate stand 

density. 

 Although the growth response of families depended on whether deployed in mixed- or 

single-family blocks for many of the traits examined, the interaction of family by deployment 

type was not significant for individual-tree volume at age 6.  Family-means phenotypic 

correlations of volume in mixed-family plantings at age 6 to traits in family-block plantings 

ranged from 0.76 to 0.96.  Most non-significant correlations seen were at the more advanced 

ages of 17, 23, and 24 years.  Family rankings were relatively stable at age 6 between mixed- 

and single-family blocks.  Rankings were less stable over time, although the top family in 

each test was always the top family.  These results indicate that improvement in selection at 

age 6 would not be realized by changing progeny tests from mixed-family plantings to 

single-family blocks.  However, proper stand management is needed to maximize the value 

of improved genotypes at harvest. 

Introduction 

 Loblolly pine (Pinus taeda L.) breeding efforts have been underway for over 50 years in 

the southeast U.S. with the objective of this breeding being to increase the value of timber 

grown in plantations.  Higher value may be realized through improvements in several areas, 

but volume has been a primary focus of breeding programs (Sherrill et al. 2008).  Volume 

gains can result from higher individual-tree growth rate yielding larger trees at harvest, or 

trees requiring less growing space due to higher resource use efficiency, yielding more stems 
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for a given tree size at harvest.  Improving stem quality is another means to higher value, 

both by increasing the number of merchantable stems and by shifting stems into higher-value 

product classes than unimproved trees.  Stem quality improvements may also result from 

breeding for reduced incidence of fusiform rust (caused by the fungus Cronartium quercuum 

(Berk) Miyabe ex Shirai f. sp. fusiforme) (Brawner et al. 1999), improved straightness, lower 

branch angles, fewer forks and ramicorn branches, lower live crown ratio, and optimized 

wood density. 

 All the previous factors influencing the final value of a stand may be impacted in some 

way by the deployment of genetically improved planting stock.  With virtually all loblolly 

pine currently planted in the southeast U.S. being genetically improved (McKeand et al. 

2006), a significant portion of plantation forests in the region are affected.  The costs of 

breeding and testing can be justified by a return on investment at harvest, but the magnitude 

of the gain is largely unknown.  More accurate estimates of gain would allow for more 

informed decisions regarding investment in genetic improvement, both for deployment and 

breeding purposes.  However, developing empirical estimates of the expected gain at harvest 

requires long-term tests under operational conditions.  Due to the ongoing nature of breeding 

and testing, by the time estimates from the deployment populations would be available the 

estimates would no longer reflect the material that had been tested (Vergara et al. 2004).  

There is still value in conducting such tests, as they allow testing of the assumptions made 

for breeding purposes.  Assumptions which may be tested include whether the best 

performing families for a given trait at the selection age remain the best performers over time 

for that trait, and whether the performance rankings of families are consistent across different 
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deployment methods.  The former assumption is an age-age correlation question, while the 

latter is a type of genotype by environment interaction problem. 

 Establishing that yield differences due to genetics are maintained through the rotation 

justifies investment in the tree improvement process.  When planting stock is sold on the 

open market, rather than using flat pricing that disregards variation in expected yield among 

families, variable pricing reflective of expected yield may be utilized to help recover that 

investment in breeding.  If purchasing planting stock, a landowner may make determinations 

as to how much additional establishment cost they are willing to carry over the rotation based 

on the expectation of higher return on investment, and whether a different management 

regime is justified by a difference in response to environmental conditions.  Organizations 

producing planting stock for internal use may also better allocate resources to breeding based 

upon the expected return. 

 Numerous studies have looked at the impact genetic improvement has had on yield of 

loblolly pine planted in the region (Dutrow and Row 1976, Williams et al. 1983, Li et al. 

1997, Brawner et al. 1999, Lambeth 2000, Atwood 2002, Sierra-Lucero et al. 2002, Xiang et 

al. 2003, Isik et al. 2005, Adams et al. 2008).  Most of these estimates are based on 

projections from selection age gains in progeny tests, and relate rotation age volume 

increases to early height gain.  Naturally, the reliabilities of these estimates are highly 

dependent on the correlation between early height and harvested volume. 

 Over the course of the selection and breeding effort in loblolly pine, the manner of 

deployment of planting stock has undergone changes.  As seed orchard management 

techniques have been refined, and seed handling with family segregation adopted, the types 



91 

of planting stock available on a mass scale have evolved as well.  Initially, seed orchard 

production consisting of a mixture of open-pollinated (OP) seed from all orchard parents was 

available.  Subsequently, as seed collection was segregated by parent, open-pollinated 

progeny from specified parents was available as planting stock, and OP family-block 

planting started in the mid-1970s (Gladstone 1975).  Following the advent of controlled 

pollination on a mass scale, progeny from specific crosses could be planted in large 

contiguous blocks, leading to a high degree of relatedness among neighbors.  The reduction 

in genetic variation of stands associated with planting half-sib or full-sib stock in blocks 

means that each tree is competing against similar genotypes, and may not have the 

competitive advantage (or disadvantage) it would have in a mixed stand.  The effect of this 

inter-tree competition on stand development and ultimate yield through gain per unit area is 

not well understood.  Very few block-plot trials quantifying stand-level gain have been 

reported, and of those reported, very few families were represented (Brawner et al. 1999, 

Jansson 2007, Adams et al. 2008, Staudhammer et al. 2009).  As genetic variation decreases, 

stand uniformity may increase.  Stem differentiation could be slowed or reduced, or minor 

environmental variation could play a larger role in dominance or suppression of stems. In 

mixed genetic plantings, stem differentiation would have more dependence on the relative 

competitive ability of the genotypes involved. 

 There were several goals of the present study.  The first was to verify that family 

differences in yield are maintained throughout the rotation. We need to enhance 

understanding of performance of improved genotypes in single-family block plantings and 

how it compared to unimproved genotypes, and mixed plantings of improved genotypes. 
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 The second objective of this study was to assess whether possible response differences of 

genotypes to the method of deployment justified reconsidering the manner in which genetic 

material is currently tested for selection purposes.  Additionally, we need to characterize age-

age correlations for growth traits, as well as correlations between early growth traits 

commonly used for selection purposes and target growth traits closer to rotation age.  

Methods 

Test Design 

 Two tests, one composed of primarily first-generation improved loblolly pine families and 

the other of second-generation families, were established by Westvaco (now MeadWestvaco) 

on a single site in Colleton County, South Carolina, in 1984 and 1983, respectively.  The 

tests had similar designs, each with a genetic treatment and a planting arrangement 

(deployment type) treatment, repeated over multiple statistical blocks.  The genetic 

component of the first-generation test was comprised of open-pollinated progeny of seven 

families, six first-generation and one second-generation (family offspring presumed half-

siblings), and one Westvaco proprietary check as a control.  Two deployment types were 

represented, all utilizing the same spacing of 1.83m by 3.35m (1631 trees per hectare).  The 

first deployment type was single-family plantings, with each family plot consisting of a ten-

tree by ten-tree rectangular measurement plot containing one of the seven open-pollinated 

families or the check, with the outer row serving as a buffer (64 measurement trees per plot).  

The second deployment type was a family mixture planting, with a plot size of 100 trees in a 

ten-row by ten-row rectangular plot, containing the seven open-pollinated families in a 
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random mixture, but not including the proprietary check.  The test was comprised of four 

statistical blocks, with each block containing a single-family planting for each of the seven 

families and the check and one 100 tree mixture plot. 

 The second-generation test design differed from the previous test mainly in the 

composition of families, with additional minor differences in plot sizes, number of blocks, 

and spacing.  Open-pollinated progeny of seven second-generation families were planted in 

single-family plots.  The same proprietary check as used in the second-generation test was 

also included.  Each single-family planting was an eight-row by eight-row rectangle, with the 

outer row serving as a buffer, leaving 36 measurement trees per plot.  The family mixture 

plots were comprised of five of the seven open-pollinated families in ten-row by ten-row 

plots.  Insufficient availability of seedlings for several families was the reason progeny from 

two of the open-pollinated families included in the single family plots were not included in 

the random mixture plots.  The proprietary check was excluded from the random mixture 

plots as well.    The test was divided into nine statistical blocks, with each block containing 

one single-family planting of each of the seven open-pollinated families and the check (one 

family was only represented in five of the nine blocks as a result of the seedling shortage 

mentioned above) and one family mixture plot.  Spacing for this test was 1.83m by 3.05m 

(1794 trees per hectare). 

Measurements 

 Measurements were made at ages 2, 3, 4, 6, 8, 12, 17, and 23 years on the first-generation 

test and ages 2, 3, 4, 5, 6, 12, and 24 years on the second-generation test for all living trees.  
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Some plots in the second-generation test were not measured at age 24 due to apparent 

mortality from southern pine beetle (Dendroctonus frontalis Zimmermann).  Measurements 

at age 2 were for height only, and all subsequent measurements for both tests included height, 

diameter at breast height (1.37m), and presence or absence of fusiform rust.  For each single-

family, check, and mixed-family plot at each measurement age, the plot mean height, mean 

diameter, mean individual-tree volume, basal area per hectare, and volume per hectare were 

computed.  Individual tree volumes were calculated using the equation 

20.00748 0.0000353( )V d h    23 

where V  is the individual tree volume in m
3
, d is the diameter at breast height in cm, and h is 

the total height in m (from Shelton et al. 1984).  Basal area per hectare and volume per 

hectare were calculated as the sum of individual tree basal areas and individual tree volumes 

for the plot, respectively, divided by the area occupied by the plot.  Plot sizes for the first-

generation test were 0.3924ha (6.13m
2
/tree x 64 trees) for the single-family and check plots 

and 0.06132ha (6.13m
2
/tree x 100 trees) for the mixed-family plots.  For the second-

generation test, the areas were 0.02007ha for single-family and check plots (5.57m
2
/tree x 36 

trees) and 0.03567ha for mixed-family plots (5.57m
2
/tree x 64 trees). 

Family differences 

 One objective of the study was to determine the effect of genetics on yield when improved 

loblolly pine families were planted in single-family blocks.  Separate analyses of variance 

were conducted at the ages of 6, 12, 17, and 23 years for the first generation test, and 6, 12, 

and 24 years for the second generation test.  For this portion of the study, mixed-family plots 
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were treated as an additional single-family plots (equivalent to deploying a mixture of 

improved open-pollinated families), as was the check (equivalent to deploying unimproved 

genetic material).  The following model was fit to test the family differences: 

1,  2,..., 4,  1, 2,...,9 (first generation test)

1,  2,..., 9,  1, 2,...,9 (second generation test)

ijk i j ijky B F e

i j

i j

   

 

 

 24 

where yijk is the k
th

 observation in the j
th

 family plot of the i
th

 block, µ is the overall mean, Bi 

is the fixed effect of the i
th

 block, Fj is the fixed effect of the j
th

 family, and eijk is the random 

residual with ~iid (0, 2 ).  The GLM procedure of SAS/STAT
®
 software (SAS Institute Inc. 

2000-2004) was utilized for model evaluation.  Due to the loss of some family plots to 

southern pine beetle in the second-generation test between the ages of 17 and 23 years, a 

completely randomized design was assumed for the ANOVA at age 23 of the second-

generation trial by removing the block term in Equation 24.  Individual-tree observations 

were used for the individual-tree size characteristics of height, diameter, and volume; 

ANOVA on stand-level traits of volume per hectare and basal area per hectare used family-

plot level estimates for the response variables.  All F-tests were evaluated at an alpha-level of 

0.05. 

Family interactions with deployment method 

 A second issue of interest was whether the yield of families differed when deployed in a 

single-family block versus deployment in mixed plantings with other families.  An additional 

ANOVA was conducted on each test with the following model: 
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1,  2,..., 4,  1, 2,...,7,  1,  2 (first generation test)

1,  2,..., 9,  1, 2,...,5,  1,  2 (second generation test)

ijkl i j k jk ijkly B F D FD e

i j k

i j k

     

  

  

 25 

where yijkl is the l
th

 observation in the k
th

 deployment type in the j
th

 family plot of the i
th

 block, 

µ is the overall mean, Bi is the fixed effect of the i
th

 block, Fj is the fixed effect of the j
th

 

family, Dk is the k
th

 deployment type (mixed-family or single-family block), FDjk is the 

interaction of the j
th

 family with the k
th

 deployment type, and eijkl is the random residual with 

expectations ~iid (0, 2 ).  Least-squares means were produced for each family-deployment 

type combination for comparisons of rank. 

Family-mean phenotypic correlations 

 Correlations within traits over time (age-age or juvenile-mature correlations), and also 

between specific traits within and across ages, are important to breeding programs (Huhn and 

Kleinschmit 1993).  The effectiveness of early selection for a trait of interest, such as 

rotation-age volume by selection on volume in juvenile trees, is a function of the correlation 

between the juvenile volume and the mature volume (Lambeth et al. 1983, Huhn and 

Kleinschmit 1993).  Phenotypic age-age and between trait Pearson product-moment 

correlations were computed on family means within and across deployment types.  These 

correlations were of interest from a breeding and selection perspective as they provide an 

indication of whether the indirect selection methods used to choose families are indeed 

associated with the trait(s) of interest (e.g. if there is a reasonably strong positive correlation 

between height at age 6 of a family when planted in mixed plots and volume per hectare in 

single-family plots at age 24, and if selecting for gain in height at age 6 in progeny tests, 
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which are family mixtures, should indirectly select for stand volume closer to harvest age in 

operational, single-family stands) (Falconer and Mackay 1996). 

Results 

Family differences 

 In the first-generation block plantings, the effect of family on individual-tree height, 

diameter, and volume was significant at all ages tested, with a p-value frequently less than 

0.01 (Table 10).  In contrast to the individual-tree characteristics, the effect of family on the 

stand-level measures of volume per hectare and basal area per hectare diminished over time.   

Significant family differences in basal area per hectare, present at age 6 years, were lost by 

age 12 and were not observed again at later ages; significant differences in volume per 

hectare ceased existence between the ages of 12 and 17 and did not return (Table 10). 

 The effects of family on tree size and yield of the second-generation family block 

plantings were very similar to those observed in the first-generation trial.  Individual-tree 

height, diameter, and volume varied significantly among families at all ages tested (Table 11).  

Likewise, by age 24 the effect of family on stand basal area and stand volume was no longer 

significant (Table 11).  See Appendix D for summary statistics for growth characteristics by 

family at different ages, and for family gain over the check. 

 The effect of deployment type on family differences was inconsistent.  The family by 

deployment type interaction for height was significant at the 0.05 alpha-level at age six in 

both the first- and second-generation trials (p-values of <0.01, but at later ages the two tests 

gave conflicting results (Table 12, Table 13).  For diameter at breast height, the interaction 



98 

term was significant in the first-generation test (p-value <0.01, Table 12) but not significant 

in the second-generation test (p-value = 0.06, Table 13).  Results for individual-tree volume 

were more consistent between the tests, with the interaction not significant in either test at 

age 6 with p-values of 0.18 and 0.12 in the first- and second-generation trials, respectively.  

In addition, the main effects of family and deployment type were significant in both trials at 

age 6 (Table 12, Table 13).  As the lack of significance in the family by deployment type 

interaction would indicate, family rankings for volume were relatively consistent between the 

mixed- and single-family deployments at age 6 (Figure 21, Figure 22).  The family mean 

correlations between individual-tree volumes in the mixed-family deployment type and 

individual-tree volumes in the single-family block plantings were 0.95 and 0.88. 

 In general, the family-mean correlations between single traits at different ages and 

between differing traits were quite high and always positive for the characteristics examined, 

but the uncertainty in the correlation estimates was relatively high given some of the 

correlation coefficients that were not significantly different from zero (as high as p-value = . 

0.79) (Table 14, Table 15).  The correlation coefficients shown to be not significantly 

different from zero typically involved correlations with growth characteristics at the later 

ages of 17, 23, and 24 years (Table 14, Table 15).   

 The rank of families with regard to individual-tree volume tended to change some over 

time, and the early ranks for individual-tree volume were not particularly good indicators of 

stand-level yields at ages 17 and 23 in the first-generation test (Figure 21).  Rankings were 

much more consistent for volume in the second-generation test, with only a minor, consistent 

difference between family performance at age 6 in the mixed plantings and ages 6 and 12 in 
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the single-family block plantings (Figure 22).  It is worth noting that in each of the trials, the 

very best family for individual-tree volume was always the best family for both individual-

tree and stand-level volumes at the ages tested.   

 An indication of how family growth might be affected by deployment type may be seen in 

the age 17 responses in individual-tree volume of first-generation families to deployment 

types (Figure 23).  Although the rankings are quite consistent across the mixed- and single-

family plantings, the families exhibit a much wider range in the mixed-family deployment 

type, indicating that higher-performing families may do even better in mixed-family 

plantings at the expense of the lower-performing families. 

Discussion 

 One of the primary concerns of tree breeding programs is that the genetic improvements 

seen at early ages in progeny tests must be expressed phenotypically at harvest.  Early gains 

in growth rate are of little practical value if there is no economic benefit to be reaped later.  

These studies offer several positive results regarding the ultimate value of tree improvement, 

and affirm that the techniques currently used for selection and testing of breeding and 

deployment populations are effective. 

 When the option is available, the most basic measure of whether tree breeding has value is 

simply to test for phenotypic differences at a harvest or rotation age.  In the absence of 

rotation-age tests to evaluate for differences, our confidence in estimates of genetic effects 

should increase the closer to rotation age we are able to test.  If no differences can be 

detected, one of two possibilities exists.  The first is that differences due to genetics are 
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simply not maintained throughout the rotation to be captured at harvest.  The second 

possibility is that environmental noise of a magnitude sufficient to mask differences due to 

genetic factors is present.  In these trials, strong evidence that differences should be carried 

through to harvest was observed.  In both trials, differences in phenotypes of individual tree 

size among families were highly significant at all ages tested (Table 10, Table 11).  While 

this is important, it is only one of several components that affect the final value of a stand of 

timber.  Another factor that plays a key role is aggregate total yield and the intensity of 

stocking, as may typically be quantified through measures such as volume per hectare or 

basal area per hectare.  In this study, both trials were unable to detect family differences at 

the stand level past the age of 12 years.  In light of the very strong evidence for individual-

tree differences, we conclude that for the highly significant differences at the individual tree 

level to disappear, a great deal of environmental noise must be present, although the 

differences in testing at the individual-tree and stand levels is complicated by the differences 

in sample size due to averaging over plots for stand-level traits. 

 For selecting improved genotypes for traits not easily or practically measured, indirect 

selection may be utilized.  In the case of rotation-age yield, it would be costly to establish, 

maintain, and measure tests capable of yielding information to directly select for 

characteristics such as individual-tree volume at harvest.  In addition to the actual monetary 

expenses associated with such tests, that method of testing would also have a very high 

opportunity cost since it would result in very long breeding cycles, and hence very low gain 

per unit time, as testing one set of selections might take as long as 25 or 30 years (Atwood et 

al. 2002, Weng et al. 2007).  The possible improvements in selection would be far 
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outweighed by the lost opportunity to make many more valuable crosses over that same 

period of time.  To maximize the gain per unit time, indirect selection is used where selection 

of genotypes is based on trait(s) that can be measured more quickly after establishment that 

are associated with the trait of true interest and value (McKeand 1988, Wu 1999, Lambeth 

and Dill, 2001).  The effectiveness of indirect selection is dependent in part upon the strength 

of the association between the selection trait and the desired trait (Foster 1986, Wu 1999). 

 In the case of loblolly pine breeding programs in the southeast United States, we are 

interested in increasing individual-tree volume as well as maximizing stand yields.  To 

shorten the testing time, we make selections at around age 6 from progeny test estimates of 

individual-tree size.  The effectiveness of the indirect selection here is controlled by several 

factors.  First is the strength of the relationship between volume at age 6 and volume at age 

25 or 30 years.  A second factor is the effect of the difference between test conditions, where 

families are usually planted in stands of mixed genotypes, and operational conditions, where 

families are often deployed in large single-family blocks.  If families responded differently to 

competition from neighbors of differing genotypes than those of a similar genotype (Xie and 

Yanchuk 2003), it could be necessary to test progeny under conditions more like those 

encountered in operational plantations (Foster 1992), making the tests more expensive to 

establish and maintain (Vergara et al. 2004).  Evidence that these differing responses to 

competition could exist as has been predicted (Xie and Yanchuk 2003) was observed in the 

second generation test, where, although rankings did not vary much between deployment 

type, the mixed-family plantings showed greater variability of response, with the best 

genotypes being over-estimated, and the poorest genotypes being underestimated.  From a 
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strictly selection perspective, this is of little concern as the rankings, and hence the associated 

selections, would not change (Figure 23).  In addition, if we wish to maintain the same 

selections ages, this study indicates there would be no benefit from using a different test 

design with the same test period.  At age six, the interactions between genotype and 

deployment type are not significant.  Although we might observe slight changes in the 

magnitude of volume response, the response of a genotype would not be dependent upon 

whether it was grown in a mixed- or single-family stand, and relative performance rankings 

of families should not change.  Accounting for differences in response observed later in 

rotation due to the deployment type used would require lengthening the testing cycle, almost 

certainly offsetting the improvements in selection.  Further evidence that the current selection 

strategy is sufficient is seen in the rankings of family volumes across deployment types and 

over a wide range of ages.  In both trials, and across all conditions and ages, the top family 

performer for a given set of conditions within a test was always the best performer under any 

other conditions.  Although these tests include a very limited selection of families, 

performance at the top of the range is of the greatest interest, and would be analogous to 

using a high selection intensity.  

 The loss of significant differences in stand yield over time observed in both trials 

underscores the importance of proper management of superior genetic material.  The 

magnitudes of growth differences we expect and observe due to genetic improvement are 

generally much smaller than the impact of good (or poor) silvicultural practices (Carson et al. 

1999).  If improved genotypes exhibit higher growth rates because they are simply able to 

more effectively acquire available site resources, as opposed to more efficient use of site 
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resources, the stand-level gains from genetics will diminish as the site limiting resource is 

fully utilized and inter-tree competition causes growth to slow and competition-induced 

mortality to occur, allowing survival to play a greater role in yield than genetics (Adams et al. 

2008).  Maximizing yield will require exercising control over stand density (Sprinz 1987, 

Magnussen 1995) to prevent the slowing of growth from competition and selectively 

concentrating growth accumulation on the most valuable stems.  Similar trends in the 

absence of density management were observed at the SETRES-2 study site in North Carolina, 

where competition rapidly reduced stand-level yields of families with superior individual 

growth to levels below that of slower-growing families. 

 High phenotypic and genetic correlations have been seen previously in loblolly pine 

(Lambeth et al. 1983, Foster 1986, Gwaze et al. 1997, Lambeth and Dill 2001).  The family-

mean correlations among growth traits were generally quite strong in both trials, with the 

correlations between volume at age 6 in mixed-family plantings and other traits in single-

family blocks ranging from 0.76 to 0.96 when indicated as significantly different from zero.  

However, they are of relatively limited reliability since the number of families included in 

the trials is very low.  The lack of management as competitive pressure developed in the 

trials is also a likely primary reason for the increasing lack of significant correlations over 

time, as the environmental noise from relatively random mortality masked any effects of 

genetics.  Care must also be exercised in applying the results of this study given the relatively 

long spans of time where tree and stand growth is not known (e.g. in the second-generation 

test, the 18 year period between ages 6 and 24 is represented by one point in time—age 12). 
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Implications 

 The results of this study indicate that not only is the current method of progeny testing 

with mixed-family plantings reasonable for selection of rotation-age volume, but attempting 

to improve testing by utilizing single-family plantings for genetic evaluation would not be 

useful, since no differences in family response to the different deployment types  were 

observed for individual-tree volume at age six.  Additional testing inclusive of more families, 

including full-sib families, would be useful to provide more robust evidence for the 

correspondence of family performance from progeny testing to family-block deployment. 

 This study also provided a good example of the importance of proper management to 

effectively utilize improved genetic planting stock.  In the absence of management, stands 

will eventually fully occupy the site, and growth will be limited by resource availability.  

With proper management, higher individual-tree growth rates may be maintained by 

preventing the more rapid decline in tree growth from heavy competitive pressure for 

resources.  This would make the limiting growth factor the genotype’s potential rather than 

resource availability by reducing the number of competitors for resources.  Greater economic 

value would be realized through concentrating growth on better-quality trees usable for 

higher-value products.  Even with a lack of management beyond mid-rotation, this study 

showed significant differences from genetics at the individual-tree level. 
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Table 10.  F-test p-values for effects of family on individual-tree and stand-level size 

characteristics in block plantings at selected ages for first-generation families.  Sample size 

indicated in parentheses. 

Age Height Diameter Volume Volume/ha BA/ha 

6 <0.01(2263) <0.01(2263) <0.01(2263) <0.01(36) <0.01(36) 

12  <0.01(2164) 0.03(2164) <0.01(2164) 0.03(36) 0.05(36) 

17 <0.01(1944) <0.01(1944) <0.01(1944) 0.21(36) 0.33(36) 

23 <0.01(1697) 0.03(1697) 0.01(1697) 0.55(36) 0.46(36) 
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Table 11.  F-test p-values for effects of family on individual-tree and stand-level size 

characteristics in block plantings at selected ages for second-generation families.  Test was 

treated as a completely randomized design at age 24 due to missing plots.  Sample size 

indicated in parentheses. 

Age Height Diameter Volume Volume/ha BA/ha 

6 <0.01(2847) <0.01(2847) <0.01(2847) <0.01(76) 0.10(76) 

12  <0.01(2724) <0.01(2724) <0.01(2724) <0.01(76) <0.01(76) 

24 0.02(1628) <0.01(1625) <0.01(1625) 0.07(63) 0.07(63) 
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Table 12.  F-test p-values for effects of family and deployment types on individual-tree size characteristics at selected ages for first-

generation families. 

Source 
Height 

(age 6) 

Diameter 

( age 6) 

Volume 

(age 6) 

Height 

(age 17) 

Diameter 

(age 17) 

Volume 

(age 17) 

Height 

(age 23) 

Diameter 

(age 23) 

Volume 

(age 23) 

Family <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Deployment  <0.01 0.05 0.01 0.30 0.02 0.06 0.03 0.36 0.87 

Family x 

deployment 
<0.01 0.01 0.18 0.15 <0.01 <0.01 0.02 <0.01 0.02 
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Table 13.  F-test p-values for effects of family and deployment types on individual-tree size characteristics at selected ages for second-

generation families.  Test was treated as a completely randomized design at age 24 due to missing plots. 

Source 
Height 

(age 6) 

Diameter 

( age 6) 

Volume 

(age 6) 

Height 

(age 12) 

Diameter 

(age 12) 

Volume 

(age 12) 

Height 

(age 24) 

Diameter 

(age 24) 

Volume 

(age 24) 

Family <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.17 <0.01 <0.01 

Deployment  0.04 0.03 0.01 0.53 0.40 0.25 0.91 0.17 0.12 

Family x 

deployment 
0.03 0.06 0.12 0.01 <0.01 <0.01 0.07 0.06 0.03 

 

 

 

 

 

 

 

 

 



113 

Table 14.  Pearson product-moment correlation coefficients for family means of the second-generation test.  Gray shading indicates 

coefficient significantly different from zero at the 0.1 alpha-level.  N=5 for correlations with at least one trait from the mixture 

deployment type, and N=8 for correlations with both traits from the block deployment type. 

 
Vol 6 

mixture 

Ht 6 

blocks 

Vol 6 

blocks 

Vol/ha 6 

blocks 

Ht 12 

blocks 

Vol 12 

blocks 

Vol/ha 12 

blocks 

Ht 24 

blocks 

Vol 24 

blocks 

Vol/ha 24 

blocks 

Ht 6 mixture 0.93* 0.96* 0.99** 0.96** 0.95* 0.98** 0.97** 0.23 0.89* 0.79 

Vol 6 mixture 1 0.88* 0.95* 0.96** 0.79 0.97** 0.94* 0.39 0.95* 0.72 

Ht 6 blocks  1 0.96** 0.93** 0.98** 0.93** 0.90** 0.81* 0.62 0.90** 

Vol 6 blocks   1 0.98** 0.95** 0.99** 0.94** 0.72* 0.76* 0.88** 

Vol/ha 6 blocks    1 0.92** 0.98** 0.98** 0.77* 0.78* 0.91** 

Ht 12 blocks     1 0.90** 0.90** 0.78* 0.55 0.92** 

Vol 12 blocks      1 0.95** 0.70 0.82* 0.85** 

Vol/ha 12 blocks       1 0.73* 0.78* 0.92** 

Ht 24 blocks        1 0.41 0.75* 

Vol 24 blocks         1 0.63 

*significant at 0.05 alpha-level; **significant at 0.01 alpha-level 
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Table 15.  Pearson product-moment correlation coefficients for family means of the first-generation test.  Gray shading indicates 

coefficient significantly different from zero at the 0.1 alpha-level.  N=7 for correlations with at least one trait from the mixture 

deployment type, and N=8 for correlations with both traits from the block deployment type. 

 
Vol 6 

mixture 

Ht 6 

blocks 

Vol 6 

blocks 

Vol/ha 6 

blocks 

Ht 12 

blocks 

Vol 12 

blocks 

Vol/ha 12 

blocks 

Ht 17 

blocks 

Vol 17 

blocks 

Vol/ha 17 

blocks 

Ht 23 

blocks 

Vol 23 

blocks 

Vol/ha 23 

blocks 

Ht 6 mixture 
0.90** 0.91** 0.78* 0.60 0.94** 0.95** 0.66 0.82* 0.91** 0.48 0.41 0.71 0.38 

Vol 6 mixture 
1 0.94** 0.88** 0.76* 0.89** 0.91** 0.71 0.76* 0.86* 0.38 0.43 0.87* 0.10 

Ht 6 blocks 
 1 0.95** 0.88** 0.97** 0.95** 0.83* 0.91** 0.83* 0.53 0.70 0.85** 0.27 

Vol 6 blocks 
  1 0.97** 0.86** 0.87** 0.89** 0.78* 0.66 0.52 0.64 0.75* 0.18 

Vol/ha 6 blocks 
   1 0.77* 0.76* 0.88** 0.73* 0.52 0.49 0.71 0.72* 0.07 

Ht 12 blocks 
    1 0.95** 0.77* 0.96** 0.86** 0.61 0.73* 0.79* 0.42 

Vol 12 blocks 
     1 0.83* 0.90** 0.92** 0.65 0.62 0.83* 0.43 

Vol/ha 12 blocks 
      1 0.76* 0.58 0.82* 0.73* 0.65 0.46 

Ht 17 blocks 
       1 0.83* 0.67 0.85** 0.79* 0.45 

Vol 17 blocks 
        1 0.44 0.46 0.86** 0.29 

Vol/ha 17 blocks 
         1 0.72* 0.37 0.82* 

Ht 23 blocks 
          1 0.60 0.46 

Vol 23 blocks 
           1 0.05 

*significant at 0.05 alpha-level; **significant at 0.01 alpha-level 
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Figure 21.  First-generation open-pollinated family rankings for individual-tree volume (note two groups at far right are stand-level 

volumes) in mixed and single-family block deployment types.  Order is based upon rank at age six in mixed-family planting, similar to 

progeny testing.  Value of family response at each age is displayed above each bar. 
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Figure 22.  Second-generation open-pollinated family rankings for individual-tree volume (note group at far right is stand-level 

volume) in mixed and single-family block deployment types.  Order is based upon rank at age six in mixed-family planting, similar to 

progeny testing.  Value of family response at each age is displayed above each bar. 

53 55 

183 

449 

551 

56 54 

179 

447 

564 

58 55 

188 

462 

520 

62 59 

207 

532 

584 

66 63 

222 

532 

601 

0

100

200

300

400

500

600

700

Age 6, mixed Age 6, block Age 12, block Age 24, block  Age 24, vol/ha
(cubic m/ha)

V
o

lu
m

e 
(d

m
3
) 

Family 2-4

Family 2-2

Family 2-3

Family 2-1

Family 2-5



117 

 

Figure 23.  First-generation family rankings at age 17 years, by deployment type.  Family 

order is based upon rank at age 17 in the mixed-family plantings.  Note the greater variation 

in family performance in the mixed-family deployment, indicating mixed-family plantings 

may exaggerate family differences in comparison to single-family plantings. 
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APPENDICES 
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APPENDIX A 

Repeated Measures ANOVA Model 

Multiple measurements of the same experimental unit at different times are correlated, 

violating the assumption of independence among observations made for univariate analysis 

of variance.  This applies when the experimental unit is a plot measure as well as individual 

tree measures (Moser et al. 1990).  Repeated measures analysis of variance is one method of 

accounting for this correlated data structure.  The GLM procedure of SAS/STAT
®
 software 

was used to accomplish these analyses, utilizing the multivariate approach to repeated 

measures analysis with an unstructured covariance structure (SAS Institute Inc. 2000-2004).  

Due to the split-split-plot experimental design, MANOVA statements in the GLM procedure 

were required to produce F-statistics with proper error terms.  When analyzing mean height, 

measurements from ages 0 through 2 were dropped, as the number of repeated measures 

(measurement ages) must be less than the number of blocks (Meredith and Stehman 1991) in 

order to test the nutrition effect. 

 The repeated measures analysis of variance was conducted on the family plot means and 

stand-level measures with the model 

( ) ( ) ( ) ( )

( ) ( ) ( )

( ) ( )

( ) ( )

1,  2,..., 9,  1, 2,  1, 2,  1,  2,..., 5 

1, 2,..., 8 if 

ijlm k i j ij k jk ijk l k jl k ijl k

im jm ijm km jkm ijkm

lm k jlm k ijlm k

y B T BT P TP BTP F P TF P e

AB AT ABT AP ATP ABTP

AF P ATF P

i j k l

m y





         

     

  

   

  height otherwise 1, 2,..., 7m 

 26 

where yijlm(k) is the plot mean of the l
th

 family nested in the k
th

 provenance from the j
th

 

treatment from the i
th

 block at the m
th

 time, µ is the overall mean, Bi is the fixed effect of the 
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i
th

 block, Tj is the fixed effect of the j
th

 nutrition treatment, BTij is the fixed interaction effect 

of the i
th

 block with the j
th

 nutrition treatment, Pk is the fixed effect of the k
th

 provenance, TPjk 

is the fixed interaction effect of the j
th

 nutrition treatment with the k
th

 provenance, BTPijk is 

the fixed interaction effect of the i
th

 block with the j
th

 nutrition treatment with the k
th

 

provenance, F(P)l(k) is the fixed effect of the l
th

 family nested in the k
th

 provenance, TF(P)jl(k) 

is the fixed interaction effect of the j
th

 nutrition treatment with the l
th

 family (nested in the k
th

 

provenance), eijl(k) is the random between-plot residual, ABi is the fixed interaction effect of 

the m
th

 time with the i
th

 block, ATj is the fixed interaction effect of the m
th

 time with the j
th

 

nutrition treatment, ABTij is the fixed interaction effect of the m
th

 time with the i
th

 block with 

the j
th

 nutrition treatment, APk is the fixed interaction effect of the m
th

 time with the k
th

 

provenance, ATPjk is the fixed interaction effect of the m
th

 time with the j
th

 nutrition treatment 

with the k
th

 provenance, ABTPijk is the fixed interaction effect of the m
th

 time with the i
th

 

block with the j
th

 nutrition treatment with the k
th

 provenance, AFl(k) is the fixed interaction 

effect of the m
th

 time with the l
th

 family nested in the k
th

 provenance, ATF(P)jl(k) is the fixed 

interaction effect of the m
th

 time with the j
th

 nutrition treatment with the l
th

 family (nested in 

the k
th

 provenance), and δijl(k) is the random within-plot residual.  Tests for significance of 

effects were conducted at an alpha-level of 0.05. 

Although a repeated measures analysis is valuable for testing effects over time, and 

utilizes the most information, it does not give an indication of when particular effects become 

significant.  In order to test for the time intervals during which specific effects became 

significant, univariate analyses of variance were conducted with the response variable as the 

difference between the growth trait within family plots at time m and time m-1.  To reduce 
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the occurrence of type I errors, results were examined in a protected manner, where only 

effects indicated as having a significant effect on the growth trait by the repeated measures 

analysis were interpreted.  The model used for these analyses was  

 
( ) ( ) ( ) ( )( ) ( )

1,  2,..., 9;  1, 2; 1, 2; 1,  2,..., 5

ijl k i j ij k jk ijk l k jl k ijl ky B T BT P TP BTP F P TF P e

i j k l

         

   
 27 

where yijl(k) is the plot mean of the l
th

 family nested in the k
th

 provenance from the j
th

 

treatment from the i
th

 block, µ is the overall mean, Bi is the fixed effect of the i
th

 block, Tj is 

the fixed effect of the jth nutrition treatment, BTij is the fixed interaction effect of the i
th

 block 

with the j
th

 nutrition treatment, Pk is the fixed effect of the k
th

 provenance, TPjk is the fixed 

interaction effect of the j
th

 nutrition treatment with the k
th

 provenance, BTPijk is the fixed 

interaction effect of the i
th

 block with the j
th

 nutrition treatment with the k
th

 provenance, 

F(P)l(k) is the fixed effect of the l
th

 family nested in the k
th

 provenance, TF(P)jl(k) is the fixed 

interaction effect of the j
th

 nutrition treatment with the l
th

 family (nested in the k
th

 

provenance), and eijl(k) is the random residual.  The F-test for the nutrition effect utilized the 

sum of squares (SS) for the block by nutrition treatment interaction as the error term, the F-

tests for provenance and nutrition by provenance interaction effects used the block by 

nutrition treatment by provenance interaction SS as the error term, and the F-tests for the 

family and nutrition treatment by family interaction effects were conducted with the SS error 

as the error term.  Additional univariate analyses of variance were carried out with the same 

dependent variables as for the repeated measures analyses for the sole purpose of producing 

Tukey's multiple comparison test groupings of least squares means for nutrition treatment 

and provenance combinations. 
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Results 

Height 

Repeated measures analysis of variance indicated the effect of age on mean height was 

highly significant (Table 16).  This is expected for a trait characterizing growth; mean height 

normally changes as growth occurs.  The age effect was significant for the other growth traits 

as well (dbh, basal area, basal area per hectare, and volume per hectare), and warrants no 

further examination.  Height also significantly differed by nutrition treatment, with mean 

height 65 percent greater in the fertilized treatment than in the control treatment at age 14 

years.  Over the period from age 3 to 14 years, the growth between measurement intervals for 

the nutrition treatments always significantly differed (Table 17).  The effect of nutrition on 

height also changed significantly over time, as indicated by the significant age by nutrition 

interaction (Table 16).  The effect of provenance was significant, with the mean height of the 

ACP provenance always greater than the LPT provenance (Figure 3), and the age by 

provenance interaction showed the effect of provenance on height changed significantly over 

time.  The rate of height growth differed by provenance over all measurement intervals 

except from ages 8 to 10 and 10 to 12 years (Table 17).  The effect of provenance within 

nutrition treatment changed over time.  Tukey groupings for nutrition treatment-provenance 

combination means were all different at all ages tested.  The family effect was highly 

significant and changed over time.  The height growth between measurement intervals 

associated with family was significant from ages 3 to 10 years; after age 10 years the change 

was not significant (Table 17). 
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 Diameter 

 The nutrition treatment effect was significant for dbh (Table 16).  Mean dbh of the 

fertilized plots was 48 percent greater than mean dbh of the control plots at age 14 years.  

The change in growth by nutrition treatment differed between each measurement interval 

from ages 4 to 14 years (Table 18).  Just as with mean height, the effect of nutrition over time 

on mean dbh changed significantly.  The provenance effect was also significant, and the 

effect of provenance changed over time, but the change in growth associated with 

provenance was only significant in the interval from age 12 to 14 years (Table 16, Table 18).  

The effect of provenance with nutrition treatment changed over time, with a consistently 

higher mean dbh for the ACP in the control plots, while the difference between provenances 

gradually declined in the fertilized plots (Figure 4).  The family effect was also significant, 

and changed over time, with significant differences in the growth rate over each 

measurement interval with the exception of ages 5 to 6 years (Table 18).  Unlike for mean 

height, the effect of family differed significantly by nutrition treatment, and was not 

consistent over time, with the growth change associated with family differing by nutrition 

treatment only over the interval of ages 5 to 6 years (Table 16, Table 18). 

 Volume 

 Volume varied significantly by nutrition treatment (Table 16).  The differences between 

the nutrition treatments increased over time.  The interval from ages 8 to 10 years was the 

only measurement period that the change in growth associated with provenance was not 

significant (Table 19).  The provenance effect was also significant, with the ACP provenance 

always having greater mean volume, and an increasing difference between the provenances 
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over time (Figure 3).  The effect of provenance within nutrition treatments also changed 

significantly over time.  The Tukey groupings indicate the only significant difference 

between provenance means in the control plots occurs at age 14 years, while the provenance 

means in the fertilized plots are significantly different at every age measured except 10 years.  

Family effects on mean volume were significant, and also varied by time.  The change in 

growth associated with family was significant for each measurement interval except from 

ages 10 to 12 years (Table 19).   

 Basal area 

 The significance of effects for mean basal area was very similar to that of mean dbh, since 

the basal area of an individual tree is a function of dbh.  The only difference in significance 

at the 0.05 level was that there were no measurement intervals where the change in mean 

basal area associated with the nutrition treatment by family interaction was significant, and 

the significant difference between provenance means in the fertilized treatment persisted one 

year longer, through age 6 (Table 20, Table 18). 

Stand-level growth 

 Basal area per hectare 

 As expected, the effect of nutrition was significant (Table 16).  The effect changed over 

time, with the fertilized plots increasing more rapidly than the control plots.  The notable 

difference in the analysis of growth rates over measurement intervals between basal area per 

hectare and the individual tree measures was the lack of significance between the nutrition 

treatments from ages 10 to 12 years.  This occurred because the rate of increase within the 

fertilized plots slowed over time, and the rate over the interval from ages 10 to 12 was the 
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same as the rate in the control plots.  The provenance effect was also significant and changed 

over time.  The only instances of a significant provenance effect for change in growth of 

basal area per hectare were the intervals from ages 10 to 12 and 12 to 14 years (Table 21).  In 

contrast to the individual tree traits, the nutrition treatment by provenance interaction, a GxE 

interaction, was significant.  The intervals that this interaction was significant over were ages 

6 to 8, 8 to 10, and 10 to 12 years (Table 21).  The response of provenance is consistent in the 

control plots, with the ACP provenance always having greater basal area per hectare, 

significant at all ages except 12 years.  In the fertilized plots, the ACP provenance began as 

significantly higher than the LPT provenance, and then gradually became no different than 

the LPT provenance for the next three measurement intervals.  Then, from ages 10 to 14 

years, the LPT provenance had significantly greater basal area per hectare in the fertilized 

plots (Figure 5, Table 21).  The family effect was again significant and changed over time. 

 Volume per hectare 

 The effect of nutrition treatment on mean volume per hectare was highly significant 

(Table 16).  The fertilized plots contained 152% more volume per hectare than the control 

plots at age 14 years. The nutrition effect also changed over time, with the difference 

between the treatments steadily increasing over time, and the change in growth between 

measurement intervals associated with fertilization was always significant (Table 22).  The 

provenance effect was significant and also changed over time, but the effect of provenance 

on growth rate was only significant from ages 4 to 5 and 5 to 6 years (Table 22).  As with 

basal area per hectare, the interaction effect of nutrition treatment and provenance was 

significant, and the effect of provenance within nutrition treatments was not constant over 
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time.   The rank of the provenances was consistent over time in the control treatment, with 

the ACP provenance always having greater volume per hectare, although the difference 

between means was only significant at age 14 years (Figure 8).  In the fertilized treatment, 

the provenance ranks change over time, from the ACP provenance initially greater to the 

LPT provenance greater later.  The only time the means differed significantly between 

provenances in the fertilized treatment was at the three measurement intervals prior to the 

provenance rank change:  ages 5, 6, and 8 years.  The growth rate between measurement 

intervals associated with the GxE interaction was only significant for the interval from ages 8 

to 10 years, the time at which the provenance ranks switched in the fertilized plots (Table 22).  

The family effect was significant, and the effect of family differed over time, with the 

variation in growth rate associated with family significant for the measurement intervals from 

ages 4 to 10 years (Table 16, Table 22).  The effect of family within nutrition treatment was 

also significant over time.   
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Table 16.  Significance levels from repeated measures analysis of variance of growth traits, 

based on F-statistic from Wilk's Lambda.  

Growth trait Height Dbh Volume Basal area Ba/ha Vol/ha 

Source ………….…..……….…..(p-value)………..…………………. 

Fert 0.0167 0.0232 0.0033 0.0268 0.0115 0.0060 

Provenance <0.0001 0.0234 0.0007 0.0173 0.0112 0.0450 

Fert x prov 0.0525 0.5157 0.0680 0.2538 0.0190 0.0214 

Family(prov) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Fert x family(prov) 0.0855 0.0086 0.0828 0.0095 0.3638 0.0633 

Age <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Age x fert <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Age x prov <0.0001 0.0023 <0.0001 <0.0001 <0.0001 <0.0001 

Age x fert x prov <0.0001 0.0001 <0.0001 0.0265 <0.0001 <0.0001 

Age x family(prov) <0.0001 0.0002 <0.0001 <0.0001 <0.0001 <0.0001 

Age x fert x family(prov) 0.1542 0.0047 0.0504 0.0203 0.4587 0.0479 
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Table 17.  Significance levels over measurement intervals for factors indicated as significant 

by repeated measures analysis of variance of mean height. 

Age 3-4 4-5 5-6 6-8 8-10 10-12 12-14 

Source ………..…..…….…..…….…..(p-value)……..…...…..…..……………. 

Fert <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0029 0.0003 

Provenance <0.0001 0.0001 0.0017 0.0271 0.8964 0.0611 0.0144 

Family(prov) <0.0001 <0.0001 <0.0001 <0.0001 0.0002 0.6525 0.0743 
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Table 18.  Significance levels over measurement intervals for factors indicated as significant 

by repeated measures analysis of variance of mean diameter. 

Age 4-5 5-6 6-8 8-10 10-12 12-14 

Source ………….…..……….…..(p-value)………..…………………. 

Fert <0.0001 <0.0001 0.0001 0.0138 0.0082 0.0463 

Provenance 0.8550 0.5879 0.5919 0.1007 0.3812 0.0090 

Family(prov) 0.0094 0.1349 0.0266 0.0332 0.0077 0.0425 

Fert x family(prov) 0.2498 0.0374 0.3176 0.1032 0.3373 0.0752 
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Table 19.  Significance levels over measurement intervals for factors indicated as significant 

by repeated measures analysis of variance of mean volume. 

Age 4-5 5-6 6-8 8-10 10-12 12-14 

Source ………….…..……….…..(p-value)………..…………………. 

Fert <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Provenance 0.0011 0.0481 0.0055 0.8259 0.0461 0.0001 

Family(prov) <0.0001 0.0028 <0.0001 0.0001 0.0681 0.0010 
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Table 20.  Significance levels over measurement intervals for factors indicated as significant 

by repeated measures analysis of variance of mean basal area. 

Age 4-5 5-6 6-8 8-10 10-12 12-14 

Source ………….…..……….…..(p-value)………..…………………. 

Fert <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

Provenance 0.1260 0.5943 0.4635 0.2173 0.7623 0.0073 

Family(prov) <0.0001 0.0515 0.0003 0.0063 0.0064 0.0012 

Fert x family(prov) 0.8561 0.1060 0.7974 0.3520 0.3143 0.0939 
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Table 21.  Significance levels over measurement intervals for factors indicated as significant 

by repeated measures analysis of variance of mean basal area per hectare. 

Age 4-5 5-6 6-8 8-10 10-12 12-14 

Source ………….…..……….…..(p-value)………..…………………. 

Fert <0.0001 <0.0001 <0.0001 <0.0001 0.4860 0.0007 

Provenance 0.5786 0.3967 0.1986 0.0028 0.0177 0.9729 

Fert x prov 0.0635 0.7942 0.0263 0.0008 0.0454 0.0808 

Family(prov) <0.0001 0.0381 <0.0001 0.0022 0.1326 0.0019 
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Table 22.  Significance levels over measurement intervals for factors indicated as significant 

by repeated measures analysis of variance of mean volume per hectare. 

Age 4-5 5-6 6-8 8-10 10-12 12-14 

Source ………….…..……….…..(p-value)………..…………………. 

Fert <0.0001 <0.0001 <0.0001 <0.0001 0.0006 0.0001 

Provenance 0.0171 0.0042 0.2883 0.0798 0.4355 0.3896 

Fert x prov 0.3883 0.0447 0.6170 0.0030 0.2750 0.1403 

Family(prov) <0.0001 0.0002 <0.0001 <0.0001 0.5883 0.0586 
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APPENDIX B 

Effects of Chapman-Richards function parameter value variation 
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Figure 24.  Variation exhibited by the Richards function with changing asymptotic parameter 

(from 550 to 750), rate and shape fixed (rate=0.14, shape=3.3).  Axes are similar to those 

observed for volume per hectare. 
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Figure 25.  Variation exhibited by the Richards function with changing rate parameter (from 

0.11 to 0.19), asymptote and shape fixed (asymptote=650, shape=3.3).  Axes are similar to 

those observed for volume per hectare. 

0

100

200

300

400

500

600

700

0 5 10 15 20 25

V
o

lu
m

e
 p

e
r 

u
n

it
 a

re
a

 (
m

3
/h

a
) 

Age (yr) 

0.11

0.12

0.13

0.14

0.15

0.16

0.17

0.18

0.19



137 

 

Figure 26.  Variation exhibited by the Richards function with changing shape parameter 

(from 1 to 7), asymptote and rate fixed (asymptote=650, rate=0.14).  Axes are similar to 

those observed for volume per hectare. 

0

100

200

300

400

500

600

700

0 5 10 15 20 25

V
o

lu
m

e
 p

e
r 

u
n

it
 a

re
a
 (

m
3
/h

a
) 

Age (yr) 

1.00

1.75

2.50

3.25

4.00

4.75

5.50

6.25

7.00



138 

 

Figure 27.  Variation exhibited by the Richards function with all parameters changing.  Axes 

are similar to those observed for volume per hectare. 
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Figure 28.  Changes exhibited by the Richards function with all parameters changing.  Axes 

are similar to those observed for volume per hectare. 
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Figure 29.  Mean height family performance over time, with fitted Chapman-Richards 

function, within the ACP provenance. 
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Figure 30.  Mean height family performance over time, with fitted Chapman-Richards 

function, within the LPT provenance. 
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Figure 31.  Mean dbh family performance over time, with fitted Chapman-Richards function, 

within the ACP provenance. 
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Figure 32.  Mean dbh family performance over time, with fitted Chapman-Richards function, 

within the LPT provenance. 
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APPENDIX D 
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Table 23.  Summary statistics for selected ages of first-generation families.  Family gains 

over check are shown in parentheses. 

   Family LS mean 

 
Age Check 1-1 1-2 1-3 1-4 1-5 1-6 1-7 

          
Ht (m) 6 8.6 9.6 (11.6) 10.1 (17.4) 8.3 (-3.5) 9.4 (9.3) 8.8 (2.3) 9.4 (9.3) 9.4 (9.3) 

Ht (m) 12 16.3 17.1 (4.9) 17.9 (9.8) 16.1 (-1.2) 17.0 (4.3) 16.6 (1.8) 17.1 (4.9) 17.6 (8.0) 

Ht (m) 17 20.5 21.2 (3.4) 22.0 (7.3) 20.6 (0.5) 20.9 (2.0) 20.7 (1.0) 21.0 (2.4) 21.4 (4.4) 

Ht (m) 23 23.9 24.5 (2.5) 25.3 (5.9) 24.5 (2.5) 24.3 (1.7) 24.4 (2.1) 24.5 (2.5) 24.5 (2.5) 

Dbh (cm) 6 13.2 13.5 (2.3) 13.7 (3.8) 12.7 (-3.8) 13.4 (1.5) 13.3 (0.8) 13.8 (4.5) 13.0 (-1.5) 

Dbh (cm) 12 18.8 18.8 (0.0) 19.2 (2.1) 18.4 (-2.1) 19.0 (1.1) 18.4 (-2.1) 18.8 (0.0) 18.8 (0.0) 

Dbh (cm) 17 21.5 21.5  (0.0) 21.7 (0.9) 20.8 (-3.3) 21.6 (0.5) 20.9 (-2.8) 20.9 (-2.8) 21.8 (1.4) 

Dbh (cm) 23 23.4 23.9 (2.1) 24.0 (2.6) 22.8 (-2.6) 23.7 (1.3) 23.3 (-0.4) 22.8 (-2.6) 23.4 (0.0) 

Vol (dm3) 6 62.1 70.6 (13.7 75.3 (21.3) 56.6 (-8.9) 69.1 (11.3) 64.6 (4.0) 71.5 (15.1) 65.7 (5.8) 

Vol (dm3) 12 220.7 230.6 (4.5) 249.2 (12.9) 208.3 (-5.6) 234.9 (6.4) 216.6 (-1.9) 228.5 (3.5) 236.0 (6.9) 

Vol (dm3) 17 353.6 368.6 (4.2) 386.66 (9.3) 334.6 (-5.4) 369.0 (4.4) 343.4 (-2.9) 344.2 (-2.7) 380.6 (7.6) 

Vol (dm3) 23 487.8 532.1 (9.1) 544.6 (11.6) 476.4 (-2.3) 516.6 (5.9) 502.6 (3.0) 480.2 (-1.6) 510.8 (4.7) 

Ba/ha (m2ha-1) 6 20.9 22.7 (8.6) 23.2 (11.0) 20.3 (-2.9) 21.6 (3.3) 22.1 (5.7) 23.2 (11.0) 19.8 (-5.3) 

Ba/ha (m2ha-1) 12 42.0 40.6 (-3.3) 43.3 (3.1) 41.1 (-2.1) 42.2 (0.5) 41.4 (-1.4) 42.8 (1.9) 39.1 (-6.9) 

Ba/ha (m2ha-1) 17 48.1 43.9 (-8.7) 50.9 (5.8) 48.0 (-0.2) 48.7 (1.2) 47.2 (-1.9) 49.1 (2.1) 47.1 (-2.1) 

Ba/ha (m2ha-1) 23 49.4 43.9 (-11.1) 51.6 (4.5) 50.7 (2.6) 52.3 (5.9) 47.9 (-3.0) 51.5 (4.3) 52.1 (5.5) 

Vol/ha (m3ha-1) 6 93.4 110.2 (18.0) 117.5 (25.8) 88.3 (-5.5) 103.9 (11.2) 100.8 (7.9) 110.3 (18.1) 95.9 (2.7) 

Vol/ha (m3ha-1) 12 324.9 329.1 (1.3) 365.1 (12.4) 313.3 (-3.6) 340.8 (4.9) 327.0 (0.6) 344.9 (6.2) 324.9 (0.0) 

Vol/ha (m3ha-1) 17 459.6 434.8 (-5.4) 522.4 (13.7) 461.4 (0.4) 477.0 (3.8) 459.1 (-0.1) 482.4 (5.0) 470.1 (2.3) 

Vol/ha (m3ha-1) 23 545.9 506.1 (-7.3) 607.8 (11.3) 577.1 (5.7) 593.9 (8.8) 541.3 (-0.8) 587.7 (7.7) 598.1 (9.6) 
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Table 24.  Summary statistics for selected ages of second-generation families.  Family gains 

over check are shown in parentheses. 

   Family LS mean 

 
Age Check 2-1 2-2 2-3 2-4 2-5 

        
Ht (m) 6 8.5 8.9 (4.7) 8.5 (0.0) 8.5 (0.0) 8.6 (1.2) 9.1 (7.1) 

Ht (m) 12 15.5 16.1 (3.9) 15.8 (1.9) 15.6 (0.6) 15.9 (2.6) 16.6 (7.1) 

Ht (m) 24 24.4 25.0 (2.5) 24.6 (0.8) 24.7 (1.2) 24.7 (1.2) 24.8 (1.6) 

Dbh (cm) 6 12.4 12.7 (2.4) 12.3 (-0.8) 12.5 (0.8) 12.3 (-0.8) 13.0 (4.8) 

Dbh (cm) 12 17.6 18.4 (4.5) 17.3 (-1.7) 17.8 (1.1) 17.4 (-1.1) 18.8 (6.8) 

Dbh (cm) 24 22.9 24.0 (4.8) 22.0 (-3.9) 22.4 (-2.2) 22.0 (-3.9) 24.1 (5.2) 

Vol (dm3) 6 54.4 59.2 (8.8) 54.2 (-0.4) 55.2 (1.5) 55.1 (1.3) 63.0 (15.8) 

Vol (dm3) 12 183.4 207.2 (13.0) 179.2 (-2.3) 187.5 (2.2) 182.7 (-0.4) 222.3 (21.2) 

Vol (dm3) 24 485.5 532.4 (9.7) 446.6 (-8.0) 461.5 (-4.9) 448.6 (-7.6) 532.5 (9.7) 

Ba/ha (m2ha-1) 6 21.1 21.8 (3.3) 21.1 (0.0) 21.4 (1.4) 20.9 (-0.9) 22.1 (4.7) 

Ba/ha (m2ha-1) 12 41.1 43.6 (6.1) 40.8 (-0.7) 40.8 (-0.7) 40.2 (-2.2) 45.0 (9.5) 

Ba/ha (m2ha-1) 24 46.0 50.5 (9.8) 49.2 (7.0) 45.5 (-1.1) 48.0 (4.3) 52.5 (14.1) 

Vol/ha (m3ha-1) 6 93.7 100.26 (7.0) 94.6 (1.0) 95.3 (1.7) 95.0 (1.4) 102.9 (9.8) 

Vol/ha (m3ha-1) 12 303.6 331.1 (9.1) 306.6 (1.0) 302.3 (-0.4) 304.2 (0.2) 351.5 (15.8) 

Vol/ha (m3ha-1) 24 524.1 583.7 (11.4) 563.8 (7.6) 520.5 (-0.7) 551.4 (5.2) 601.5 (14.8) 

 

 

 


