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Chapter III

Data and Statistical Analysis

DATA

Data for this study were obtained from the Loblolly Pine Growth and Yield

Research Cooperative at Virginia Polytechnic Institute and State University and from the

USDA Forest Service's Southeast Experiment Station.

    Coop Spacing Study

Spacing study data (Amateis et al. 1983) were used to explore size inequality and

relative growth rate trends in young pine plantations.  The study includes a number of

square and rectangular spacings arising from a factorial design with a constant number of

plants per spacing treatment.  In this analysis we restrict our attention to the four square

spacings (4x4, 6x6, 8x8, and 12x12 feet).  Measurement plots vary in size with seven rows

and seven trees in each row for a total of 49 measurement trees per plot.  Adjacent

measurement plot borders are separated by three border rows.  

The study was established in February 1983 on four cutover sites following an

operational chop and burn site preparation.   Two installations are located in the Piedmont

physiographic region and two are located in the Atlantic Coastal Plain region (Figure 3.1). 

 At each location, there are three complete blocks.  Site characteristics are summarized in

table 3.1.  Following poor survival, location 4 on the lower coastal plain
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Figure 3.1.  Geographic location of the Coop Spacing study in Virginia and North
Carolina.  Each darkened county contains one installation of the study.
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 was reestablished in March 1984.  Location 1 suffered severe damage following an ice-

storm in 1994.  

Table 3.1.  Geographic location and site description of the Coop Spacing study sites
(After Amateis et al. 1983).

Site Geographic Physiographic Site Preparation
# Location Province Method Soil Type

1 Buckingham, Upper Piedmont Chop & Burn Fine sandy
Co., VA loam

2 Halifax Lower Chop Sandy clay
Co., VA Piedmont

3 Northampton Upper Coastal Burn Fine sandy
Co., NC Plain loam

4 Middlesex Lower Coastal Burn Fine sandy
Co., VA Plain loam

All four locations were planted with genetically improved 1-0 stock from

Champion International's South Carolina nursery.  First year mortality was replaced with

transplants from each site.  For the first two years, OUST (75F) at 6 ounces per acre was

applied in four-foot wide strips on each side of a row to control herbaceous vegetation. 

Woody competition was treated throughout the first six years with directed backpack

spraying of Roundup, Garlon-4, or Tordon 1+2.

The study was measured annually during the dormant season with measured

attributes varying over time (Table 3.2).   At ages 11 and 13, total height and height to the

base of the live crown were estimated by linear interpolation of the age 10 to 12 and age

12 to 14 data.  Diameters were measured to the nearest 0.1 inches.  Total height and

height to the base of the live crown were measured to the nearest 0.1 feet.  Crown widths
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were measured to the nearest foot along three axises: within the row, perpendicular to the

row, and maximum crown width.  Crown classes were not recorded for these data.  

Table 3.2. Attributes collected on the Coop spacing study listed by age.

Attribute Age (year) collected

Groundline diameter 1 - 5

dbh 5 - 14

Total height 1 - 10, 12, 14

Crown height 2 - 10, 12, 14

Crown width 2 - 10, 12

The individual tree data were summarized to provide estimates of stand-level

attributes.  The average height of all trees with a dbh greater than Dq was used as an

estimate of site height.  The ratio of total crown projection area to plot area (CPI) was

computed as an index of crown closure (Radtke 1996).  Total sapwood area at the base of

the live crown was computed as a surragate for foliage biomass (Marchand 1984, Blanche

et al.  1985, Robichaud and Methven 1992).  Sapwood area at the crown base  was

estimated from the following inside bark taper equation (Amateis and Burkhart 1987):

where d  = inside bark diameter at the base of the live crown,c

d = diameter at breast height,

h = total tree height,

h  = height to base of  live crown.c
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The existence of intra-specific competition can only be inferred from its effects on

stand development.  Figures 3.2 to 3.9 summarize stand-level trends for each of the four

locations.  At location 1, the impact of the ice-storm damage (at age 11-years) is apparent

in the height development and basal area trends.  Subsequent analysis between locations is

based largely on the age 10-years data to avoid difficulties in interpreting data from later

ages at location 1.

A comparison of stand-level attributes indicate site quality differences across the

study sites.  Scheffe’s multiple comparison applied to the 8 x 8 spacing across sites (Table

3.3) suggests locations 1 and 3 are somewhat higher in site quality for loblolly pine than

sites 2 and 4.  The lower stand height and higher relative spacing values on sites 2 and 4

are consistent with a slower rate of stand development compared with the other two

locations.  Inspection of the crown projection index trends suggests a closed canopy has

been obtained by age 12-years on all but the widest spacing on location 2.  

Analysis of self-thinning trends and quadratic mean dbh across spacings within a

location suggests the presence of intra-specific competition at all locations.   A

comparison of Dq at age 5-years and again at age 10-years (Table 3.4) shows significant

differences occur over the growth interval for almost all spacings within a location. 

However, the competition is not sufficient to induce self-thinning.  Inspection of figures

3.2 to 3.5 shows self-thinning begins shortly after age 10-years on the 4 x 4 spacing,

particularly at locations 3 and 4.  There is little evidence of self-thinning at the other

spacings.  The mortality in the wider spacings at location 1 is due to the storm damage.  
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Figure 3.2.   Stand development trends for location 1 of the Coop spacing study.
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Figure 3.3.   Stand development trends for location 2 of the Coop spacing study.
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Figure 3.4.   Stand development trends for location 3 of the Coop spacing study.
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Figure 3.5.   Stand development trends for location 4 of the Coop spacing study.
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Figure 3.6.   Crown development trends for location 1 of the Coop spacing study.
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Figure 3.7.   Crown development trends for location 2 of the Coop spacing study.
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Figure 3.8.   Crown development trends for location 3 of the Coop spacing study.
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Figure 3.9.   Crown development trends for location 4 of the Coop spacing study.
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Table 3.3.  Multiple comparison of stand-level attributes for the 8x8 spacing at age 10-
years across the four locations of the Coop spacing study.  Means followed by the same
letter across locations are not significantly different (Scheffe's Test, � = 0.05).

   Location

Attribute                1            2            3            4      

Number of Trees (/ac) 657.4 a 662.1 a 671.3 a 643.6 a

Basal Area (ft /ac) 109.8 a 99.9 a 116.7 a 103.4 a2

Dq (in)   5.5 a   5.3 a   5.6 a   5.4 a

Mean Height (ft)  35.2 a  27.6 c  32.2 ab  28.9 bc

Site Height (ft)  36.5 a  29.2 c  34.0 ab  31.3 bc

Mean Crown Ratio  0.56 a  0.66 b  0.57 a  0.54 a

Mean Crown Width (ft)   9.6 a  10.0 a  10.0 a  8.9 a

Crown Area Projection 1.1 a 1.1 a 1.2 a 0.9 a

Crown Height BA 43.9 a 48.2 a 46.7 a 38.6 a

Relative Spacing 0.23 c 0.28 a 0.24 bc 0.26 ab
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Table 3.4.  Multiple comparison of quadratic mean diameter (Dq) for the Coop spacing
study.  Within a location, Dq's followed by the same letter are not significantly different
(Scheffe's Test, � = 0.05).

AGE 5 YEARS

Location 1 Location 2 Location 3 Location 4

Spacing   Dq  Spacing   Dq  Spacing   Dq  Spacing   Dq  

4x4 2.2  b 4x4 1.5 a 4x4 2.2 a 4x4 2.0 a

6x6 2.5 ab 6x6 1.8 a 6x6 2.7 a 6x6 2.1 a

8x8 2.8 ab 8x8 1.7 a 8x8 3.1 a 8x8 2.4 a

12x12 2.9 a 12x12 2.0 a 12x12 3.3 a 12x12 2.4 a

AGE 10 YEARS

Location 1 Location 2 Location 3 Location 4

Spacing   Dq  Spacing   Dq  Spacing   Dq  Spacing   Dq  

4x4 3.5 d 4x4 3.5 c 4x4 3.4 c 4x4 3.6 d

6x6 4.5 c 6x6 4.6 b 6x6 4.4 c 6x6 4.4 c

8x8 5.5 b 8x8 5.3 b 8x8 5.6 b 8x8 5.4 b

12x12 6.8 a 12x12 6.3 a 12x12 7.1 a 12x12 6.4 a

     Coop Thinning Study

The Coop thinning study includes installations in cutover, site-prepared plantations

across the natural range of loblolly pine (Figure 3.10).  During the 1980-81 and 1981-82

dormant season, permanent plots were established in 186 locations (Burkhart et al. 1985). 

Study sites were purposively selected within plantations that met the following criteria: 
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& typical site preparation treatment for the site and time at which the plantation

was established, 

& minimum age of 8-years, 

& at least 200 planted pines per acre which appeared free to grow,

& no more than 25% of the main canopy basal area composed of volunteer pines,

& unthinned and unpruned, 

& no extensive weather, disease or insect damage, 

& not fertilized within the previous four years,

& not planted with genetically improved stock.

At each location, a set of three comparable plots was established.  The three plots were

considered “comparable” if the maximum spread in initial basal area was less than 20

square feet per acre and the range in number of trees per acre was less than 100.  The

maximum allowable range in site index (Devan and Burkhart 1982) was 5 feet.

Plots were randomly assigned to the three thinning levels: control, light thin

(approximately 1/3 of the planted pine basal area removed), heavy thin (approximately ½

of the planted pine basal area removed).  However, there was considerable variation in the

actual percentage of basal area removed within each thinning treatment (Figure 3.11) 

Thinning was selective, removing mostly smaller trees and poorly formed, diseased, and

damaged trees.  Spacing constraints dictated the occasional larger tree be removed as well. 

At some sites, an entire planted row was removed for access.  An attempt was made not

to confound thinning response and hardwood release response by selectively cutting

hardwoods only as part of the overall thinning operation.  The control plot was

approximately 0.1 acres in size while the thinned plots were approximately 0.25 acres.

At study installation (prior to thinning treatments) all main canopy trees were

permanently tagged at breast height and stem mapped.  On all planted pines, the following

data were collected: dbh to the nearest 0.1 inch, total height to the nearest foot, height to

the base of the live crown to the nearest foot, crown class, stem quality.  On volunteer



44

pines and hardwoods in the main canopy the following data were recorded: dbh to the

nearest 0.1 inch, total height to the nearest foot, species.  All trees not in the main canopy,

but greater than 0.5 inches in dbh were tallied by 1-inch dbh classes.  Plots were

remeasured every three years with the same data collection procedures used at plot

establishment.  At the time of this study, there have been four three-year measurement

intervals.

Individual-tree data were summarized to provide estimates of stand-level

attributes.  Site index (Burkhart et al. 1987) was estimated from the average dominant-

codominant height closest to age 25-years for each plot.  The distribution of initial plots

by age and site index class is shown in table 3.5.  Table 3.6 summarizes the initial data by

age and density class.  Pine and hardwood components before and immediately after the

thinning are summarized in table 3.7.  Tables 3.8-3.9 present the cumulative and periodic

growth over the 4 measurement intervals.   Scheffe’s multiple comparison procedure

applied across treatment plots at each measurement indicate a  response to the thinning in

basal area growth, quadratic mean dbh, and mortality.   



45

Figure 3.10.   Geographic location of the Coop thinning study.  Each highlighted county
contains at least one installation of the study.
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Figure 3.11.   Box and whisker plots of the percent pine basal area removed in thinning
treatments for the Coop thinning study.
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Table 3.5.  Distribution of Coop thinning study data at installation by age class and site
index class.

Site Index (feet at age 25-years)

Age (yrs)   40    50    60    70    80   Total  

10 4 15 31 9 - 59

15 1 16 32 13 2 64

20 1 16 22 12 4 55

25 1 1 4 2 - 8

Total 7 48 89 36 6 186
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Table 3.6.  Distribution of Coop thinning study data by age class and trees per acre class
at installation.

Number of Trees (/ac)

Age (yrs)   200    400    600    800    1000   Total  

10 1 17 32 7 2 59

15 - 13 35 15 1 64

20 - 19 30 5 1 55

25 - 6 2 - - 8

Total 1 55 99 27 4 186

Table 3.7.  Summary of Coop thinning study at plot establishment.  Mean basal area
(ft /ac) and quadratic mean dbh (in) based on all 186 plots in each treatment.2

             Before Thinning                             After Thinning                

         Pine         Hardwood          Pine             Hardwood    

      Plot       B   D    B  D    B  D    B  D  Q Q Q Q

Unthinned 107.1 5.9 2.1 2.2 - - - -

Light Thin 106.4 5.8 2.3 1.8 75.6 6.4 1.8 1.9

Heavy Thin 106.6 5.8 1.9 1.6 61.0 6.6 1.4 1.6
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Table 3.8.  Mean cumulative change in stand-level attributes for the Coop thinning study. 
Includes only those plots remaining at the fourth remeasurement (125 unthinned, 130 light
thinned, 129 heavy thinned).  Values followed by the same letter within a row are not
significantly different (Scheffe’s Test, � = 0.05).

3-year Interval

Attribute Unthinned Light Thin Heavy Thin

BA (ft /ac) 18.9 a 16.9 ab 15.1 b2

D  (in) 0.7 a 0.8 ab 0.9 bq

HD (ft) 6.1 a 5.7 a 5.5 a

% Mortality 3.6 a 1.5 b 1.7 b

----------  6-year Interval  ----------

BA (ft /ac) 32.0 a 31.9 a 29.6 a2

D  (in)  1.3 a 1.4 a  1.7 bq

HD (ft) 11.7 a 11.4 a 10.9 a

% Mortality  8.6 a  2.6 b 2.6 b

----------  9-year Interval  ----------

BA (ft /ac) 43.3 a 45.7 a 43.8 a2

D  (in)   1.8 a  2.0 b  2.4 cq

HD (ft) 16.9 a 16.8 a 16.4 a

% Mortality 14.1 a 4.8 b  3.9 b

----------  12-year Interval  ----------

BA (ft /ac) 52.0 a 58.4 a 56.9 a2

D  (in)  2.3 a 2.6 a  3.0 cq

HD (ft) 22.2 a 22.0 a 21.7 a

% Mortality 20.6 a 7.0 b  5.2 b
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Table 3.9.  Mean periodic change in stand-level attributes for the Coop thinning study. 
Includes only those plots remaining at the fourth remeasurement (125 unthinned, 130 light
thinned, 129 heavy thinned).  Values followed by the same letter within a row are not
significantly different (Scheffe’s Test, � = 0.05).

First 3-year Interval

Attribute Unthinned Light Thin Heavy Thin

BA (ft /ac) 18.9 a 16.9 ab 15.1 b2

D  (in) 0.7 a 0.8 ab 0.9 bq

HD (ft) 6.1 a 5.7 a 5.5 a

% Mortality 3.6 a 1.5 b 1.7 b

---------- Second 3-year Interval  ----------

BA (ft /ac) 13.1 a 15.0 a 14.5 a2

D  (in) 0.5 a 0.6 b 0.8 cq

HD (ft) 5.6 a 5.7 a 5.5 a

% Mortality 5.3 a 1.1 b 0.9 b

---------- Third 3-year Interval  ----------

BA (ft /ac) 11.2 a 13.8 b 14.1 b2

D  (in) 0.5 a 0.6 a 0.7 bq

HD (ft) 5.2 a 5.4 a 5.5 a

% Mortality 6.3 a 2.3 b 1.4 b

---------- Fourth 3-year Interval  ----------

BA (ft /ac) 8.7 a 12.7 b 13.1 b2

D  (in) 0.5 a 0.5 a 0.6 cq

HD (ft) 5.3 a 5.2 a 5.3 a

% Mortality 26.9 a 8.1 b 5.9 b
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     Calhoun Spacing Study

Data from an older spacing study was obtained from the USDA Forest Service's

Southeastern Experiment station (Balmer et al. 1975, Harms and Lloyd 1981).  The study

was established in 1957 in the Piedmont of South Carolina (Figure 3.12) on an abandoned

cotton field.  Spacings of 6x6, 8x8, 10x10, and 12x12 feet were established in four

complete blocks.  First year mortality was replaced with transplants from the study site. 

The measurement plot consisted of the central 64 trees on each spacing.

Individual-tree measurements were collected at ages 5, 7, 11, 15, 20, 25, and 30

years.  Measurements included dbh to the nearest 0.1 inch, and total height to the nearest

1 foot.  At ages 5, 7, and 11 years a subsample of trees was measured for height and dbh. 

All trees were measured at ages 15, 20, 25, and 30 years.  At age 30, live crown height

and crown width were recorded for all trees.  As with the VPI spacing data, site height

was defined as the average height of all undamaged trees with a dbh greater than or equal

to Dq.

A summary of stand-level attributes at age 30 (Table 3.10), indicate the usual

response to variation in initial density.  Quadratic mean diameter at age five was similar on

all spacings (Figure 3.13, Table 3.11).  At age 30, Dq increases with decreasing initial

density.  There is no spacing effect on mean height at age 5 or 30 (Table 3.11).  Unlike the

VPI spacing study, the Calhoun study is old enough that self-thinning is occurring in all

spacings (Figure 3.13).  
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Figure 3.12.  Geographic location of the Calhoun Spacing study in South Carolina.  The
study is located in the highlighted county.
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Table 3.10.  Average stand attributes at age 30-years for the Calhoun spacing study.

Initial Spacing (ft x ft)

Attribute                      6x6         8x8      10x10    12x12  

Number of Trees

  -Planted (/ac) 1210.0  680.6  435.6  302.5

  -Surviving (/ac)  505.7  449.5  328.5  238.6

Percent Survival   41.8   66.0   75.4   78.9

Basal Area (ft /ac)  171.1  190.5  175.3  168.82

Dq (in)    7.9    8.9    9.9   11.4

Mean Height (ft)   63.6   68.1   70.2   69.9

Site Height (ft)   66.5   71.0   73.1   73.6

Mean Crown Ratio     0.24     0.23     0.27     0.31

Mean Crown Width (ft)    8.0    8.4   10.8   12.4
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Table 3.11.  Multiple comparison of diameter and height at ages 5- and 30-years of the
Calhoun spacing study.  Means followed by the same letter within an age are not
significantly different (Scheffe’s Test, � = 0.05).

Age 5 Years

 Spacing    Dq    Mean Height 

6x6  2.6 a 13.5 a

8x8  2.7 a 13.6 a

10x10  2.9 a 13.5 a

12x12  2.8 a 13.1 a

Age 30 Years

 Spacing    Dq    Mean Height 

6x6  7.9 a 63.6 a

8x8  8.9 b 68.1 a

10x10  9.9 c 70.2 a

12x12 11.4 d 69.9 a
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Figure 3.13.  Stand development trends for the Calhoun spacing study.
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ESTIMATING RELATIVE GROWTH RATES

Two approaches have evolved for the computation and analysis of relative growth

rates (Hughes and Freeman 1967).  In classical growth analysis, growth rate is calculated

as a mean value over a discrete interval.  In functional analysis, growth rates are derived

through the differentiation of models fit to a succession of measurement data.  Hunt

(1978, 1982) discussed the following advantages of the functional approach:

& Functions provide a smoothed description of the growth process as the

temporal influences of climatic variation and other essentially random events

are mitigated.  

& A few simple models can capture the essential elements of a large body of

observational data.  

& Difficulties in the analysis of data from irregular remeasurements are mitigated.

In functional analysis, the selection of model structure is based primarily on

providing a reasonable description of the observed growth of individual plants.  It is the

derivative of the fitted equations that are of most value as opposed to the potential

"biological" interpretation of specific parameters:

. . . mathematical functions based on simple hypotheses concerning
the nature of growth are capable of reproducing the course of
growth curves with tolerable accuracy, but not so accurately that a
clear distinction can be drawn between one function and another. 
A sounder approach is to look for accuracy of fit, and to reject the
notion that the mathematical form has physiological significance. 
(Richards 1969).

In this study, dbh relative growth rate is estimated via functional analysis for the two

spacing studies.  With these data, there are sufficient data points to fit functions that

describe the relationship between dbh and age for individual trees.  As these data will be

used to quantify the distribution of relative growth rates and how this changes with stand
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development, utilizing this approach means we do not have to interpolate stand-level

attributes to remeasurement interval midpoints.

For the Coop thinning study relative growth rates were estimated as mean values

over each measurement interval.  With more than 63,000 individual trees, many with only

one or two measurements, functional analysis was not feasible with these data.  Tree size

associated with a mean relative growth rate were based on the average size over the

interval.  All stand-level attributes were linearly interpolated to the midpoint of the

interval.

ANALYSIS OF REPEATED MEASURES DATA

In our analysis we are interested in describing trends over time and the effect of

initial density on these trends.  Trends in inequality and in the relationship between relative

growth rate and size can be examined in the two spacing studies with repeated measures

analysis.  Analysis of repeated measures data can be classified into four broad categories:

& Univariate ANOVA at each time period,

& Usual split-plot ANOVA where time is treated as a subplot,

& Multivariate ANOVA,

& Analysis of Contrasts.

While the univariate analysis provides valid tests for treatment effects at a single fixed

point in time, it does not yield formal tests for assessing trends over time or time x

treatment interactions.  Inferences on trends are indirectly drawn from the results of the

point-in-time analyses and do not account for serial correlation (Meredith and Stehman

1991).

A split-plot ANOVA with time treated as a subplot is valid only under specific

assumptions for the correlation structure in the data.   Since levels of the within-plot factor

(time) are not assigned randomly, there is no justification for assuming equal correlations

for all pairs of measurements within a plot.  In fact, it is reasonable to expect stronger
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correlations between observations that are close to one another than between those that

are further apart.  When the correlation assumptions do not hold, procedures do exist to

adjust the test-statistics for the usual split-plot tests (Greenhouse and Geisser 1959, Huynh

and Feldt 1976).  However, these procedures are very sensitive to non-normality and lack

power for small sample sizes (Moser et al. 1990).  Even if the necessary assumptions hold,

the analysis provides tests of overall time effects and time by treatment interactions.  It

does not provide explicit tests on the shape of the trend curve.

Multivariate ANOVA provides valid tests for the presence of treatment or time

effects but requires the number of blocks to be greater than the number of time contrasts. 

For both the Calhoun and VPI Spacing studies, the number of repeated measurements

exceeds the number of blocks, thus negating a multivariate ANOVA.

The analysis of contrasts or coefficients is an appropriate procedure for testing

trends and interactions with treatments over time (Rowell and Walters 1976, Meredith and

Stehman 1991, Gumpertz and Brownie 1993, Dawkins 1983).  Following the notation of

Gumpertz and Brownie (1993), the linear model for repeated measures in a randomized

complete block is: 

where

i denotes block 1, 2,  . . . , b

j denotes treatment 1, 2,  . . . , t

k denotes time 1, 2,  . . . , p.

The between-plot segment of the model contains an overall mean (µ), and random block

effect (� ), a fixed treatment effect (A), and random plot to plot variation (� ).  Blocki j ij

effects are assumed to be uncorrelated with each other.  Observations on two plots in the

same block are correlated; those from plots in separate blocks are uncorrelated.  

The within-plot part of the model consists of a time effect (T ), a time x treatmentk

interaction (AT) , a random block x time effect (�T) , and random within plot variationjk ik
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( ).  The within-plot random effects are assumed to be correlated and the variance is notijk

assumed constant.  Within a block, the block x time effects are correlated and the

correlation may differ between time intervals.

An analysis of variance on the plot means (Y ) tests the null hypothesis of noij.

treatment effect averaged over all times.  The within-plot analysis is based on the analysis

of coefficients from models fit to the data.  We are interested in testing for general

characteristics in the response curve over time.  A set of (p-1) orthogonal polynomial

contrasts provide tests for trends (linear or curvilinear), peaks, troughs, or asymmetry

(Dawkins 1983, Meredith and Stehman 1991).  

The repeated measures analysis described above will merely describe the general

trends over time.  If trends are evident, further analysis will attempt to explain them in

relation to stand dynamics. 


