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The relationship of sapwood basal area to basal area was examined

on stands of young-growth Douglas-fir. Through non-destructive

sampling, sapwood basal area was quantified on four different thinning

intensities and one control (unthinned) treatment. Emphasis was on

testing a sampling method and evaluating variations in the sapwood

component as a result of thinning.

The study site was in the western Oregon Coast Range near Hoskins,

Oregon. Permanent research plots had been established with a calibra-

tion thinning in 1963. The area continues to be part of the cooperative

levels-of-growing-stock studies in the Pacific Northwest.

Sapwood basal area was estimated from increment cores taken on

trees selected for sampling. Probability of selection was proportional

to basal area. Estimates of sapwood basal area by tree were expanded

to a per plot and per acre basis. Regression analysis of sapwood basal



area on basal area was completed.

Results indicated that the use of a systematic variable-probability

sampling method provided an excellent estimate of sapwood basal area.

Other analyses showed that bark thickness ratio, basal area inside bark

to basal area outside bark, varied with thinning intensity; an adequate

sapwood estimate could be achieved using one core per tree; and that

the sapwood basal area measurement closest to the mean was from the side

of the tree aligned with the prevailing winds. Also, the sapwood basal

area to basal area relationship changed with thinning intensity. This

suggested that growth on heavily thinned plots was on a different expo-

nential growth curve, with similar slope but different intercept, than

growth on less heavily thinned plots.
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THE ESTIMATION AND SIGNIFICANCE OF SAPWOOD

BASAL AREA IN YOUNG DOUGLAS-FIR STANDS

INTRODUCTION

Statement of the Problem

Sapwood basal area is a term for the basal area of a tree minus the

cross-sectional area of the heartwood and bark. Basal area is calculated

from a diameter measurement and is recognized as a measure of accumulated

growth. The basal area measurement includes more than the growing tissues

in the tree bole; it includes the bark, sapwood and heartwood. Heartwood

is dead supportive tissue, bark is comprised of both dead protective tis-

sue and live conductive tissue called phloem. Sapwood is another name

for the live conductive tissue or xylem. Techniques for examination and

quantification of either the xylem or phloem, in terms of their relation-

ship to growth and production of the whole tree, have not previously been

adequately defined.

Previous researchers used destructive sampling of cross-sectional

cuts from fallen trees to obtain sapwood basal area measurements. They

compared the area of this live tissue to that of the total basal area

and made preliminary conclusions about the relationship of sapwood area

to overall production by the tree. As their destructive sampling tech-

nique has limited application for field managers who wish to quantify

sapwood basal area on existing stands, the major focus of this study is

on development of field methodology for collection of non-destructive

sapwood basal area data.
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The initial stimulus for this study came from examination of work

conducted by Crier and Waring (1974) on natural timber stands in Oregon

and Arizona. Through data taken via destructive sampling, Crier arid

Waring developed a regression equation to relate sapwood basal area to

foliage biomass or primary production. The Crier and Waring equation

was proposed as a highly accurate method of estimating production, based

on sapwood basal area, for an individual tree. The study spawned the

idea of correlating sapwood basal area to growth potential. However,

their work was completed on natural stands and use of their regression

equations involves measuring sapwood basal area via cross-sectional cuts

on an individual tree basis. Therefore, that applicability of using

sapwood basal area to determine growth on managed stands on a total

stand basis would require further examination.

Purpose of the Study

As sapwood is comprised of living tissue, the hypothesis is made

that sapwood basal area is a better indicator of response to thinning

in managed stands than the total basal area which is comprised of both

live and dead tissues. This study examines the sapwood, or xylem, on

stands of thirty-three year old Douglas-fir. Through non-destructive

sampling, sapwood basal area is quantified on four different thinning

intensities and one control plot.

The major focus of this study is on sampling. A systematic variable

probability sampling method was tested. Estimates of sapwood basal area

per tree derived from the sampling method are used to make highly accurate

stand estimates. The study provides an idea of sample size, number of
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cores needed per tree, and aspect of sampling. Discussion of the utility

of sapwood basal area in interpreting response to thinning is also

included.



LITERATURE REVIEW

Foliage biomass has been used as a measure of tree productivity

for a number of years. In early studies, due to a lack of other estab-

lished methods, investigators sought to quantify foliage biomass through

destructive sampling. This was a labor intensive method which meant that

future tree growth could not be studied after the sample was taken. The

following authors used some form of destructive sampling to quantify

foliage biomass for their studies: Mar:Ndller (1947, 1954); Kittredge

(1944); Baskerville (1965); Ovington, Forrest and Armstrong (1967);

Attiwill and Ovington (1968); Brown (1965); Satoo (1966). Newbould (1970)

is the most recent researcher to publish articles on the quantification

of using foliage biomass and he includes sections on both destructive and

non-destructive sampling.

In 1974, Grier and Waring developed a regression equation to relate

a specific tree component, sapwood basal area, to foliage biomass. Their

intent was to drastically reduce the labor intensity of harvesting, dry-

ing and weighing all components of the foliage while still being able to

estimate foliage dry weight. Through direct measurement of the sapwood

basal area, cross-sectional cuts, they developed regression equations

that estimated foliage biomass.

Grier and Waring examined 52 trees on five different sites that

included Douglas-fir, noble fir, and ponderosa pine. One site was in the

Oregon Coast Range, three in the Oregon Cascades, and one in Northern

Arizona. The site elevations varied from 1200 to 4000 feet (366 to 1220 m).

Two of the sites were mixed stands, one of Douglas-fir and noble fir, and

4
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the other of Douglas-fir and ponderosa pine. All were natural stands.

The study trees ranged from 6 to 215 feet (2 to 66 m ) in height, 1.5

to 44 inches (4 to 112 cm) in diameter and 20 to 130 years in age.

Sapwood basal area for the Crier and Waring investigation was

calculated by averaging four right-angle sapwood measurements of a disk

cut at diameter breast height. The sapwood/heartwood boundary was dis-

tinguished by color. They reported that the boundary could be estab-

lished to + one millimeter. However, the boundary distinction was

subjective as it was based on variations in color. The ± one mm preci-

sion seems to be an extremely high level of accuracy, and the authors do

not relate the basis for this appraisal of precision.

The regression equation developed by Crier and Waring relating sap-

wood basal area (SBA) to foliage biomass for Douglas-fir was:

foliage biomass (kg) = 0.074 (SBA in cm) - 1.44. Because of the good

fit (R2 = 0.97) of their regression, the authors presented this equa-

tion as a highly accurate method of estimating individual tree production

in terms of foliage biomass from known sapwood basal area measurements.

The Grier and Waring study raises some important questions about the

role of sapwood in the tree. Does their equation hold for trees in

managed stands? Can the sapwood basal area be used to examine growth

potential? Can sapwood basal area be accurately estimated from non-

destructive methods? Is sapwood a measurement highly sensitive to changes

in the micro-climate around the tree or can individual tree totals be

used to make stand estimates?
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An examination of the papers on the cooperative levels-of-growing-

stock studies (Williamson and Staebler, 1971; Bell and Berg, 1972)

revealed that these questions and others could be examined on plots

established for that study near Hoskins, Oregon. The present study was

then set up to determine sapwood basal area on the Hoskins' plots. A

sampling method with the probability of selection of sample trees pro-

portional to basal area was tested. This sampling method uses systematic

variable probability sampling. Such a sampling scheme has been used by

many investigators for a number of years.

Overton, Lavender and Herman (1973) explored sampling possibilities

on a 450-year-old Douglas-fir tree such that specified components of the

tree would be examined in detail to produce biomass estimates for the

entire tree. The tree was divided into branch systems which were non-

destructively quantified in detail. One branch system was destructively

sampled and its relationships used to expand individual branch system

estimates to an estimate for the entire set of branch systems. The

study showed that autonomous research teams could integrate data for

analysis purposes if there was coordination prior to data collection.

The coordination would have to outline relevant data and adopt standardized

recording forms.

The Hoskins' levels-of-growing-stock plots lend themselves to such

autonomous studies as this one as growth data measurements have been

recorded in a standardized format since establishment of the plots in

1963. The Hoskins site also is suited to making stand estimates from

sampling components for which a 100% sample would be a prohibitively

laborious task.



DESCRIPTION OF STUDY AREA

The Hoskins study plots, site of the data collection, area part of

the cooperative levels-of-growing-stock study on Douglas-fir in the

Pacific Northwest. The Hoskins study plots were established in 1963 as

part of a regional program designed to examine the effect of various

levels of growing stock (thinning intensities) on wood production, tree

size, and growth to growing stock (basal area) ratios. The estimated

site index (index age: 50 years) is 133 (King, 1966), as described by

Bell and Berg, 1972 (p.1) (also refer to maps presented in Figure 1):

The Hoskins study area is located approximately 22
miles west of Corvallis near Hoskins, Oregon, on
land owned by Starker Forests. The area is immediately
east of the summit of the Coast Range on a southern
aspect with slopes from 15 to 55 percent. At the time
the study was established, the stand was 14 years of
age at breast height (total age - 20 years) and con-
tained on the average over 1,700 trees per acre. The
study area is Douglas-fir site class II. The stand is
of natural origin following wildfires.

Yearly rainfall is measured at Summit, Oregon (approximately two

miles from the Hoskins plots) and was 66.06 in. (167.78 cm) precipitation

in 1974 (Nat. Oceanic and Atmos. Admin., 1974). The mean elevation for

the study area is approximately 1000 feet (305 m).

Individual treatments are unique in the amount of basal area

retained in growing stock after each thinning treatment. This amount is

based on a percentage of the gross growth of the control plots. Treat-

ments 1, 3, 5, and 7 were chosen for this study because the percent

basal area retained after thinning remains constant on each treatment

(Table 1). Treatment 9 was examined as the control.

7



FIGURE 1. LOCATION OF HOSKINS, OREGON, STUDY SITE AND
LAYOUT OF RESEARCH PLOTS.
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Thinning interval, in years, is based on height growth of crop

trees. Each thinning occurs when the average crop tree height on all

treatments increases ten feet (3.05 m) over the height at the time of

the previous thinning (Table 1)

TABLE 1. * LEVELS-OF-GROWING-STOCK STUDY TREATMENT SCHEDULE, SHOWING
PERCENT OF GROSS BASAL AREA INCREMENT OF CONTROL PLOT TO BE
RETAINED IN GROWING STOCK.

Treatment

9

Thinning 1 2 3 4 5 6 7 8 9**

Percent

First 10 10 30 30 50 50 70 70 100

Second 10 20 30 40 50 40 70 60 100

Third 10 30 30 50 50 30 70 50 100

Fourth 10 40 30 60 50 20 70 40 100

Fifth 10 50 30 70 50 10 70 30 100

* From Bell and Berg, 1972, LOGS Report #2

** Unthinned, control plots



METHODS

One of the most important aspects of any experiment is the choice

of a sampling system that satisfies the objectives of the study. For

this study emphasis was placed on the development of a sampling system

that would test sapwood basal area as an indicator of growth response

to thinning in managed forest stands. A sampling system had to be

designed to choose enough sapwood basal area to produce a reliable

estimate of the total sapwood basal area on each research plot.

Systematic variable probability sampling was the technique chosen for

selecting the sample trees such that the probability of selection was

proportional to basal area, This sampling method was used because sap-

wood basal area is a large component of the total basal area for conifer

trees as young (33 years) as on the Hoskin's plots. Also, existing

basal area data were readily available for all trees on all plots. The

close relationship between sapwood basal area and basal area in young

trees makes basal area a good predictor of sapwood basal area. Systematic

sampling guarantees that sample trees cover the full range of basal areas

in the stand, while the variable probability guarantees that more of the

trees selected for sampling will be in the upper size range. The high

precision and unbiasedness of this method is well established.

For this study, plots from treatments 1, 3, 5, 7, and 9 (control) on

the Hoskin's levels-of-growing stock research plots were chosen for

sapwood basal area sampling. On these treatments the percent of

gross basal area increment retained in the growing stock does not

vary with each thinning, but remains a constant percentage of the gross

10
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growth of the unthinned control plots (Table 1). All three of the repli-

cates for each selected treatment were sampled. Each replicate is called

a plot and is one-fifth acre (0.081 ha) (Figure 1).

Within each plot a maximum of 20 trees was selected for sampling.

Sampling design and estimating equation were provided by Dr. W.S. Overton,

Oregon State University. Probability of sampling was proportional to

the basal area of a given tree. The selection was systematic within

plots over the list of trees that were ordered by diameter. The estimat-

ing equation provided estimates of sapwood basal area for individual plots.

The plot estimates were then used to estimate sapwood basal area per acre

for each treatment examined.

Selection of the Tree

For the most heavily thinned plots 3, 8 and 20 (treatment 1), all

trees on the one-fifth acre plots were selected for sapwood basal area

sampling. For all remaining plots, the number (n) of trees selected

was set at 20.

An initial list, ordered by decreasing basal area (ft.2), was made

of all trees on each plot. Trees with basal area (x) greater than or

equal to the total basal area (Tx) of the plot divided by n became the

first set of trees selected for sampling. The number of trees selected

by this rule = n1.

A new total basal area (T') was then computed as the total basal

area remaining on the plot, minus the basal area of the trees selected

in the sample set. Also, n' then becomes n minus n1. All trees for



which x was greater than or equal to T'/n' were also selected for

sampling and joined the others on the sample list. This process was

repeated for all trees left unsampled, x < T'In'.

At this point, n' trees were selected from the remaining list on a

systematic variable probability basis. This sampling technique involves

several steps. The first step is the generation of a random number (R1)

such that 0 < RN < 1. From this is developed the variable, TEST =

(RN)(T'/n'). Starting with the first tree in the residual list, a

cumulative basal area was generated and recorded for each tree.

The first sample tree is one in which its cumulative basal area

exceeds TEST, but for which the cumulative basal area of the preceeding

tree does not. A new test variable is then defined by adding (T'/n') to

TEST, with the selection of the next sample tree following the same rule.

The process is repeated until n' trees are selected by this method. The

n' trees are then combined with the n1 trees previously selected to

yield a sample of size n.

The probability of sampling (ii) was then calculated for each tree

selected to form the sample list. ir equals 1 if the tree was selected

by the first part of the round (i.e., by x Tx/n). For all other cases

ii equals n'x/T' For selection, the x values were from 1973 plot tallies

of basal area.

The sampling system was prograituited into the Oregon State University

computer and a list of sample trees was provided for trees in Treatments

1, 3, 5, 7, and 9. Chosen trees were located first on the Hoskins stem

12



* Control remains unthinned, but natural mortality is tabulated.
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map and then in the field by individual tree number. Following location

of the tree, field measurements were taken.

One tree selected for sampling on plot 27 in treatment 5 and

another tree selected on plot 12 in treatment 7 were determined to be

dead upon field observation. To reduce bias in estimation of sapwood

basal area by individual plot, these trees were removed from the sample.

For those two plots, n 19. Dead trees selected for sampling on treat-

ment 9, the control, were sampled and their measurements included in

plot estimates of sapwood basal area. As the control plots contained

many stagnant trees, the inclusion of dead trees in the plot sapwood basal

area estimate did not increase or lower the estimate. Sapwood measurements

on dead trees were consistent with measurements on the stagnated live trees.

Because of the cumbersome nature of removing trees from the sample, dead

trees in the control plot were retained in the plot estimate as no sample

bias could be demonstrated by their inclusion. The total number of trees

sampled equalled 288 on 15 plots (Table 2).

TABLE 2. AVERAGE NU1'1BER OF TREES PER ACRE BY TREATMENT.

Treatment

1 3 5 7 9*

Average Number of (1975) 83 140 212 260 938
Trees/Acre (1973) 84 140 213 266 1087

Number of trees
in sample (3/5 acre) 50 60 59 59 60

Number of trees
sampled in each 17,
of three plots

16,

17

20, 20,
20

20, 20,
19

20, 19,
20

20, 20,
20



Characterization of the Tree

Sapwood basal area (SBA) is a variable that is not easily measured

directly, as is diameter at breast height. SBA is the doughnut shaped

band of wood between the heartwood and the cambium and bark (Figure 2).

FIGURE 2. DIAGRAM OF THE CROSS SECTION OF A TREE.

As it is impossible to measure the sapwood basal area doughnut

directly via non-destructive sampling, the sapwood measurement was ob-

tained indirectly with the following equations:

SBA = BAib - HBA

BAib (D - 2BT)2
4

HBA = (D - 2(BT + SR))2
4

Where: SBA = sapwood basal area

BAib = basal area inside bark

HBA = heartwood basal area

D = diameter at breast height

14



BT = bark thickness

SR = sapwood radius

With these equations, SBA was calculated from three field measure-

ments: diameter outside bark (breast height), bark thickness and sapwood

radius. In very small trees which have little or no heartwood, it is

possible that D - 2(BT + SR) may be a negative number. If the heartwood

is not measured directly in instances where this occurs, it should be

assumed that whenever D - 2(BT+ SR) < 0, the heartwood basal area is zero.

This condition creates an estimation bias that can be avoided by directly

measuring the heartwood radius in these smaller trees which do not have

an established heartwood. The potential estimation bias did not affect

the results of this study because the trees were 33 years old and had

well-defined heartwood.

Before measurements were made on sample trees, a supplemental

study was undertaken to determine how many cores would be needed per

tree to provide an accurate measurement of the sapwood radius. An

examination was also made of sapwood radius in relation to the cardinal

aspect from which the core was taken. Within a 200 foot (61m) perimeter

of the study plots, 25 trees were cored on all four cardinal directions,

i.e., north, east, south and west. Field observations of open/closed

crowns, irregularities in branching and knots were also recorded relative

to the aspect from which the core was taken.

15



PROCEDURES

Field measurements for each tree selected for sampling were:

diameter at breast height, bark thickness, and sapwood radius.

Diameter Measurement

The diameter at breast height was determined using a Stevens

Wyteface D.B.H. tape. Breast height was easily discernible as all

trees had circular bands painted on them at this height (4.5 ft., 1.37 m).

Diameters were recorded in inches to the nearest one-tenth inch (0.25 cm).

Bark Measurement

Bark thickness was measured with a Beus and Mattsonar Swedish bark

gauge. The gauge was punched into the tree, penetrating the bark, at

breast height. A bar on the gauge was moved in to meet the outside

bark furrows. Distance between the end of the gauge touching the sapwood

and the outside of the bark next to the bar was measured in inches to the

nearest one-hundredth inch (0.025 cm) and recorded as bark thickness.

When using the gauge it became apparent that it was necessary for

the user to determine his/her punching motion in accordance with the actual

bark thickness. To calibrate the punching motion, the gauge was tested on

a test tree adjacent to an area where the bark thickness was measured

directly with a ruler, that is, where some small portion of bark was com-

pletely removed and the ruler could be placed directly next to the sapwood.

Several punches with the gauge were then made in the same area, with the

user paying particular attention to the pressure of the punch and the

deviation from the nearby ruler measured bark thickness. Accuracy of the

16
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gauge was a reflection of care taken by the user in calibrating punches

to actual bark thickness.

Sapwood Measurement

Sapwood radius, for purposes of this study, was defined as the

width of a band of wood between bark and heartwood. It was obtained by

using a Keuffel and Esser Swedish increment core to take a boring at

breast height perpendicular to the annual rings. Each tree was bored

on the south side so that later corrections, by aspect, could be made

if warranted. The number of cores per tree was arbitrarily set at one.

A separate study was undertaken to determine if there was sampling bias

as a result of this selection.

On the core extracted from the tree, the sapwood portion was de-

lineated as the section between inner bark and heartwood. Moisture

content in Douglas-fir was approximately three times greater for sapwood

than for heartwood. This wide difference in moisture content made it

possible to visually observe the border between sapwood and heartwood

while in the field. Heartwood was much darker and redder than the wheat

colored sapwood.

Another method for determining sapwood boundaries used a pH indica-

tor. This method was time consuming and added little to the accuracy of

the visual method. Therefore, the visual method, as used in this study,

remains the most common field procedure.

A Cenco caliper was used to measure sapwood radius on the core. The

unit of measurement was a centimeter with a vernier scale allowing
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measurements to be made to the nearest one-hundredth cm (0.0039 in.).

All field measurements were converted to English units prior to com-

puterized calculation of sapwood basal area.



RESULTS/DISCUSS ION

Sampling Aspect for Cores

During the sampling procedure, a single core was taken from the

southern aspect on all selected sample trees. The south was arbitrarily

chosen prior to visiting the site. As the trees had research numbers

painted on that side, field procedures were simplified. A supplementary

study examined the regularity of the sapwood radius on each of the four

major aspects: north, east, south and west. This supplementary study

was undertaken to determine if by sampling only the southerly aspect

there was a bias in determination of average sapwood radius. For the

study, 25 trees were randomly sampled with four cores taken per tree.

Some of these trees were in the study plots and some were on the area

directly adjacent to the study plots.

Results from the supplementary study showed that the lowest variance

among trees for sapwood radius was for the measurement taken on the

southern aspect. This was followed by measurements taken on the west,

east and north (Table 3). The southern aspect also had sapwood measure-

ments closest to the mean measurement for all four aspects. With the

close agreement of the southern measurement with the mean, measurements

on sample trees were determined to be not appreciably biased. On plot

estimates of sapwood basal area, sapwood radius of the southern measure-

meat was treated as being the average sapwood radius for the individual

tree sampled.

19

These results are consistent with those reported by Walters and

Kozak (1964), who found diameter eccentricity to be aligned with prevailing



South 5.62

West 5.58

North 5.52

East 6.03

*Among trees by aspect.

winds. At Hoskins prevailing winds come from the south and west, the

two aspects of the tree found to be both least variable among trees and

closest to the composite mean measurement. Walters and Kozak give a

possible explanation for this eccentricity as being due to mechanical

forces requiring greatest strength and growth on the side opposite

prevailing winds.

5 .69

-1.19

-1.82

-3.00

+6. 03

0.135

0.169

0.253

0.240
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TABLE 3. VARIATION OF SAPWOOD RADIUS BY ASPECT OF THE CORE TAKEN, (cm).

Average Sapwood Composite % from
Aspect Radius Mean Mean Variance*



Number of Cores Per Tree

21

Using data of the same 25 trees mentioned in the preceding section

on "Sampling Aspect for Cores," a calculation of the variance of the

sapwood radius around the tree bole was made. To simplify field proce-

dures it was arbitrarily chosen that one core would be taken on each of

the selected sample trees. Again, this examination of regularity of the

band of sapwood around the tree bole was undertaken to evaluate bias

in the sampling scheme.

Variance between measurements made on the north, east, south and

west sides of the tree was minimal (Table 4). In general, the band of

sapwood was regular in form. This uniformity made it feasible to use

one core per tree to determine sapwood basal area.

Some trees, such as trees 9, 10, 20, 21 and 22 in Table 4, have

higher variances. These trees were either growing under extreme competi-

tion on one side or were completely open on one side. Sapwood measure-

ments on these sides varied significantly from measurements on the other

three sides. However, the ratios of the south measurement to the mean

are not greatly aberrant. For trees with irregular crowns, four cores

per tree should be taken, one from each aspect, so that an average

sapwood radius can be determined.

Trees 9, 10, 20, 21 and 22 mentioned above were atypical of the

selected sample trees at Hoskins. The research plots represent a

managed forest stand in which trees under extreme competition or extreme

lack of competition on only one side of the tree were unlikely to be

found.



TABLE 4. VARIATION OF SAPWOOD AROUND THE TREE (WITH FOUR CORES TAKEN
PER TREE: NORTH, EAST, SOUTH AND WEST SIDES) (cm).
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* See text on page 21 for an explanation of these higher variance values.

Tree Number
Mean Sapwood Radius
By Tree

Ratio of Southern
Measurement to

Variance the Mean

1 5.06 0.255 1.04
2 4.42 0.113 1.11
3 3.75 0.399 0.87
4 4.20 0.028 0.95
5 5.80 0.228 0.91
6 5.58 0.436 0.97
7 5.97 0.292 0.94
8 5.02 0.280 1.11

* 9 3.92 0.509 0.91
* 10 7.80 0.506 1.00

11 7.47 0.383 1.05
12 4.92 0.109 0.90
13 6.10 0.037 0.95
14 5.34 0.116 1.07

15 5.46 0.084 0.93
16 5.29 0.224 0.92

17 5.26 0.015 0.97
18 6.20 0.146 1.01
19 7.02 0.205 1.04

* 20 7.66 0.554 0.98
* 21 6.60 0.733 0.96
* 22 6.71 0.584 0.96

23 5.51 0.430 1.11
24 5.87 0.179 0.93
25 5.33 0.045 0.94

Means 5.69 0.98

Standard Deviation 0.07



Bark Thickness Ratio
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Bark thickness is one of the variables used in calculation of

sapwood basal area. Accuracy of bark thickness is important as an

imprecise measurement of thickness compounds as calculation of sap-

wood basal area is made (refer to equations for SBA on p. 16). Bark

thickness ratios, basal area inside bark divided by basal area outside

bark, are commonly used in calculation of basal area and cubic volume

inside bark. The precision of existing ratios in a stand of young

growth Douglas-fir, such as at Hoskins, was not well established. There-

fore, actual bark thicknesses were recorded for each selected sample tree.

Correlation coefficients relating basal area inside bark to basal

area outside bark on a per plot basis were calculated. Correlation was

very high (Table 5). A similar relationship existed among trees by

research plot for basal area inside bark to basal area outside bark.

Bark thickness ratio (BTR) varied with thinning intensity. Bark

thickness on heavily thinned treatments (1 & 3) was greater than bark

thickness on minimally thinned treatments (5 & 7). Bark thickness

ratio declined with decreasing thinning intensity. This suggested that

bark thickness varied with stand condition. Although age is a component

of stand condition, age did not play a dominant role in determining bark

thickness ratios at Hoskins.



TABLE '5. CORRELATION COEFFICIENTS COMPARING BASAL AREA
INSIDE BARK AND BASAL AREA OUTSIDE BARK.

l/(E2) (E2)
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Treatment -
Plot

Correlation*
Coefficient

Bark Thickness
Ratio

1- 3 0.9997 0.863
1- 8 0.9997 0.876
1-20 0.9998 0.871

Treatment 1 0.870

3- 7 0.9998 0.862
3-11 0.9997 0.864
3-21 0.9997 0.861

Treatment 3 0.862

5- 9 0.9995 0.848
5-24 0.9997 0.850
5-27 0.9998 0.850

Treatment 5 0.849

7-12 0.9997 0.851
7-14 0.9996 0.859
7-19 0.9997 0.857

Treatment 7 0.856

9-10 0.9994 0.805
9-22 0.9995 0.831
9-26 0.9993 0.824

Treatment 9 0.820

*r Exy



Sample Size - Basal Area Sampled

For this study, probability of selecting a tree to measure sapwood

radius was proportional to basal area of the tree two years prior to the

study. The two years prior basal area was the most recent available

measurement in computer files for basal area. On each plot a maximum

of 20 trees was selected for sampling. For heavily thinned plots this

represented a 100 percent sample on the one-fifth acre (0.081 ha) plot.

Percent of sample decreased with decreased thinning intensity. On

unthinned (control plots) there was an average 15 percent of total basal

area selected for sapwood basal area sampling.

TABLE 6. VARIATION BETWEEN CYCLE 1 AND CYCLE 2 SAMPLE
ESTIMATES OF SAPWOOD BASAL AREA (ft2/ac).
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Treatment- Sapwood Basal Variance Variance
(2)

% Basal Area
Plot Area Estimate of Mean* Cycle 1 & Cycle 2 Sampled

1- 3 42.16 0.453 0.906 100
1- 8 42.71 0.048 0.096 100
1-20 43.46 0.193 0.386 100

3- 7 62.61 0.005 0.010 72
3-11 60.35 0.139 0.277 85
3-21 60.23 0.263 0.525 82

5- 9 76.06 0.029 0.058 54
5-24 74.56 0.484 0.968 60
5-27 78.07 0.326 0.652 52

7-12 91.35 0.083 0.165 40
7-14 85.39 0.122 0.244 48
7-19 101.09 0.725 1.450 42

9-10 115.45 2.657 5.314 14
9-22 146.11 2.957 5.913 16
9-26 146.37 1.320 2.640 17

* 2
(indicative of the precision of the mean)

2
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Field data collection was completed in two cycles. This was

done to test sampling bias of the person collecting data. Measurements

recorded early in the study might be biased by inexperience of the

recorder when compared to those recorded on the second cycle. Trees

were randomly chosen for sampling in both cycle one and cycle two.

One-half of the total number of trees selected for sampling was included

in each cycle.

Values obtained for each cycle were used to independently estimate

sapwood basal area on a per plot and per acre basis. The difference

between cycle one and cycle two estimates has been expressed as

variance in Table 6.

Higher variance values, in plots 9-22, 9-10 and 9-26, reflect trees

under extreme competition growing among moderately vigorous trees.

These contro.L plots were never thinned and have as many as 1093 trees

per acre (2700 trees/ha). Also, as percent basal area sampled decreased,

some increase in variance of sapwood basal area estimates between cycles

was to be expected. Both precision of the mean and variance between

cycles point to lack of bias with data collection techniques. Thus,

cycle estimates were meshed without further adjustment when total plot

estimates were made.



Accuracy of SBA Estimate

The sum of basal area for individual sample trees divided by

their probability of being sampled (Tr) was used to estimate total basal

area on each plot:

A 20
T=

i=l Tr1
A

This estimate total (Tx) was compared to the sum (Tx) of basal areas

obtained when a skilled forest technician measured every tree on the

plots. He measured every tree on the Hoskins plots the same year and

month as when this study was conducted because it was time for his mea-

surements to be added to the permanent basal area file (Table 7).

Differences between the two basal area sums were minimal, pointing

to accuracy of the basal area estimate and precision of the sampling

method. As was expected, when intensity of basal area sampling decreased,

differences between the basal area totals increased. Minimal differences

when comparing basal area estimates and known basal area totals suggested

that accuracy of measurements taken by this researcher was not unlike

that of those recorded by the skilled forest technician.

A ratio of known basal area to estimated basal area was used to

adjust the sapwood basal area estimate. Comparison of the adjusted

sapwood basal area estimate () to the sapwood basal area estimate (Tv)

showed that minimal adjustment was made (see the column in Table 7;

table entries equal 1.000 if there was no adjustment). From this it was

27

concluded that the sampling method was shown to be adequate for obtaining



the desired sapwood basal area estimate.

TABLE 7. DETERMINATION OF ADJUSTED SAPWOOD BASAL AREA
TOTAL SQUARE FEET/ONE-FIFTH ACRE PLOT, 1975.

Treatment-
Plot T

1)
T

2)
R3 T /T

x x y y yy

T = directly estimated basal area in 1975. (Sutliff)

T = known basal area (sum of individual basal areas for all trees
X

on plot) in 1975. (Berg)

R T ITyx
T = directly estimated sapwood basal area in 1975. (Sutliff)

T = T *R = adjusted sapwood basal area estimate.
y x
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1- 3 15.481 15.546 .545 8.432 8.473 1.005
1- 8 15.453 15.332 .553 8.542 8.479 0.993
1-20 15.359 15.359 .566 8.692 8.693 1.000

15.431 15.412 .554 8.555 8.548 0.999

3- 7 22.050 21.842 .568 12.521 12.406 0.991
3-11 22.381 21.946 .539 12.069 11.829 0.980
3-21 21.546 21.549 .559 12.046 12.046 1.000

21.992 21.779 .555 12.212 12.094 0.993

5- 9 28.053 27.831 .542 15.211 15.084 0.992
5-24 27.794 28.141 .537 14.912 15.112 1.013
5-27 28.834 28.112 .541 15.613 15.209 0.974

28.227 28.028 .540 15.245 15.135 0.993

7-12 32.421 33.852 .564 18.270 19.093 1.045
7-14 33.601 33.886 .508 17.078 17.214 1.008
7-19 35.486 34.138 .567 20.128 19.356 0.962

33.836 33.959 .546 18.492 18.554 1.003

9-10 49.894 50.000 .463 23.089 23.150 1.003
9-22 60.304 55.425 .486 29.221 26.937 0.922
9-26 53.826 51.180 .544 29.274 27.842 0.951

54.675 52.202 .471 27.195 25.976 0.955



Regression Analysis: SBA Versus BA

One of the initial reasons for this study was to determine if

sapwood basal area had any more relevance to tree response to thinning

than basal area. If both sapwood and basal area responded with equal

increased growth rate to thinning then their ratio would remain con-

stant over the range of thinning intensities. However, it was conjec-

tured that trees on heavily thinned plots would be more vigorous and

retain a larger sapwood component than trees on less heavily thinned

plots. With this larger sapwood component, the trees could continue to

grow and add greater board foot volume. This hypothetical response

being the reason for thinning.

To examine similarity of behavior, regression analysis of the re-

lationship of sapwood basal area to basal area (outside bark) was com-

pleted. Tabular results of the regression appear in Table 8. Figures

3 - 10 contain the graphic presentation of the regression lines. From

the Figures and the Table it was observed that the cluster of points

for each treatment was reasonably linear. The mean square values, which

measure scatter about regression lines were relatively small. The pro-

portion of total variation accounted for by regression (R2) varies from

0.846 to 0.927 and was acceptable.

An analysis of the variation within the regression was completed

to pinpoint the sources of differences. The relationship of sapwood

basal area to basal area in unthinned control (treatment 9) plots to

other plots was significantly different at several places in the ANOVA

29
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(Table 9). Even within treatment #9 the relationship was significantly

different. Most likely the variation was caused by wide variability of

growth habit in unthinned plots as well as lower precision of the sap-

wood basal area and basal area estimates on those plots. Derivation

of the ANOVA is contained in the Appendix.

When comparisons of the relationship of sapwood basal area to

basal area were made, as in Table 8 and Figures 3 - 10 in the regression,

there were differences as a result of thinning intensity. Variation

existed in the intercept and not the regression coefficient (slope),

suggesting that a basic difference existed in retention of sapwood and!

or production of heartwood. It could be speculated that heavily thinned

plots retain growth rings longer as sapwood and that less heavily thinned

stands produce heartwood at an earlier stage. Another explanation would

be that trees on heavily thinned plots were larger than those on less

heavily thinned plots at the early exponential stage of their growth.

The trees on the heavily thinned plots would exhibit more vigorous growth

when young. It could be speculated that as some undetermined basal area,

toward the end of the stage of rapid early growth, the relationship of

sapwood basal area to basal area assumed a similar slope to that of tree

growth on less heavily thinned plots.
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TABLE 8. REGRESSION ANALYSIS OF SAPWOOD BASAL AREA ON BASAL AREA (1975)

Treatment-
Plot df n Intercept

Regression
Coefficient

Mean Square
Error R2

1- 3
1- 8
1-20

15

14

15

44

17

16

17

0.0409
0.0927
0.0311

0.499
0.457
0.531

0.00137
0.00132
0.00232

Pooled
Trmt. 1 48 50 0.0538 0.496 0.00166 0.904

3- 7 18 20 0.1147 0.417 0.00191
3-11 18 20 0.0816 0.446 0.00242
3-21 18 20 0.0923 0.448 0.00401

54

Pooled
Trmt. 3 58 60 0.0975 0.435 0.00263 0.846

Pooled
Trmts.

l&3 108 110 0.0789 0.462 0.00224 0.869

5- 9 18 20 0.0346 0.495 0.00103
5-24 18 20 0.0293 0.496 0.00194
5-27 17 19 0.0372 0.484 0.00146

53

Pooled
Trmt. 5 57 59 0.0336 0.492 0.00138 0.927

7-12 17 19 0.0528 0.455 0.00126
7-14 18 20 0.0582 0.428 0.00110
7-19 18 20 0.0037 0.574 0.00263

53

Pooled
Trmt. 7 57 59 0.0393 0.480 0.00226 0.864

Pooled
Trints.

5&7 116 118 0.0359 0.486 0.00179 0.898

9-10 18 20 0.0253 0.376 0.00122
9-22 18 20 -0.0049 0.514 0.00082
9-26 18 20 0.0264 0.471 0.00143

54

Pooled
Trmt. 9 58 60 0.0163 0.459 0.00163 0.927



TABLE 9. ANALYSIS OF VARIANCE
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* Significantly different at 99% confidence level.

Within Treatments 20 0.08175 0.004087 2.33*

Treatment 1 4 0.00567 0.001418 0.81
Treatment 3 4 0.00226 0.000565 0.32
Treatment 5 4 0.00036 0.000090 0.05
Treatment 7 4 0.04029 0.010073 5.76*
Treatment 9 4 0.03317 0.008293 4.74*

Among Treatments 8 0.11639 0.014549 8.31*

Control vs. Other
Treatments 2 0.07503 0.037515 21.42*

Among Other Treatments 6 0.04136 0.006893 3.94*

(1,3) vs (5,7) 2 0.03037 0.015185 8.67*
Residual 4 0.01099 0.002748 1.57

1 vs 3 2 0.01030 0.005150 2.94
5 vs 7 2 0.00069 0.000345 0.20

Within Plots 258 0.45179 0.001751

Degrees of Sums of Mean Square
Source Freedom Squares Error Error F
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FIGURE 5. REGRESSION OF SAPW000 BASAL AREA ON BASAL
AREA (LINE REPRESENTS THE REGRESSION OF
ALL PLOTS IN TREATMENT 5)
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FIGURE 6. REGRESSION OF SAPWOOD BASAL AREA ON BASAL
AREA (LINE REPRESENTS THE REGRESSION OF
ALL PLOTS IN TREATMENT 7 )
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FIGURE 10. REGRESSION LINES OF SAPWOOD BASAL AREA
ON BASAL AREA FOR COMBINED TREATMENTS
I 3 VERSUS 5 7 VERSUS 9.
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SUNMARY

The objectives of this study were to develop and test a sampling

method for use by other investigators. The method should provide an

accurate stand estimate of sapwood basal area and not be cumbersome

to use. The method chosen for examination was systematic variable

probability sampling, with probability of selecting sample trees pro-

portional to basal area. Sampling with this probability added preci-

sion to low intensity samples.

Precision of the estimate of basal area, recorded as a component

in the calculation of sapwood basal area, was excellent. The estimate

was within one percent on thinned treatments, and within five percent

on the unthinned (control) treatment, of actual plot totals. Sampling

intensity ranged from 100 percent on the heavily thinned treatment to

an average of 15 percent on the unthinned treatment. Actual plot

totals were recorded as part of a 100 percent independent sample of

tree growth on the study plots. Accuracy of the sampling method was

extremely good considering it accounted for both sampling error and

errors in individual sampling methods.

Some preliminary studies and accuracy of the sapwood basal area

estimate substantiated several experimental procedures. At the tree

level, sampling intensity was set at one core per tree. Each core

was taken on the southern aspect, aligned with prevailing winds at

the Hoskins study site. As another research team had found, sampling

on the aspect corresponding to prevailing winds provided the sapwood

measurement closest to the mean.
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An established bark thickness ratio, basal area inside bark to

basal area outside bark, was not used. Actual bark thickness was

measured for each tree and it was found to vary by thinning intensity.

The bark thickness ratio was higher on heavily thinned plots than on

less heavily thinned plots. Use of a standard bark thickness ratio

would have provided an overestimate of bark thickness on some plots

while underestimating others.

For this study, it was assumed that trees on heavily thinned plots

would have a higher sapwood basal area to basal area ratio than those

on lighter thinnings. It was speculated that growth response to thin-

fling would be greater for trees on heavily thinned plots as the trees

would have more live tissue to total tissue with which to produce added

volume growth. Through regression analysis of sapwood basal area on

basal area it was found that, depending on thinning intensity, there

was a different relationship between sapwood basal area and basal area.

The relationship on unthinned plots was the most variable. This was

true both within the treatment and when compared to thinned treatments.

The most likely cause of this variability was that on the unthinned

treatment growth habit ranged from moderately active to extremely

stagnant. The dense spacing of trees on these plots allowed some to

grow while others hardly grew at all. Differences in the growth rates

produced a wide range of sapwood basal area to basal area ratios.

On thinned treatments variability within plots was much less than

on the unthinned treatment. Between treatments, variation in the sap-

wood basal area to basal area relationship existed in the intercepts of

the regression lines and not particularly in the slope. Possibly the
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trees produced heartwood at different stages in their growth. If the

thinning intensity was great, heartwood was formed later than on less

heavily thinned treatments. Another supposition could be that :in the

early stages of growth, trees on heavily thinned plots developed rapid-

ly and quickly outgrew those on less heavily thinned areas. Then at

some later stage in the exponential growth period, the heavily thinned

trees assumed a similar relationship between sapwood basal area and

basal area as the trees on less heavily thinned plots.

Further investigation of changes in sapwood basal area to basal

area over time as well as on various thinning intensities could be the

subject of future research. If sapwood basal area is to be used as

a measure of primary biological production, correlation between sap-

wood basal area and foliage biomass must also receive further analysis.

This study provides a basis for obtaining adequate sapwood estimates

and outlines basic relationships which can be used in future studies.
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APPENDIX



DERIVATION OF ANALYSIS OF VARIANCE (AS SUMMARIZED IN TABLE 9).

18.53

Treatment-Plot
Sums of Squares Degrees of

Error (SSE) Freedom (df) SSE df F SSE df F SSE df F SSE df

1- 3 0.02051 '51
1- 8 0.01855 14 [ 0.07956 48
1-20 0.03483 15 I 0.07389 M

0.07389 J 0.00567 4 0.84
0.24211 108

3- 7 0.03431 18 0.23181 106
3-il 0.04359 18 0.15225 58 0.01030 2 2.35
3-21 0.07209 18 0.14999 54

0.14999 0.00226 4 0.20

5- 9 0.01855 18 0.48015 226
5-24 0.03473 18 0.07839 57 0.44978 224
5-27 0.02475 17 0.07803 53 0.03037 2 7.56

0.07803 0.00036 4 0.06
0.20767 116

7-12 0.02135 17 -0.20698 114
7-14 0.01967 18 0.12859 57 0.00069 2 0.19 0.64993 286
7-19 0.04728 18 0.08830 53 - 0.57490 284

0.08830 0.04029 4 6.05 0.07503 2

1
9-10 0.02085 18

9-22 0.01504 18 - 0.09475 58
9-26 0.02569 18 0.06158 54

0.06158 0.03317 4 7.27


