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ASSESSING AND MANAGING STANDS
TO MEET QUALITY OBJECTIVES
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ABSTRACT

Process capability analysis (PCA) is a statistical quality control technique which managers can use to assess the degree
of nonconformance of individual timber stands to specifications for quality properties such as knot diameter, rings per inch,
and wood stiffness (MOE). Examples from Douglas-fir (Pseudotsuga menziesii Mirb. Franco) plantations demonstrate appli-
cation of PCA to a single property or a combination and show how PCA can be used to monitor nonconformance over time.
Managers can use the PCA information to assist in harvest planning and marketing mature stands and to assist in planning
silvicultural planning in immature stands. Purchasers can use PCA to assist in determining if a stand has sufficient confor-

mance to their log quality requirements to justify a bid.
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INTRODUCTION

For a long time relatively simple, economical field tools
have allowed forest managers to measure geometric prop-
erties of trees in a stand for inventory, and growth and yield
analysis. This has also led to the development and use of
growth and yield, harvest scheduling and other forest plan-
ning models. Unfortunately, counterparts for measuring
quality properties of trees have lagged, hence quality has
not received as detailed treatment in inventories, analyses,
and models. If quality is treated at all, it is often through
assuming an implied relationship of increasing quality with
increasing tree diameter. Although a general association of
higher quality with increasing tree diameter may have been
reasonable for natural stands and minimally managed plan-
tations, it breaks down in intensively managed plantations
where different cultural regimes can produce similar size
trees with great differences in knot size, percentage of juve-
nile wood, ring width, and other characteristics. An alterna-
tive to the diameter association is to estimate the log grade
composition or tree grade of trees in a stand. Unfortunately,
these grading systems provide only broad, generalized indi-
cations of quality and may not be consistent with, or at the

resolution needed by, current and emerging markets. For
example the official log grades for Douglas-fir in the Pacific
Northwest do not discriminate knot size until knot diameter
is at least 2.5 inches (NWLRAG 1998). Furthermore, these
grades have sometimes been found to produce illogical
results when applied to managed plantations. For example,
Sonne et al (2004) found that No. 3 Sawlogs from a 70-
year-old Douglas-fir stand that had been thinned and treated
with biosolids had greater yield of high grade lumber than
from No. 2 Sawlogs; a reversal of customary expectations
from these grades. Forest product manufacturers have
become more specialized in their log quality preferences

as evidenced by an unofficial system of logs sorts (Bowers
1997) that largely replaced the official system. The princi-
pal feature of the log sorts is use of a finer resolution of log
properties present in the official rules; primarily log diame-
ter; rings per inch, knot diameter, and number of knots per
log face. Manufacturer concerns with juvenile wood, wood
strength and stiffness, dimensional stability, and other prop-
erties are not addressed by the current log grading systems
and little has been done to formally translate desired log
characteristics into counterparts that can be assessed in
trees and stands.
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Forest managers need improved approaches for quantifying
relevant quality characteristics both for marketing and
managing quality in intensively managed plantations. Tech-
niques for rapid and economical field measurement of key
tree quality properties exist, including tools that use acoustic
wave transmission to non-destructively assess potential
modulus of elasticity (MOE) of products from logs and
trees (Carter et al. 2004). Techniques of statistical quality
control have been successfully implemented in many indus-
tries and manufacturing settings where properties of the
product from a process are measured and monitored with
the objective of maximizing conformance of properties to
specifications supplied by a customer, product designer, or
management. Combining these field and statistical techni-
ques provides an opportunity to develop analytic methods
for assessing quality of trees and stands that can assist sil-
viculturists, managers and planners with silvicultural and
marketing decisions.

This paper reviews a statistical quality control technique,
process capability analysis (PCA), useful for assessing the
degree of conformance of product properties to specifica-
tions issued by a customer or stated as quality objectives.
Next, some important log quality properties that can be
readily measured or estimated in standing trees for applica-
tion of PCA are discussed. Several examples illustrating the
use of PCA on some of these properties, singly and in
¢ o mbination, are presented for some intensively managed
Douglas-fir plantations. Finally, management implications
of applying PCA to quality of timber stands are discussed.

PROCESS CAPABILITY ANALYSIS

Process capability analysis refers to techniques for
studying “process capability” or the uniformity of a process
at either a single point in time or over time through repeated
sampling (Montgomery 2001). More specifically, a sample
of product from the process is measured for a specific
property and process capability is usually estimated by
using a probability distribution with the shape, center
(mean, w) and spread (standard deviation, o) appropriate
for the property. If no suitable probability distribution model
can be found, process capability can be estimated from the
actual frequency histogram. Two contexts for expressing
process capability are presented in the following paragraphs.

First, process capability can be stated without reference
to external specifications for the property of interest. In this
case, process capability is stated as the six-standard-devia-
tion spread of the distribution of the product property,
expressed as the upper and lower natural tolerance limits
(UNTL, LNTL);
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UNTL,LNTL = u+30

If a normal distribution is assumed for the property,
process capability can be stated by noting that 0.27% of the
product, or 2700 product items per million, will be outside
the UNTL — LNTL range for the property.

Second, process capability can be stated as the percent-
age of product falling outside, or not conforming to, external
specifications for the property. Upper and lower specifica-
tion limits (USL, LSL) may be one sided or two sided and
may originate from product designers and engineers, man-
agement directives, product standards, or customers. A
manager can compare USL and LSL with the probability
distribution of the product property. Nonconformance is the
percentage of the distribution outside the bounds defined
by USL and LSL. Assuming that the property is normally
distributed, that the process is in statistical control as evi-
denced by control charts for the process, and that the mean
is centered between USL and LSL, process capability can
be expressed as a process capability ratio (Cp), formed from
the external specification limits and the natural limits of the
process as follows:

c._USLLSL
p = 2oL
60

Correct use and interpretation of C,, is dependent on the
validity of the assumptions. C,, will not be used here; more
experience with the distributions of timber quality proper-
ties and the effect of cultural practices on these distributions
will be needed to determine if the assumptions underlying

Cp are valid.

If the assumptions underlying Cp are not met, an alter-
native is to compare USL and LSL directly with the proba-
bility distribution or frequency histogram of the property.
Process capability can be stated as the percent non-con-
forming as estimated from the portions of the distribution
or histogram outside the specification limits. This approach,
using actual frequency histograms based on sampling trees
from the stand of interest, will be used in the following
examples. Future research will be needed to discover prob-
ability distribution models that are adequate for quality
properties of interest and can reflect impacts of cultural
practices that could radically alter the distribution of the
property. Developing the frequency histogram of a quality
property requires sampling a sufficient number of trees
from the stand. In constructing histograms, Montgomery
(2001) suggests using between 4 and 20 bins, “choosing
the number of bins approximately equal to the square root
of the sample size.” Thus to have six bins describing a
quality property of trees in a stand, one should measure the



property on at least 36 trees from the stand. This seems
reasonable considering the typical number and size of plots
one would place in a stand for inventory or appraisal.

WHAT IMPORTANT LOG PROPERTIES
CAN BE EASILY MEASURED IN TREES
FOR USE IN PCA?

Consider a mill peeling logs into veneer for plywood
and laminated veneer lumber (LVL). Its log specifications
may include a maximum and minimum diameter, a growth
rate limit expressed as a lower bound on rings per inch, and
an upper bound on knot diameter. It may also pay a premium
for logs exceeding a lower bound on modulus of elasticity
(MOE), a measure of stiffness and a key characteristic for
veneer to qualify for LVL manufacture. Can these log qual-
ity properties be easily translated into measurements that
can be easily obtained from standing trees and subsequently
used in PCA?

Log Diameter Range

The dbh of the sample trees, combined with a taper
curve to predict diameters inside bark, can be used to esti-
mate log diameters. Since dbh is customarily measured in
an inventory, measuring this property adds no new cost. If
forest growth models are used, most project the dbh of
individual trees and some produce log stock tables that
would provide a means for finding nonconformance to log
diameter range specifications. Additional accounting may
be necessary before a model could automate calculation of
nonconformance to user-defined log diameter specifications.

Rings Per Inch (Rpi)

On permanent plots where trees are tagged and periodi-
cally measured for dbh, the change in dbh can be used to
estimate periodic rpi without new cost. One can expect that
rpi at breast height (bh) is highly correlated with rpi of the
first log in the tree, since bh is within that log, and should
be well correlated with rpi of upper stem logs. Increment
cores could be used as an alternative but this would add
expense in collecting the cores and measuring the rpi. If
forest growth models are used, rpi can be readily inferred
from dbh changes between projection periods. It may be
necessary to add some accounting procedures in the models
to automate and report rpi and to produce log stock tables
according to user-defined rpi specifications.

Knot Diameter

Typically, each log grade or log sort has a maximum knot
diameter (Bowers 1997) and product recovery researchers
have found that largest limb average diameter (LLAD, Fahey

et al. 1991) also known as branch index (bix, Barbour &
Parry 2001), defined as the average of the largest diameter
knot in each of the four quadrants or faces of the log sur-
face, is a good predictor of product grade recovery from a
log. One can hypothesize that the diameter of the largest
knot or LLAD, measured with a caliper on the lower bole,
would be highly correlated with the largest knot diameter
or LLAD of logs within the tree. The Stand Management
Cooperative and others (Ingaramo 2003) have measured
diameter of branches within a region centered on BH and
have found that this adds little to field time and cost. Examin-
ation of the hypothesized relationship between BH and log
knot diameter measures will be presented later in this paper.
Some growth models can estimate the diameter of branches
at each whorl position along the boles of trees (Hann et al.
1997, Mitchell 1975). With some further accounting, this
information could be used to estimate nonconformance to

a knot diameter specification.

Modulus of Elasticity (MOE)

The relationship between the MOE of a material, its
density and the speed of an acoustic wave through the mate-
rial forms the basis for a method of nondestructive testing
of logs for MOE (Wang et al. 2000). This acoustic method
measures the “dynamic” MOE in contrast with the MOE
obtained by static bending. Researchers have demonstrated
excellent relationships between the dynamic and static bend-
ing MOE of logs, and between the average static bending
MOE of products obtained from a log and the dynamic and
static bending MOE of the parent log (Ross et al. 1999, Wang
et al. 2004). This research has led to commercial tools for
nondestructive testing and sorting logs using acoustic sig-
nals and a related tool for nondestructive testing in standing
trees has just become available (Carter et al. 2005; this
proceedings). This new tool, which is used on the lower
bole of a tree, provides the opportunity for assessing the
degree to which trees in a stand conform to a specification
for MOE. Further research is underway to develop relation-
ships along the chain from tree to product and to optimize
use of these tools in the field.

This review indicates that properties important to prod-
uct and log quality and value can be readily measured on
standing trees and many can be inferred from growth and
yield models, although this may require some refinements
in summary programming. During a stand inventory, suffi-
cient trees are likely to be present on plots to gather these
data and pooled if necessary to develop frequency histograms
for use in PCA.
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PCA OF DOUGLAS-FIR STANDS
AT A SINGLE POINT IN TIME

A spacing trial located on the Pilchuck Tree Farm near
Stanwood, Washington will be used as an example. In May
of 1983, six acres of former cattle pasture was divided into
fifty square plots, each 73 ft x 73 ft covering 0.08 acres.
Site index is medium to high: 140 ft at 50 years (King
1966), corresponding to 98 ft at 30 years, using the new
curves for planted Douglas-fir stands (Flewelling et al.
2001). The plots were planted with two-year-old, unim-
proved, local origin Douglas-fir seedlings over six densities
ranging from 194 to 681 trees per acre; two densities had a
rectangular spacing, while the rest were square. The outer-
most row of trees in each plot was regarded as a buffer to
avoid edge effects from contiguous plots. On each plot,
trees inside the buffer were tagged and measured for DBH
in 1990 and 1998. In the winter of 2001-2002, six plots,
chosen at random from each spacing, forming a completely
randomized design with six replications of six stocking
treatments, were measured for detailed growth, yield, and
quality attributes (Ingaramo 2003). Using the 1998 DBH
distribution, 12 trees were sampled on each plot; the small-
est, the largest, and 10 others selected at random. All sample
trees were measured for dbh and divided into N, S, E and W
quadrants or faces. In each quadrant, the diameter of all
branches greater than or equal to 1/3 inch, located within one-
foot above and below breast height (4.5 ft), was measured
with a caliper. Branch diameter was measured perpendicular
to the branch axis, in the direction of stemcircum ference,
just beyond the branch collar. Restricting branch measure-
ment to those that were at least 1/3 inch diameter excluded
many small ‘whiskers’ that tend to self-prune very rapidly,
and have little, if any, effect on grading. A random sample
of four of the study trees was measured for total height and
height to the live crown defined as the average of the height
to live branches in the four quadrants. Table 1 summarizes
the tree characteristics according to stand density; at age
18 (20 years from seed).

In May 2003, the four height trees were climbed to 17.5
feet using a ladder and the largest diameter branch in each
of the N, S, E and W faces of the 16-foot butt log was
measured. It was assumed that the stump was 1 foot high
and that the log had 0.5 feet of trim allowance. The 16-foot
butt log was chosen since it is a preferred length for lumber,
closely approximates two peeler bocks for making veneer,
and is relatively fast and easy to measure with the ladder
method; a crew of five located and measured 136 trees in
about four hours. The owner had initiated thinning in some
plots and if the sample tree had been removed in the thin-
ning, the standing tree most similar in DBH was used as a
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replacement. Two plots had been heavily thinned and were
inaccessible for sampling due to the amount of felled mate-
rial on the ground. With the exception of a single branch
on the southern aspect of one tree at the lowest density, all
branches in the BH region of the sample trees were dead.
Furthermore, live crowns had receded above the top of the
log and during climbing it was noted that there were only

a very small number of living but severely suppressed
branches within the 16-foot butt log. It is assumed that there
will be negligible additional growth on these few branches.

The hypothesis that there would be a reasonably good
correlation between branch diameters in the BH region and
on the 16-foot butt log was mentioned earlier. Figure 1
presents regressions between largest diameter branch and
LLAD in the BH region and on the 16-foot butt log. LLAD
of the 16-foot log produced a better regression than the
largest diameter branch of the log. Also, the regressions
were poorer using LLAD of the BH region. Over the short
two-foot BH region, some quadrants had no branches (zero
branch diameter), which increased variation in BH region
LLAD and reduced its correlation with the log measures.
This is fortunate since it is easier for field personnel to find
and measure the largest branch in the BH region rather than
spend time locating quadrants and measuring the largest
branch in each quadrant.

Applying PCA To Knot Diameter

A timber seller or purchaser would use one of the regres-
sions to translate a log specification for knot diameter into
a counterpart BH specification for standing trees. For exam-
ple, if a sawmill places a 1.5-inch upper limit on LLAD of
logs, the equation in figure 1A yields a largest BH knot
diameter of 1.5 inches. After translating the log specifica-
tion to a tree specification, the frequency histogram of
largest BH branch diameters from the trees in a stand can
be compared with the translated specification. Figure 2
shows such a comparison for the 194 tpa (15 ft x 15 ft)
density and shows that about 52% of the trees are noncon-
forming. A mill may decide to not make a purchase bid for
a stand with such high nonconformance. The seller, aware
of this poor non-conformance, can focus marketing efforts
on those who accept trees with relatively large knots. Some
may prefer to create cumulative frequency distributions
that may be visually easier for comparing multiple stands
with the specification limits in the same graph. Figure 3
shows cumulative frequency distributions for knot diameter
for all of the densities in the 18-year-old trial; the percent-
age of trees nonconforming to the BH knot-diameter speci-
fication ranges from only 3% in the 681 (8 ft x 8 ft) density,
to 52% for the 194 tpa (15 ft x 15 ft) density.



Table 1—Mean (and standard deviation) of tree characteristics by spacing in the

Pilchuck Tree Farm spacing trial at age 18

Charachistic Density, trees/acre Spacing ft x ft
194 218 302 340 435 681
(15x15) (20x10) (12x12) (16x8) (1A0x10) (8x39)
Quadratic mean 11.1 10.7 9.8 9.4 8.8 7.5
diameter, in (0.56) 0.37) (0.36) (0.26) (0.21) (0.18)
Total height, ft 52.5 50.8 53.5 53.2 56.1 54.1
(1.67) (4.69) (4.82) (3.19) (2.26) (2.07)
Crown ratio .68 .67 .56 .58 52 47
(0.015) (0.021)  (0.046)  (0.054) (0.022) (0.031)
Crown base, ft
(calculated) 16.8 16.8 23.5 22.3 26.9 28.7
Largest b.h. 1.54 1.41 1.25 1.24 1.21 1.01
diameter, in (0.26) (0.23) (0.23) (0.21) (0.28) (0.22)
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Figure 1—Knot diameter measures in the BH region of a tree verses knot diameter measures in its 15t 16-foot log.
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Figure 2—Distribution of the largest diameter knot in the BH region of 18-year-old trees in a plot planted at 15-ft x 15-ft spacing.
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Figure 4—Cumulative distributions of rings/inch of the Pilchuck Tree Farm spacing trial at age 18.

Applying PCA To Rings Per Inch

Mills often find that extremely fast growth is an unde-
sirable characteristic for their products while tree growers
find that extremely slow growth is undesirable from a finan-
cial perspective. Suppose a mill’s log specification excludes
growth rates faster than four rpi while a landowner does not
wish growth slower than eight rpi. Figure 4 shows an LSL
of four rpi and a USL of eight rpi overlaid on the cumula-
tive frequency distributions of rpi for the 18-year-old
spacing trial, calculated from the 1998 and 2001 dbh meas-
urements; nonconformance ranges from 49% at 435 tpa
(10 ft x 10 ft) to 91% at 194 tpa (15 ft x 15 ft).

Applying PCA To Knot Diameter and Rings
Per Inch Simultaneously

Specifications must usually be considered jointly rather
than independently; trees must simultaneously satisfy having
the largest BH branch diameter not greater than 1.5 inches
and rpi not less than four and not greater than eight. Joint
specifications can be readily treated by a data plot or two-
variable histogram. Figure 5 plots largest BH branch diam-
eter vs rpi for the 194 tpa (15 ft x15 ft) density along with
specification limits for both quality characteristics; 98.3%
of the trees are nonconforming to both specifications. Figure

6 summarizes the results across all densities. Nonconfor-
mance to the joint specification ranges from 98% at 194
tpa (15 ft x 15 ft) to 56% at 435 tpa (10 ft x 10 ft).

PCA OF DOUGLAS-FIR STANDS
AT MULTIPLE TIME POINTS

Consider a 0.5-acre plot planted at 100 trees per acre
(21 ft x 21ft), one of the spacings in Stand Management
Cooperative (SMC) Type I Installations. This plot is part of
Installation 925 located near Belfast, WA on a moderately
poor site (SI 107). The installation was planted in 1990 with
2-0 Douglas-fir seedlings and has been measured every two
years starting in 1997. The SMC developed a BH branch/
knot assessment protocol that was first applied to the instal-
lation in 1999 hence this is one of few that has been meas-
ured with this procedure three times. The SMC BH knot
protocol for Douglas fir locates the first whorl of branches
above BH and the region from the point midway to the next
lower and next higher whorl. In this region, the diameter of
the largest branch is measured and the number of branches
that are at least 50% of this largest diameter are counted.
This procedure is applied to those trees on the plot that are
measured for crown and total heights. Table 2 summarizes
the plot at ages 9, 11, and 13. The base of the live crown is
below BH hence branches at BH are alive and growing in
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Figure 5—Largest diameter knot in the BH region at age 18 verses rings/inch of the 15-ft x 15-ft (194 tree/acre)
spacing at the Pilchuck Tree Farm.
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Figure 6—Conformance of Pilchuck Tree Farm spacing trials to joint specifications at age 18 .
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Table 2—Trees charasteristics by stand age at SMC installation 925, 21 ft x 21 ft

(100 tpa) planting

Stand age
Charasteristics 9 1 13
D.b.h., in. 1.6 (0.54) N=49 2.6 (0.82) N=49 3.8 (0.89) N=49

Total height, ft

Height to crown, ft

Largest b.h. branch
diameter, in

12.0 (2.72) N=49
1.2 (0.54 ) N=49

0.51(0.14) N=47

15.6 (5.81) N=49
1.2 (0.62) N=49

0.63(0.17) N=45

20.8 (7.31) N=49
1.3 (0.91) N=49

0.80(0.18) N=45
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Figure 7—Cumulative distributions of largest diameter BH knot verses age for 21-ft x 21-ft (100 tree/acre) spacing

at Stand Management Cooperarative Installation 925.

diameter. Figure 7 presents cumulative distributions of
largest BH branch diameter as this plot has aged. It is easy
for management to monitor the progression of the stand
relative to a target specification for largest BH knot dia-
meter and consider actions that may be taken to prevent
excessive nonconformance.

Discussion and Management Implications

The examples presented above illustrate how producer
and consumer desires for quality properties can be convert-
ed into specifications for trees. For some properties such as
rings per inch, developing an acceptable tree specification
may involve trade-offs between the desires of the parties
that define a range of mutually acceptable values. PCA
allows managers to combine these specifications with sam-
ple-based frequency distributions from stands of interest to
estimate nonconformance. This provides important infor-
mation on marketability of a stand and information that can
assist in choosing future management actions. Process capa-
bility and conformance to specifications can be improved
by taking actions to shift the process mean and/or reduce

variation. Managers can monitor changes in process capa-
bility and the effectiveness of actions taken over time through
repeated sampling. The following paragraphs provide two
examples.

First, consider nearly mature or mature stands that are
being considered for harvest scheduling or are already
scheduled for sale. A producer, aware of the log specifica-
tions of potential consumers, can use PCA as part of sale
development to assess which consumers are more likely to
be interested in a stand and focus marketing efforts accord-
ingly. Similarly, consumers can use PCA when they assess
a stand to decide if it is worthy of a bid. Organizations with
large timberland holdings may use PCA as a method for
assessing conformance of stands to alternative market spec-
ification sets. These market conformance options could be
included in harvest planning models to improve decisions
as to which stands should be harvested and when in order
to meet mill and other customer demands. For example, if
a company has a laminated veneer lumber (LVL) plant, it
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Figure 8—Largest diameter knot in the BH region at age 18 verses rings/inch by DBH of the 10-ft x 10-ft (435 tree/acre) spacing at the

Pilchuck Tree Farm.

would like assurance that it’s harvest plan provides an ade-
quate supply of timber with high potential to meet the needs
of the LVL plant product line.

Second, in immature stands, there are many ways that
PCA could assist in silvicultural planning. For example,
consider figure 8 where the plot of largest-diameter BH knot
and rings per inch has been segregated for trees larger and
smaller than 10 inches in dbh. This new detail shows how
well larger and smaller trees conform to the joint specifi-
cation. This could assist in planning future silvicultural
activities such as deciding if a thinning should be done
and, if so, which trees to remove. A goal might be to try
to identify, retain and manage trees that maximize confor-
mance of the final stand. As a different example, figure 7
showed the progression of largest diameter BH knot with
age in the SMC 100-tree-per-acre plot. Since the crown base
is very low on these trees, will the crown recede before too
many trees develop large branches and become nonconform-
ing? If this is likely, is pruning justified? These examples
imply the need for a mechanism for projecting the results
of such actions and providing feedback. If growth and yield
models are being used to project the effects of alternative
actions, are they capable of tracking quality properties and
providing feedback in a PCA format? Silviculturists could
use such models to simulate various options and eliminate
those with poor conformance with anticipated future market
specifications.

Although the applications of PCA presented in the exam-
ples focused on knot diameter and rings per inch, the tech-
niques could be easily extended to other properties such as
data gathered with the new Director ST-300™ technology
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for non-destructive testing trees for MOE (Carter et al. 2005;
this proceedings). Figure 9 presents frequency histograms
of acoustic velocities obtained from an unthinned (n = 63
trees) and a thinned (n = 50 trees) plot in SMC Type II
Installation 803 at bh age 43 (Carter et al. 2005; this pro-
ceedings). If a mill specification stated that it prefers stands
with trees with velocities exceeding 4.3 km/sec, the thinned
stand, with 48% of trees above this threshold, is preferable
to the unthinned stand with only 27% exceeding this thresh-
old. Furthermore, the mill may pay a premium for trees
exceeding 4.5 km/sec; 25% of trees in the thinned stand
meet this premium whereas only 12% of the unthinned
trees qualify. Combining tools such as the Director ST
300™ with PCA can provide landowners and mills with an
improved and more flexible method for matching timber
quality with market needs.

When using regression models to translate log values
to tree values as done earlier with the conversion of LLAD
of logs to largest BH knot diameter, a consumer would note
that using the direct equation prediction of largest diameter
BH knot would result in a tree specification where some
trees with an acceptable largest diameter BH knot would
contain logs with an excessive LLAD (fig. 10). The con-
sumer’s risk can be reduced by calculating a lower predic-
tion limit, say 95%, which would reduce the largest diameter
BH knot specification from 1.5 to about 1.25 inches. The
use of lower limits is used in setting grades for machine-
stress-rated lumber. Note that this lower limit increases the
producer’s risk, as more trees with acceptable logs will be
rejected. Ultimately, the parties involved would negotiate
a solution that strikes a balance between producer and
¢ 0 nsumer risks.
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Figure 9—Cumulative frequencies of acoustic velocities measured by the Director ST-300™ in thinned and

unthinned plots at Stand Management Cooperative Installation 803.
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Figure 10—Producer (grower) and consumer (mill) risks as influenced by maximum BH knot size and the largest-

limb average diameter in the 16-ft butt log.

CONCLUSIONS

Process capability analysis has been shown to be a use-
ful technique for quantifying conformance of a variety of
quality properties of trees that are important to log con-
sumers. Several important properties can be easily estimated
at or near BH with little additional cost. Requirements for

many log properties specified by consumers can be trans-
lated into counterpart values that can be easily measured on
the lower bole of trees in the field; these values appear to
be well correlated with the butt log. Sample size require-
ments appear to fit reasonably within the number of trees
that would be found in commonly used inventory plots.
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Given specifications for one or more tree properties,
management can use a suitable individual tree growth model
to make projections and estimate the degree of nonconfor-
mance when the stand becomes ready to harvest. Armed with
this information, cultural options such as density mana g e-
ment, fertilization, and pruning can be forecast and eval-
uated in the context of how these options would influence
the proportion of the stand that would be nonconforming.
These projections would provide management planners and
harvest schedulers with improved insights concerning t h e
potential marketability of developing stands in their port-
folio and provide feedback with respect to the degree to
which remedial silvicultural options can reduce non-
conformance.
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Productivity of Western Forests: A Forest Products Focus

CARBON SEQUESTRATION IN DOUGLAS-FIR
STANDS OF THE COASTAL CONIFEROUS FOREST
REGION OF WASHINGTON STATE

A.B. Adams, R.B. Harrison, M.M. Amoroso, D.G. Briggs, R. Collier,
R. Gonyea, B. Hasselberg, J. Haukaas, and M.O. O’Shea!

ABSTRACT

Quantifying the effects of urea fertilization on carbon (C) in the solid and solution phases of soils can aid forest man-
agement. We evaluated the effect of urea fertilization on pure second-growth Douglas-fir [ Pseudotsuga menziesii (Mirb.)
Franco] stands growing in four soil series of the coastal coniferous forest region of Washington State. Our major objective
was to determine the range of carbon flux and sequestration for this region. This paper covers our results for soil organic
carbon (SOC) sequestration. Our soils were selected to give a range of texture from coarse-grained glacial to fine-textured
volcanic. We compared soil types, soil depths and fertilization treatments over 20-year intervals. There was no difference in
soil C in a coarse glacial outwash soil. By contrast, in a glacial sandy outwash soil all mineral horizons had more soil C and
the forest floor less C compared with the paired unfertilized plot. In two volcanic soils our results provide evidence that DOC
from the forest floor and A horizons was sequestered in both the epipedon and lower horizons. Differences between glacial
and volcanic soils suggest that mechanisms of C were different in the coarse-textured materials than the fine-textured vol-
canic material. Urea fertilization added nitrogen to soils at all installations with differences ranging from 1-3 Mg N ha"l.
The 2 glacial soils had lower site indices. They had less SOC (mean of 87 versus 348 Mg ha"!) but greater increases in
aboveground C (mean increase of 41 versus 8 Mg ha'!). Although fine-textured sites were more productive overall, the
aboveground response to urea was limited in comparison to differences found in fertilized plots of the glacial sites. In
contrast, SOC did increase with urea applications in fine-textured sites in excess of increases solely attributable to DOC.

KEYWORDS: Carbon sequestration, urea fertilization, managed Douglas-fir stands.

INTRODUCTION

There exist several ecosystem management strategies
directed toward enhancing carbon (C) sequestration through
forest management: 1) to partition C into longer-lived pools;
2) to increase the physical, chemical and biochemical pro-
tection of soil C; and, 3) to enhance C storage in living tree
biomass. The overall theme of our work is to relate manage-
ment practices to soil organic carbon (SOC) partitioning
among alternative pools including dissolved organic carbon
(DOC) production and transport. Specifically, in this paper
we report on the storage of soil organic carbon (SOC)
based on texture, horizon, depth and fertilization with urea.
Gains in forest productivity have been shown with Douglas-
fir stands in the Pacific Northwest (Stegemoeller and

Chappell 1990). Increased aboveground biomass may
(Johnson 1992) or may not (Harding and Jokela 1994,
Canary et al. 2001) be accompanied by a gain in soil C. Urea
fertilizer can increase the movement of SOM (Kelly 1981).
Our initial hypothesis was that total C accumulation would
exceed C accumulation in wood plus roots in response to
nutrient management of fine-textured soil, but not on coarse-
textured soils. This paper includes sequestration of SOC
and aboveground C, but does not cover root C.

The Regional Forest Nutritional Research Project
(RFNRP) (Stegemoeller et al., 1990) established installa-
tions in the Pacific Northwest to evaluate the response of
coastal Douglas-fir to urea-N fertilization. In 1991, this
project was combined with the Stand Management

! A.B. Adams, R.B. Harrison, M.M. Amoroso, D.G. Briggs, R. Collier, R. Gonyea, B. Hasselberg, J. Haukaas, and M.O. O’Shea are faculty and staff of the
College of Forest Resources, University of Washington, Box 352100, Bloedel Hall 292, Seattle, WA 98195.
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Cooperative (SMC) in order to include research on inte-
grated studies (SMC 1999). For this study we utilized the
stand database created by RFNRP and currently maintained
by the SMC at the University of Washington. The sites
[arranged in order from coarsest textured soil (Site 1) to
finest textured soil (Site 4)] used were Cedar River [RFNRP
#159 (a coarse glacial outwash soil)], Port Gamble [#196
(sandy outwash)], Radio Hill [#247 (coarse silty loam over
a compacted duripan)] and Mud Mountain [#235 (deep, silty
loam)]. These soils represent a regional association of par-
ent material types from a very coarse skeletal matrix, to out-
wash sand and then to deep, silty loam. The skeletal matrices
of Sites 1 and 2 were derived predominantly from glacial
parent material and Sites 3 and 4 from tephra. The RENRP
permanent plots revealed that following fertilization, the
periodic increment increased due to the N treatment, result-
ing in 49.9, 31.3, 6.4, and 9.7 Mg ha'! additional C in the
four sites, respectively, for an average of 24.3 Mg ha!
additional C from a 16-year growth period (Adams et al.,
submitted). The largest aboveground tree responses were in
the glacial soils. This paper focuses specifically on the SOC
in relation to the aboveground live tree C compartments of
these stands.

METHODS

When the four installations were established (1972 to
1980), 224 kg ha'! elemental N as urea fertilizer was added
to treatment plots. The same amount of fertilizer was then
again added at 8 and 16 years. In addition, Sites 1 and 2
received 224 kg ha'! urea 12 years after installation. One
pit was dug and soils collected at each 0.1 ha plot (2 pits
per installation). Soil collections were made from the face
of pits using a hand trowel. Sampled layers were delineated
and measured based on color, texture and structure breaks.
All soils with texture < 25 mm and rocks > 25 mm were
weighed as two separate components in the field. A 1 kg
sub-sample of the < 25 mm component was taken from
each field identified layer and used to determine field
moisture, particle size distribution (standard sieve proce-
dures with dried samples), C and N content and pH. Mineral
soil was air-dried to constant weight. Forest floor material
was dried for 7 days at 70°C. The amount of C and N (in
Megagrams ha'!) were calculated for each layer based on
thickness, percent soil C or N, and bulk density (Db); then,
values for all layers were summed within each horizon.
Adams et al. (in prep.) contains a more detailed explanation
of the sites and methods.
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RESULTS

The range of soil textures present was a function of
parent material. Although volcanic and glacial activity both
impact soils in the Pacific Northwest, the soil skeletal matrix
of the parent material is usually dominated by one of the
two processes. Our study found (fig. 1) that the two coarse-
textured installations (Sites 1 and 2) were dominated by
glacial outwash with mixed mineralogy, whereas Sites 3 and
4 were volcanic in nature (ashy, silty loam). Rocks domi-
nated Site 1, while sand dominated Site 2. Tephra dominated
Sites 3 and 4. Clay (which can play a role in C stabilization
and sequestration) (Brady and Weil 2002) was almost absent
from Site 1, but present on the other three sites where it
ranged from 5% to 9% by dry weight.

There was a marginally significant difference in total
SOC between unfertilized and fertilized paired plots (p <
0.1, paired Student’s t-test analysis, n = 4 (fig. 2). There
was a significant difference in N between fertilized and
unfertilized plots (p < 0.05) and both N and C in glacial
soil were significantly less than N and C of volcanic soils
(p <0.05, ANOVA, n = 8). A regression of the means of
soil C from the two pits at each site compared with percent
silt was significant (R2=0.91, F=19.2, P<0.05; Y =
43X +20.2, n = 8).

When profiles for these soils are compared with respect
to C (fig. 3), forest floor C is less in fertilized compared to
unfertilized plots. In the sandy glacial outwash plots (Site
2), C is higher in all horizons; interestingly, the E and B
horizons show two or three times as much C as the same
horizons in the unfertilized plot. In the volcanic installa-
tions, the higher soil C content is due to larger amounts of
C in the A and AB (Site 3) or just the AB (Site 4) horizons.
Much of the SOC is found below the A horizon. This dif-
ference is due to larger volumes of soil included in the cal-
culations to a one m depth as well as the increase in Db of
the <2 mm fraction that was measured.

At all installations fertilized plots have less C in the for-
est floor than paired unfertilized plots (fig. 4), but this dif-
ference was negligible (< 1 Mg ha!) at Site 1. In contrast,
mineral soil of fertilized plots at Sites 2, 3, and 4 had more
soil C relative to paired unfertilized controls. The differ-
ences in C sequestration between paired plots were mainly
attributable to larger amounts of soil C in fertilized plots
between 10 and 60 cm depths (Adams et al. in prep.). The
three sites with greater mineral soil C were more acidic and
had higher C/N ratios than paired unfertilized plots. The
greatest increases in C sequestration occurred between 5
and 60 cm and at C/N ratios between 20 and 35.
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Figure 1—Particle size distribution taken at 25 cm mineral soil depth for each site. Site 1 (Cedar River) had many large rocks and
gravel with only 12% < 2mm. Site 2 (Port Gamble) was mostly sandy outwash. Site 3 (Radio Hill) was coarse loamy silt with some

rocks and Site 4 (Mud Mountain) was mostly silty loam with no rocks.
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