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Abstract. Standing stress wave measurements were taken on 274 small-diameter Douglas-fir trees in

western Montana. Stand, site, and soil measurements collected in the field and remotely through geograph-

ical information system (GIS) data layers were used to model dynamic modulus of elasticity (DMOE) in

those trees. The best fit linear model developed resulted in an adjusted R2 ¼ 0.52 for predictions of

individual tree DMOE and an R2 ¼ 0.85 for predictions averaged on a stand basis. The linear model used

was mean annual increment�1, total tree height, and a GIS-based estimate of soil bulk density. Logical

models were also developed to predict membership in dichotomous DMOE categories with 71-82% selected

trees meeting their respective DMOE criteria. The inverse relationship between soil bulk density and DMOE

could be explained by the soil–tree moisture interactions know as least limiting water range.

Keywords: Douglas-fir, nondestructive, MOE, prediction, soil, stand, least limiting water range (LLWR).

INTRODUCTION

Small-diameter Douglas-fir (Pseudotsuga
menziesii var. glauca) trees are often available
from thinning operations in overstocked stands

in the Interior Northwest. Douglas-fir can occupy
a greater variety of habitats than any other west-
ern tree species, from low-elevation grasslands
to the lower reaches of the timberline across
varied habitat types and disturbance regimes
(Burns and Honkala 1990). Corrective manage-
ment, including commercial thinning, can be
used to maintain forest health or return species
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compositions to historic conditions. Thinning
operations often produce small-diameter material
with small end diameters of less than 20.5 cm.
These materials are often manufactured into rel-
atively low-value nonstructural products (posts,
pulp, fuel, etc) or low-value structural materials
such as studs. Sometimes, these materials are
piled and burned.

Prior studies (Green et al 2005) have found that
small-diameter coastal Douglas-fir harvested
from northern California provided excellent
yields of high-quality structural material, char-
acterized by small knots and high stiffness,
when sawn to dimensional lumber. Also, use of
small-diameter trees as structural roundwood
has been proposed as a more efficient use of the
resource (Wolfe and Murphy 2005), and recent
studies have shown there is potential for using
mechanical grading systems to evaluate structural
properties of small-diameter logs for engineered
applications (Green et al 2008). The potential
exists to market these small-diameter materials to
manufacturers of high-performance, higher end-
value structural uses.

In general, wood stiffness is well correlated with
density, and prior research has demonstrated
that wood density is one expression of a tree’s
response to the environment. One of the key ele-
ments to understanding variation in wood den-
sity, and by extension stiffness, is the relative
proportion of latewood to earlywood. Researchers
have shown that irrigation or climatic fluctuations
can significantly advance or retard the transition
from earlywood to latewood and affect the dura-
tion of the latewood period (Zahner et al 1964;
Brix 1972; Robertson et al 1990). Researchers
found that irrigated trees with ample soil mois-
ture made the transition from earlywood to late-
wood later in the growing season, and adequate
soil moisture levels late in the growing season
increased the latewood period. Crown structure
has also been found to influence latewood
period. In a study of the effects of the defoliating
disease Swiss needle cast in Pacific Douglas-fir,
researchers found increasing latewood propor-
tion associated with shorter crowns in afflicted
trees (Johnson et al 2005). Johnson et al (2005)

postulated that the loss of needles decreased
photosynthetic capacity during the early grow-
ing season, which provided the trees with more
available resources later in the growing season
when latewood was being produced.

Using a stress wave speedmeasurement on stand-
ing trees, in conjunction with tree density mea-
surements, has been shown to provide reasonable
estimates of modulus of elasticity (MOE) and,
therefore, the structural utility ofwood from those
trees. Literature reported by practitioners of this
method suggests that these stress wave measure-
ments can account not only for the variation in
clear wood MOE among trees, but also knots or
other grain distortions (Chauhan andWalker 2006;
Grabianowski et al 2006; Wang et al 2007). Field
measurements of stress wave speed and density
are time-consuming, however, which suggests
that other indicators that can predict structural
quality or focus sampling efforts are needed.

Models to predict MOE in standing trees from
stand variables and tree measurements have been
proposed for several species. Average values for
MOE of lumber cut from Black spruce (Picea
mariana) in eastern Canada were modeled in
plantation and even-aged naturally regenerated
stands (Lei et al 2005; Liu et al 2007). The
models developed had similar goodness-of-fit
measures with R2 values of 0.55 and 0.56,
respectively. MOE predictions in plantation-
grown radiata pine (Pinus radiata) were effec-
tively modeled (R2 ¼ 0.96) using a combination
of stand and soil variables across forested sites
in New Zealand (Watt et al 2008).

The primary objective of this study was to
develop a model using standard forest inventory
data in combination with remotely sensed data
to decrease the need for acoustic testing in
mixed age stands of suppressed small-diameter
Douglas-fir. The models were developed to pro-
vide tree-level predictions of dynamic modulus
of elasticity (DMOE). Forest managers could use
predicted results derived from existing inventory
data in combination with additional nondestruc-
tive testing to delineate stand boundaries that
would deliver a sale with an appropriate average
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and variation in DMOE to producers of high-
performance structural lumber and composite
products. The model would help focus nonde-
structive testing efforts on the highest quality
stands and decrease the number of measurements
taken in stands with lower likelihood of produc-
ing high-quality lumber products.

MATERIALS AND METHODS

This study focused on small-diameter (<30.5 cm
diameter at breast height [DBH]) Douglas-fir
stands in the Trapper Bunkhouse management
area within the Darby Ranger District of the
Bitterroot National Forest in western Montana
(Ravalli County, MT). The Trapper Bunkhouse
region is a complex landscape of roughly 9300 ha
located between the Selway-BitterrootWilderness
area to the west and state and private property
adjacent to the Bitterroot River to the east.

The study area was chosen because of its geog-
raphy, history, biology, and current management
plans. The area has good road access to stands
from theBitterroot River valley to theWilderness
boundary and elevations ranging from 1.190-
2.100 km. Past logging practices focused on
removal of high-grade ponderosa pine. This, in
addition to the exclusion of fire, has led to dense
stands of small-diameter Douglas-fir. Typical
of overstocked stands in the inland Northwest,
forest health concerns included high rates of
infection from dwarf mistletoe, a variety of tree
diseases, and several species of boring insects.
Stumpage for low value uses (pulp, poles, etc)
was considered too low to profitably remove
harvested material from the study area.

Field Measurements

The preliminary sampling strategy for this study
was to measure small-diameter Douglas-fir at
four different elevation zones and four crown
closure categories (Table 1). Areas meeting the
crown closure and elevation criteria were
targeted for field data collection. All sites sam-
pled were located on generally north- to east-

facing aspects favorable to growth and were nat-
urally regenerated.

Plot centers were located such that discontinu-
ities such as roads, large openings, or other
nonforested areas were not part of the plot and
stand conditions were consistent. Plots within
the same stand were spaced at least 60 m apart.
Inventory data collected at each plot included:

� A variable radius plot capturing between
three and seven trees per plot for the basal
area measurement;

� Crown closure measured with a spherical den-
sitometer to verify percentage canopy closure
from a geographical information system (GIS);

� Latitude/longitude of plot center with a global
positioning system (GPS);

� DBH and total tree height (TTH) of all trees in
the plot (broken top heightswere estimated); and

� Slope (%) and aspect (degrees) at plot center.

In addition, three Douglas-fir trees were selected
at each plot to provide additional data. Of the
trees between 10.2- and 30.5-cm DBH on each
plot, the largest, the smallest, and one closest
to 20.3 cm had the following measurements and
samples taken:

� A stress wave speed measurement, determined
using a Fiber-Gen (Christchurch, NewZealand)
Director ST-300, was taken from the uphill side
above any gross defect such as scars, sweep, or
mistletoe/growth defects.

� A clear 12.5-mm increment core was extracted
at breast height from the same uphill face
and diameter and length measurements of
the cores.

� Percentage live crown was recorded.

Table 1. Preliminary sampling matrix for small-diameter

Douglas-fir.

Elevation (m)

Number of small-diameter trees to be sampled

Percentage crown closure on plot

10-25% 25-40% 40-60% 60-100%

1280-1490 24 24 24 24

1490-1700 24 24 24 24

1700-1910 24 24 24 24

1910-2120 24 24 24 24
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� Length of branch-free bole (clear bole height)
was recorded.

Stress wave and core measurements were used
to estimate DMOE of trees.

Analysis

Specific gravity on a green volume basis and
tree age were determined from each increment
core. Tree age was divided by DBH to calculate
the inverse of mean annual increment (MAI�1)
for the trees.

An estimation of standing tree DMOE was made
by combining the squared stress wave speed
with an estimated green bulk density based on
the increment core-specific gravity. Wood bulk
densities were calculated using an assumed MC
of 35%:

DMOE ¼ r
g
V2 ð1Þ

where r ¼ 1000 kg
m3

� �� green specific gravityð Þ
� 1:35ð Þ; g ¼ 9:806 m

s2

� �
; V ¼ stress wave

velocity m
s

� �

Remotely Sensed Data

GPS locations of the plot centers were overlaid
on several GIS data layers. Mapping was per-
formed using ArcGIS 9.1 (ESRI Inc., Redlands,
CA). The GIS data layers comprised:

� Potential vegetation type (PVT) classification
of western Montana and central Idaho (USDA
2004a): dominant vegetation, tree size, and
percentage crown closure for each plot was
extracted and assigned categorical values.

� SSURGO soil map 647 (USGS-NRCS 2006):
soil properties from the USGS-NRCS soil sur-
vey were extracted for each plot location. The
soil properties were converted to a weighted
average of soil properties encountered in soil
layers above obstruction. The resulting indices
were organic matter index (% organic matter
by weight), pH index (pH), sand index (% sand

by weight), silt index (% silt by weight), clay
index (%claybyweight), cation exchange capac-
ity index (mEq per 100 g), bulk density (BD)
index (kilogram per cubic meter at 0.33 bar
moisture tension), and maximum observed root
depth (cm). These indices represent the soil
properties one would expect if the NRCS stan-
dardO,E,A,B, andC soil layerswere excavated
and thoroughlymixed.

� Preliminary geologic map of the Nez Perce
Pass quadrangle (Berg and Lonn 1996): used
to assign underlying parent materials for each
of the plots.

� Wetness differential (USDA 2004b): wet-
ness index represented the relative drying for
each mapping unit from Landsat measures of
soil wetness.

Statistical Data

Correlation between stand characteristics and
estimated tree MOE was assessed using SAS
(SAS Institute, Inc., Cary, NC). Theoretical and
logical models were developed to predict DMOE
of trees sampled during the field research. Our
approach was to divide data into two subsets,
one for model calibration and one to test the
model. The calibration data set was built from
one randomly selected tree from each plot. The
remaining trees formed the data set used to test
the model. Thus, data from 83 trees were used
to build the models, and data from 164 trees
were used to test the fit of the models. Initially,
all variables were regressed individually with
DMOE. Variables with potential for predictive
ability were assessed to see if transformations or
rearrangements to the variables would improve
predictive ability. Using multiple data sets allowed
for more aggressive transformations of the vari-
ables in themodel-building phase. Transformations
that performed well using the calibration subset
were applied to the test subset during the model
testing phase, essentially testing the models with a
new data set. This approach was used to decrease
the opportunity for overfitting themodels.

The theoretical models were developed by step-
wise regression on the calibration data set. The
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models shown in the results of this study repre-
sent a few of the best performing models from
the analysis based on their goodness of fit.

The development of logical models stemmed
from a stepwise discriminant function analysis
performed using SAS and visual analysis to
determine which variables best grouped the trees
in dichotomous categories (ie greater than or
less than 10.3 GPa and greater than or less than
12.4 GPa) and the cutoff values for those variables.
Themodels were built using the smaller calibration
data set, and once the models were finalized, they
were tested using the larger test data set.

RESULTS

During the fieldwork, it became apparent that
the lowest percentage crown coverage condi-
tions indicated by the PVT classification infor-
mation were not present within the study area.
The spatial resolution for PVT was 90 � 90 m,
and the lowest crown closures on north or east
aspects were actually very dense clumps of trees
surrounded by rock or other nonforested areas,
especially at high elevations. Because these low
crown closure stands did not contain open grown
trees as expected in a stand with low levels of
crown closure, it was decided to combine the two
lowest crown closure classes. Table 2 shows the
actual sampling distribution for small-diameter
Douglas-fir trees.

Table 3 provides a synopsis of the characteris-
tics of the small-diameter Douglas-fir sampled
during the fieldwork. The average tree age of
75 yr and average height of 14.2 m suggests
that many of the trees sampled during this study

were severely suppressed. The range of specific
gravities (0.346-0.530) matched records from
the 1965 western wood density survey (FPL
1965) for Ravalli County (0.35-0.53), and the
average specific gravity for all trees was like-
wise consistent with that report.

At this stage of our analysis, we obtained and
added NRCS soil typing information for each
plot. Because the soil typing information was
added after field sampling, there was no system-
atic sampling across soil types or soil character-
istics in this study. A total of 18 different soil
types was found to exist within our study area.

Theoretical Models

Table 4 shows the most promising theoretical
models built using the smaller calibration data
subset. The theoretical model with the best fit
was made by combining MAI�1, low BD index
(where BD index > 1.46 mg/m3 ¼ 0, BD index
< 1.46 mg/m3 ¼ 1), and TTH. This model was
able to account for 55% of the variation in the
samples. The elevation and percentage crown clo-
sure variables on which the study was designed
were of limited use in predicting DMOE.

To test the model’s fit with a new data set,
DMOE was regressed against MAI�1, TTH,
and low BD index with the larger test data subset
(Table 5). Although the goodness of fit dropped
from the calibration to the test data subset, it still
was able to account for about half the variance

Table 2. Distribution of small-diameter Douglas-fir trees

sampled by elevation and percentage crown closure.

Elevation (m)

Number of small trees sampled

Percentage crown closure on plot

10-40% 40-60% 60-100%

1280-1490 6 33 27

1490-1700 21 26 33

1700-1910 18 18 23

1910-2120 0 18 24

Table 3. Average tree and stand variables for the 247 small-

diameter Douglas-fir trees sampled.

Tree variablea Averageb

Percentage crown closure (%) 57 (33%)

Basal area on plot (m2) 10.8 (48%)

DBH (cm) 22.1 (25%)

Total tree height (m) 14.2 (27%)

Percentage live crown (%) 63 (35%)

Mean annual increment�1 (yr/cm DBH) 3.5 (39%)

Stress wave speed (m/s) 4152 (13%)

Specific gravity 0.45 (7%)

Age at breast height (yr) 75 (39%)

DMOE (GPa) 10.7 (29%)
a DBH, diameter at breast height; DMOE, dynamic modulus of elasticity.
b Numbers in parentheses are coefficient of variation.
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present in the test data subset. MAI�1 accounted
for the most variance followed by TTH and low
BD index. The coefficients did not change sig-
nificantly from the calibration to the test data set
(jtj < 1). Because regression results from the
calibration and test data set were similar, the final
proposed model was built using both subsets of
data (Table 6).

The final model is therefore

Dynamic MOE ¼ 3:02þ 1:06 �MAI�1þ 0:242

� TTHþ 2:09 � lowBD index

With an adjusted R2 value of 0.52, the model
accounts for just more than half of the variance in
the combined sample sets. From the standardized

coefficient values in Table 6, MAI�1 was the
most influential variable followed by TTH and
low BD index. The root mean squared error
(RMSE) for the final model was 2.13 GPa.

Figure 1a shows the fit of the final model devel-
oped using both data sets with DMOE measured
for those trees. The thicker 95% confidence lines
represent the predicted value � RMSE � 1.96.
Figure 1b shows the residual plot of the regression
of predicted DMOE on measured DMOE. An
analysis of the standardized residuals from the
regression of measured on predicted values of
DMOE indicated a random normal distribution of
the residuals across the range of predicted values.

The intent of this model was to help forest man-
agers identify stands with the potential for grow-
ing high stiffness material. To that end, Fig 2a

Table 4. Selected theoretical models developed.a

Variable types Variables Adjusted R2

Remotely sensed

variables

Recoded coverage

classb
Wetness indexc Categorical BD pH

indexc
Sand

indexc
0.48

Low BD indexc Wetness indexc Elevation Silt

indexc
0.45

Stand-based

variables

Percent foliage Foliage length DBH Clear

bole ht

0.39

Percent Foliage Foliage length DBH 0.36

Inventory variables Age maximum 130d MAI�1 0.45

Combined variables Low BD index MAI�1 TTH 0.55
a BD, bulk density; DBH, diameter at breast height; MAI, mean annual increment; TTH, total tree height.
b Recoded coverage class: remotely measured coverage class values were linearized to reflect increase in dynamic modulus of elasticity across classes.
c Index values: see Remotely Sensed Data section.
d Age maximum 130: age for all trees was capped at 130 yr; trees older than 130 yr were past the value of 130 yr.

Table 5. Regression results from mean annual increment (MAI)�1, bulk density (BD) group, and total tree height (TTH)

using larger test subset of data.a

R2 Adjusted R2 Root MSE Mean DMOE (GPa)

0.493 0.483 2.19 10.6

Model Sum of squares df Mean square F value Pr > F

Regression 747.2 3 249.1 51.80 <0.0001
Residual 769.1 160 4.807

Total 1516 163

Source Unstandardized coefficients Standard error Standardized coefficients t Pr > F

Intercept 2.65 0.812 3.27 0.001

MAI�1 1.07 0.134 0.460 7.99 <0.0001
TTH 0.257 0.047 0.320 5.53 <0.0001
Low BD index 1.94 0.423 0.272 4.60 <0.0001

a MSE, mean square error; DMOE, dynamic modulus of elasticity; df, degrees of freedom.
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shows the fit of average predicted DMOE and
average measured DMOE at the stand level and
Fig 2b shows the fit of the standard deviation in
DMOE measured in the stands regressed against

the standard deviation inDMOE predicted in those
same stands. The extreme stand in Fig 2b was a
collapsing mixed age stand in which 200-yr-old
trees grew alongside 30-yr-old trees.

Figure 1. (a) Model fit for both data sets with 95% confi-

dence intervals; (b) standardized residuals from regression

of predicted dynamic modulus of elasticity (DMOE) on

measured DMOE.

Figure 2. (a) Average measured dynamic modulus of elas-

ticity (DMOE) and average predicted DMOE by stand;

(b) standard deviation (SD) of measured DMOE and SD

of predicted DMOE at the stand level.

Table 6. Final proposed model using both data sets.a

F value regression R2 Adjusted R2 RMSE Mean DMOE (GPa)

85.92 0.515 0.509 2.13 10.7

Parameter Unstandardized coefficients Standard error Standardized coefficients t Pr > F

Intercept 3.02 0.629 4.80 <0.0001
MAI�1 1.06 0.105 0.465 10.1 <0.0001
TTH 0.242 0.036 0.304 6.63 <0.0001
Low BD index 2.09 0.333 0.295 6.26 <0.0001

a RMSE, root mean square error; DMOE, dynamic modulus of elasticity; MAI, mean annual increment; TTH, total tree height; BD, bulk density.
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MAI�1 was the most significant predictor of
DMOE. Figure 3 shows a comparison of the
average measured DMOE by MAI�1 quartile
with one standard deviation error bar for each
group and letters representing Scheffe’s compar-
ison of means. The Scheffe’s comparison of
means for the quartiles shown in Fig 3a showed
that the lowest, middle two, and highest quar-
tiles had significantly different average mea-
sured DMOE with p < 0.05 for all comparisons
among the three groups. MAI�1 was positively
correlated with the DMOE value measured for
the trees. As shown in Fig 3b, there is an
increasing trend in DMOE with increasing MAI�1

but little difference in measured DMOE in trees
withMAI�1 values greater than 6 yr/cmDBH.

TTH was shown to be a significant predictor of
DMOE in these stands. Tree age would more
likely be chosen in the model building process,
but TTH was virtually uncorrelated with MAI�1

(r ¼ 0.083) with a moderate correlation to
DMOE (r ¼ 0.398), whereas tree age was highly
correlated with MAI�1 (r ¼ 0.7). From a statis-
tical perspective, independence of TTH from
MAI�1 made it a more useful predictor than tree
age, and it may act as a surrogate for tree age.

Figure 3. (a) Average dynamic modulus of elasticity

(DMOE) by mean annual increment (MAI)�1 quartile (error

bars represent one standard deviation); (b) MAI�1 and

DMOE (DBH, diameter at breast height).

Figure 4. (a) Results of clustering for average dynamic

modulus of elasticity (DMOE) for the soils (error bars rep-

resent one standard deviation); (b) comparison of average

DMOE and bulk density (BD) index for each soil.
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The analysis suggested that soil bulk density
was negatively correlated with measured DMOE
for the trees sampled. Figure 4a shows the clus-
tering of average DMOE measured in the trees
from each soil type, and Fig 4b shows average
DMOE from each soil type plotted against that
soil’s BD index. Clustering in Fig 4a was done
visually using obvious gaps in average measured
DMOE to delineate groups. In Fig 4b, trees on
soils with lower BD index had higher average
DMOE values with the exception of one soil in
Group 6. These aggregations led to the use of
the categorical low BD index variable in the
theoretical models mentioned previously and
provided an important starting point for the log-
ical models described in the following section.
Although not shown here, models using the BD
index as a continuous variable performed virtu-
ally identical to those using BD as a categori-
cal variable.

Logical Models

Logical models were also built to predict
memberships into dichotomous DMOE catego-
ries. Again, the models were built with the
smaller calibration sample set and then tested
with the larger test subset. Results from the test
subset are reported here. The following methods
were developed to identify trees with DMOE
greater than 10.3 GPa, greater than 12.4 GPa,
and less than 7.6 GPa. In all three logical
models, soil BD was the most important factor
for selection.

The three columns on the right side of Table 7
contain the results when the logical models were
applied to the test subset. The results columns
summarize the percentage of trees in the test
subset selected by the model that actually met
the DMOE criteria of the model, the percentage
of the targeted trees the models selected from
the test subset, and the percentage of the test
subset that met the DMOE criteria. For example,
Rule 1 of the model to select trees with DMOEs
greater than 10.3 GPa selects all trees on soils
with BD index less than 1.46 mg/m3. For those
trees selected by the model, 82% actually had
measured DMOEs greater than 10.3 GPa, 39%
of all trees in the test subset with DMOEs
greater than 10.3 GPa were selected, and trees
with DMOEs greater than 10.3 GPa represented
51% of test subset.

DISCUSSION

The models presented were able to make reason-
able predictions of DMOE at both the individual
tree and stand levels. The 95% confidence inter-
val for predicting individual trees would encom-
pass a range of approximately � 4.2 GPa and is
admittedly large, but these predictions were
made on multiple-aged stands with widely vary-
ing stocking levels, site histories, and environ-
mental conditions along an 800-m elevation
gradient. Trees with extreme values of age or
MAI�1 that may have been potential outliers
were retained to improve overall robustness of
the model at the expense of goodness of fit.

Table 7. Rules for selection of trees meeting given criteria.a

Model criteria Rule no. Rule

Trees selected
by model meeting
DMOE criteria (%)

Targeted trees
selected by
model (%)

Test subset
meeting DMOE
criteria (%)

Select trees with

DMOE > 10.3 GPa

1 BD index < 1.46 mg/m3 82 39 51

2 Add trees with BD index > 1.46 mg/m3

and elevation > 1800 m

72 73 51

Select trees with

DMOE > 12.4 GPa

1 BD index < 1.46 mg/m3 and remotely

measured % crown closure ¼ high

73 77 29

Select trees with

DMOE < 7.6 GPa

1 BD index > 1.46 mg/m3 and sites with

soil pH < 5 or sites with soil pH > 6

and trees with % crown closure < 30%

71 34 18

a DMOE, dynamic modulus of elasticity; BD, bulk density.
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Models developed by this research were able to
identify stands with high and low average
DMOE. The stand level results of the theoretical
model shown in Fig 2a suggest that at the stand
level, there was a strong correlation between
average measured and average predicted DMOE.
A common criticism of presenting stand level
results is the masking of variance in the measure of
interest within the stands, but because the theo-
retical model was built on an individual tree basis,
Fig 2b suggests that the model can provide a for-
est manager with expected variation in DMOE
within a stand, resulting in a more informed deci-
sion as to which stands to further investigate for
marketing to manufacturers of high-performance
lumber and composite materials.

Results of the logical models in Table 7 suggest
that using the BD index in conjunction with
another remotely measured variable was a pow-
erful selection tool to identify stands with a high
proportion of trees with high DMOE or a high
proportion of trees with low DMOE. For exam-
ple, the model was able to identify stands in
which more than 70% of the trees sampled had
DMOE greater than 12.4 GPa. Variables used in
the logical models were all remotely collected
and are currently publically available, which
implies that a forest manager could perform a
great deal of screening from the office in remote
areas for which no inventory data are available.
As with the theoretical model, the logical
models are meant to direct the deployment of
nondestructive testing efforts to those stands
with the highest probability of producing high
stiffness lumber.

Based on standardized coefficients and t scores
from the regression results shown in Table 6,
MAI�1 was the most significant predictor of
DMOE. Slow growth has been associated with
higher wood density (Johnson et al 2005), espe-
cially when coupled with elevated latewood per-
centages in the annual rings. Slow growth
combined with increasing latewood proportions
could likewise be associated with higher stress
wave speed because of increased proportion of
high stiffness latewood. DBH was negatively
correlated with stiffness in even-aged black

spruce stands (Lei et al 2005; Liu et al 2007),
indicating that slow growth was also associated
with higher stiffness in those studies. Slow
growth associated with high levels of competi-
tion for light between trees may also be corre-
lated to fewer and smaller diameter branches,
which could result in higher stress wave speed.

TTH was another logical choice for the theoret-
ical models of DMOE because it may have acted
as a surrogate for tree age. The average age of
trees sampled during this research was 75 yr, but
there were 20 trees less than 30 yr old. We
would expect the influence of juvenile wood
and high microfibril angle to be greatest in those
younger trees and decreasing influence in older
trees but not linearly into perpetuity. Trees sam-
pled showed a trend of increasing DMOE with
tree age up to approximately 130 yr at which
point there was no further increase in DMOE.
TTH may function as a substitute for a capped
age variable for these suppressed trees.

Although soil BD may be influential in many
tree–soil interactions, its role in plant-available
moisture appeared to be the most likely avenue
of influence for stiffness. The concept of least
limiting water range (LLWR) (Letey 1985; Da
Silva et al 1994; Schoenholtz et al 2000) sug-
gests that for a given soil BD, there will be a
range of soil moisture contents between which a
plant can extract water from the soil. The upper
limit of the range is either the moisture content
at which roots are deprived of oxygen or the
field capacity in a saturated soil, and the lower
limit of the range is the moisture content at
which the soil is too hard for roots to penetrate
or the wilting point. Increasing soil BD is asso-
ciated with a narrowing of the limits. Da Silva
gives examples of sandy loam soils that exhibit
drastic decreases in amount of available water
with a 20% increase in bulk density. Figure 5
portrays a slightly exaggerated illustration of the
LLWR concept. In very low BD soils, field
capacity and wilting point were limiting. As BD
increased, lack of oxygen caused by filled pore
space (upper limit) and the moisture content at
which root penetration was limited (lower limit)
were limiting. The latewood initiation moisture
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content was drawn to illustrate the potential dif-
ferences in available moisture content during
the latewood period and may not accurately
reflect the actual value of the latewood initiation
moisture content.

Within the framework of LLWR, BD could influ-
ence specific gravity of a given tree both directly
within the tree and indirectly through intertree
competition. Irrigation and drought have been
shown to influence the date of initiation and dura-
tion of the latewood production period (Zahner
et al 1964; Brix 1972; Josza andBrix 1989). A tree
in lower BD soilmay have an extendedwindow of
availablewater after the onset of latewoodproduc-
tion, leading to higher latewood proportions in the
annual rings and higher specific gravity. From a
stand-level perspective, if low BD sites have more
water available, they might be able to support
higher stocking levels with prolonged stem exclu-
sion phases. The increased competition for sunlight
could lead to shorter crowns with limited needle
retention. Other researchers have found increasing
latewood percentages and density with decreasing

needle retention in Douglas-fir afflicted with the
defoliating disease Swiss needle cast (Johnson
et al 2005).

Within the framework of LLWR, soil BD could
influence stress wave speed. Within individual
trees, higher proportions of high stiffness late-
wood produced on low BD sites could lead to
elevated stress wave speeds. As with specific
gravity, if lower BD sites permitted higher stock-
ing, fewer and smaller knots would be produced
in the lower bole of the tree. We expect trees with
fewer knots to register higher stress wave speeds.

Using the BD index as a variable probably has
limitations in its utility to model DMOE. BD
index represented a very coarse estimate of
average BDs found at a given location and was
not spot-checked in the field for this research.
As seen in Fig 4b, trees on two relatively narrow
ranges of BD index were sampled. The low BD
index group ranged from 1.385-1.430 mg/m3,
whereas the high BD index group ranged from
1.5-1.525 mg/m3. The BD values are clustered
such that there was little difference in regressions

Figure 5. Illustration of least limiting water range concept.
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using the categorical or continuous values for BD
index. The bimodal distribution of BDs forces the
assumption of the linear influence of BD index
for the range of 1.385-1.525 mg/m3. The findings
of this study are probably restricted to the region
in which the data were collected and the range of
stand and soil conditions collected therein.
Although prior published studies concerning rela-
tionships between soil moisture and stress wave
speed were not found in the course of this
research, specific gravity has been shown to vary
with drought severity at the margins of a species’
range (Adams and Kold 2004). Variables such as
MAI�1 and TTH may prove to be transferable,
but soil BD may not be an important variable in
areas where soil moisture is more or less limiting.
Finally, site history was not incorporated into the
sampling procedure except to avoid stands that
were clearly planted or had received treatments
that might bias measurements of stand density.

Future testing involving destructive sampling is
needed to verify the models developed in this
study. The measurements on which this study is
based were nondestructive time-of-flight (TOF)
measurements taken through the lower bole of
the trees. Experience has shown that TOF mea-
surements have limitations, but short of destruc-
tive testing, they are a reasonable starting point
for model-building of this type. Expanding the
scope of testing to southern and western aspects
as well as other suppressed Douglas-fir stands
in the inland Northwest would help improve the
models presented here.

CONCLUSIONS

In this study, several theoretical and logical
models were developed to predict DMOE of
small-diameter suppressed Douglas-fir in the
wildland–urban interface west of Darby, MT.
The models were built using fairly standard
inventory data and existing GIS data layers.
The proposed final theoretical model incorpo-
rated the inverse of MAI�1, TTH, and a remotely
collected soil BD measurement and resulted in an
adjusted R2 ¼ 0.51. MAI�1 and TTH were posi-
tively correlated to DMOE. BD of the soils was

inversely related to DMOE of the trees found on
them and proved to be an important variable for
predicting DMOE in both the theoretical and log-
ical models. The logical models for locating trees
with DMOE greater than 10.3 GPa, greater than
12.4 GPa, and less than 7.6 GPa were able to
identify stands in which more than 70% of the
selected trees met their respective criteria using
existing GIS data layers. The soil–water–root
interaction defined by the LLWR concept may
provide an explanation for the importance of soil
BD in this study. Soil BD may not be a univer-
sally important predictor of wood quality, but
future research should consider tree–soil interac-
tions for broad-scale wood quality models.
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