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Abstract. This study was conducted to find wood quality evidence of hybridization between jack pine

(Pinus banksiana) and lodgepole pine (Pinus contorta var. latifolia) in northeast British Columbia (BC).

To determine if wood and fiber traits could be used as distinguishing features among jack pine, lodgepole

pine, and their hybrids, differences in morphology and wood and fiber traits were related to the genetic

identity of each sample. Thirty samples each of pure lodgepole pine, pure jack pine, and potential hybrids

were collected from the Prince George area of BC, the Smoky Lake area of Alberta, and the Fort Nelson

region of BC, respectively. Two 10-mm cores (bark to bark) were taken from each tree and analyzed for

fiber length and coarseness, microfibril angle (MFA), basic density, earlywood:latewood ratios, and cell

dimensions. Needle and cone morphology was used to distinguish among species groups in the field.

Based on genetically identified samples, the fiber traits that best differentiated among pure jack pine,

lodgepole pine, and hybrids were MFA and cell area.

Keywords: Hybridization, Pinus contorta var. latifolia, Pinus banksiana, wood properties, Fiber

Quality Analysis, SilviScan

INTRODUCTION

Conifers can be classified by several distin-
guishing features. Morphological traits such as
cones, needles, bark, height, and crown shape
are most commonly used to identify pine species
in their natural environment. These morphologi-
cal characteristics can be used as evidence of

hybridization between lodgepole pine (Pinus
contorta var. latifolia) and jack pine (Pinus
banksiana) (Critchfield 1985; Wheeler and
Guries 1987). Hybridization is defined as the
“. . .interbreeding of two populations or groups
of populations, which are distinguishable on the
basis of one or more characters. . .” (Woodruff
1973). Wheeler and Guries (1987) studied four
putative hybrid populations surrounding Blue
River, White Court, Grande Prairie, and Wapiti,
Alberta, Canada, where hybrids were identified
through cone and branch characteristics. Further

* Corresponding author: hartley@unbc.ca
{ SWST Member
1 Now with Canfor Pulp LP, Vancouver, V6S 2L9.

Wood and Fiber Science, 41(4), 2009, pp. 386–395
# 2009 by the Society of Wood Science and Technology



examples of pines found with mixed lodgepole–
jack pine morphology were found between Yel-
lowstone Lake, Wyoming, and Banff, Alberta;
these trees displayed cone angles significantly
smaller and more variable than lodgepole pine
but not completely curved toward the branch as
in jack pine (Wheeler and Guries 1987).

Although substantial morphological evidence
exists to support hybridization, little evidence
has been shown at the cellular level. Wood prop-
erties that might be useful for differentiation
between pure pine populations and hybrids in-
clude fiber length, fiber coarseness (a measure-
ment of fiber weight over length), microfibril
angle (MFA), density, and earlywood:latewood
(EW:LW) ratios. Wood cells and fibers vary
with tree age, genetic influence of the parental
trees, and environmental influences; differences
in wood properties between species can be
attributed to one of these factors or more proba-
bly from these factors in combination (Panshin
and de Zeeuw 1980). Specific hybrids may pos-
sess wood quality characteristics highly desir-
able for end-use industries.

This study was conducted to find evidence of
hybridization between jack pine (Pinus banksi-
ana) and lodgepole pine (Pinus contorta var.
latifolia) in the Fort Nelson region of northeast
British Columbia (BC) using wood properties.
Morphological evidence supporting hybridiza-
tion in this area has been documented (Critch-
field 1985; Wheeler and Guries 1987). Hybrid
samples were collected for further investigation;
samples genetically verified as hybrids (Wood
2006) were used for wood property analysis.
Supportive evidence of hybridization in the Fort
Nelson region of BC provides the scientific
community with information about the variation
in wood and fiber properties between hybrids
and pure pine species. This research in hybrid
wood quality also provides information for opti-
mal forest use.

Specific objectives of this study were to com-
pare pine species based on wood and fiber traits
with correlation to genetic and morphological
differences; to determine differences in mor-

phology between species for proper identifica-
tion in the field, providing visual evidence of
hybridization so noted in the literature; and to
determine if wood and fiber traits can be used as
distinguishing features among jack pine, lodge-
pole pine, and their hybrids, which may be ben-
eficial for industrial use.

METHODS

Sites and Sampling Design

Thirty samples of pure lodgepole pine were col-
lected from the Prince George area of BC
(53�5100500 N. lat., 123�2503000), 30 of pure
jack pine were collected from Smoky Lake,
Alberta (54�0901600, 113�0703600), and 30 poten-
tial hybrid samples were collected from the
Fort Nelson region of BC (59�1402000N. lat.,
123�2402100) (Fig 1). Twenty of the 30 samples
collected from the Fort Nelson region were ver-
ified as hybrid lodgepole–jack pine trees (Wood
2006). Samples were gathered from nine sites
within the three main forest stands. The first
stand, located east of Smoky Lake, was com-
posed of even-aged pure jack pine and was clas-
sified in the Bellis Lake and Bellis North natural
areas of Alberta. The second stand used for sam-
pling, composed of pure lodgepole pine, was
within the SubBoreal Spruce biogeoclimatic

Figure 1. Sample area locations in BC and Alberta; three

sites were located within each area. Original map taken

from Wheeler and Guries (1987) with the extension of the

northern introgression zone into BC.
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zone, subzone moist–cool with a variant of 1
(SBSmk1) (Meidinger and Pojar 1991) and a
site series of 03. The stand was an even-
aged mature stand and subject to fairly heavy
mountain pine beetle (Dendroctonus pondero-
sae) infestation; trees were selected that did
not demonstrate symptoms of attack. The third
study area was located north of Fort Nelson
and was within the BWBSmw2, Boreal White,
and Black Spruce biogeoclimatic zone, moist and
warm subzone with a variant of 2. Site series for
the areas sampled is 02, representing the lodge-
pole pine forest cover of the area (Delong et al
1990). This region was distinct because
it was the only area found in BC where the
species range of jack pine and lodgepole pine
overlap. Composition was largely pine with
some spruce (Picea spp.) and a small deciduous
component.

Morphology

Cone length, orientation, and curvature as well
as needle length and position were recorded.
Data were analyzed by comparing characteris-
tics to establish trends and interactions between
variables. Pairwise comparisons were per-
formed using SPSS software to compare each
species group with respect to each characteris-
tic. Cone length was measured from the tip of
the cone to the base where the cone met the
branch, not including any cone curvature. Mea-
surements of cone height from the branch and
length along the branch were also recorded to
calculate the angle that the cone formed with
the branch (Fig 2). Two cones per tree were
measured depending on availability at time of
sampling. In total, an average of 60 cones per
sampling area was used to calculate cone
dimensions. Hybrid cone dimensions were cal-
culated with cones from those trees that were
confirmed as genetic hybrids; a total of 38 hy-
brid cones were measured. Needle pair size,
which is a ratio of width of needle “V” forma-
tion over needle length, was recorded (Fig 3).
Five needle pairs per sample were measured to
obtain average dimensions; 150 needles per
sampling area were measured in total.

Wood and Fiber Traits

Two 10-mm cores (bark to bark) were taken
from each tree sampled at breast height. Wood
and fiber traits were measured through Fiber
Quality Analysis (FQA) and SilviScan analysis.
FQA was performed to obtain statistically cor-
rect measurements of fiber length and coarse-
ness. Fibers for FQA were prepared using core
segments from growth rings at age 20 – 40, 40 –
60, and 60 – 80. These were macerated using
perchloric acid to produce a pulp, which was
then dispersed to a low concentration in water
(Franklin 1945).

Wood characteristics that were generally more
difficult to assess such as microfibril angle and
average cell dimensions were measured using
SilviScan. This instrumentation combines X-ray
densitometry, diffractometry, and image analy-
sis to precisely evaluate cell properties. Fifteen
samples for each site were randomly selected for
this analysis.

RESULTS

Morphology

Jack pine needle pairs were characteristical-
ly much shorter and split in a wider “V” than

Figure 2. Cone measurements: Cone length was measured

from the tip of the cone to the base where the cone met the

branch, not including any cone curvature (dashed line).

Measurements of cone height from the branch (solid line)

and length along the branch (dotted line) were recorded to

calculate the angle that the cone formed with the branch.
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lodgepole pine needles, which were longer and
oriented in a much tighter “V”, yielding a sig-
nificantly different formation (Fig 4). The hy-
brid pine needle measurements were found to be
in between those of the other species and mod-
erate in both length and “V” width. Species
groups were statistically different (a = 0.05) for
needle pair sizes analyzed by pairwise comp-
arison. Analysis of variance (ANOVA) indi-
cates that there was a significant difference
between needle–pair size ratios according to
species group (Table 1). Therefore, this charac-
teristic provides evidence of hybrid intermedia-
cy within the regression zone and may indicate
trait modification in the hybrids because of ge-
netic recombination from pure pine parents that
produced intermediate needle forms.

Mean cone angles of attachment to the branch
were lowest in jack pine and highest in lodge-
pole pine (Fig 5), whereas hybrid pines showed
intermediate cone angles. There were signifi-
cant differences (a = 0.05) between species
groups. It was observed that generally the lower
or more negative the cone angle value, the more
curvature the cone displayed. Negative cone
angles of attachment were indicative of the cone
curving over the branch to the opposite side of
which it began to grow. The pairwise compari-
son revealed that cone angles were significantly
different among all three main species groups
with a confidence interval of 95%. Further
statistical analysis also revealed a strong signif-
icant relationship between cone angle of attach-
ment and species group. ANOVA results were
significant (a = 0.05) and Pearson correlation
coefficients displayed a strong correlation be-
tween cone angle and species type (Table 1).
These results suggest that hybrid pine cone
angles are a characteristic feature that may be
genetically controlled and may have been influ-
enced by both pure species, forming an inter-
mediate, genetically recombined, characteristic
cone angle. This finding parallels needle pair
size, which also suggested a recombined inter-
mediate characteristic.

Wood and Fiber Traits

Samples were categorized into age classes 0 – 20,
20 – 40, 40 – 60, and 60 – 80 to analyze fiber
length and coarseness. Juvenile wood of northern
pines is usually described as the first 20 – 25 yr

Figure 3. Needle measurements: A ratio of width of nee-

dle “V” formation (solid line) over needle length (dotted

line) was used to compare samples; the width of the V is

dependent on the length of the needles.

Figure 4. Average ratio of needle V width over needle

length. Standard error bars present.
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of growth, and a gradual transition wood (a com-
bination of juvenile and mature wood) is at times
observed up until approximately Year 40 (Hay-
green and Bowyer 1996; Koch 1996). The 40 –
60 and 60 – 80-yr core segments are described as
the mature wood segments for this study. Each
age class had a longer average fiber length than
the prior age class, as expected, as a result of the
transition from juvenile to mature wood (Hatton
1997). Throughout the age classes, lodgepole
pine had the longest fibers on average, and hybrid
fibers were the shortest. However, no significant
explanatory power or correlation was found be-
tween fiber length and species group. The
ANOVA (a = 0.05) results indicate that species
group was only significant to fiber length within
wood segments aged 40 – 60 (Table 1).

The relationship between coarseness and fiber
length for all samples in mature wood groups
40 – 60 and 60 – 80 yr is shown in Fig 6.
Generally, jack pine samples were lower in

coarseness and fiber length values than lodge-
pole pine samples. Hybrid samples seemed to be
intermediate in both coarseness and fiber length
according to this distribution. According to the
statistical analysis performed, significant differ-
ences were found for species differentiation by
fiber coarseness in the 40 – 60 and 60 – 80 age
categories; however, correlations between spe-
cies group and coarseness are low. Coarseness
did not indicate intermediacy in hybrids but did
demonstrate variation from pure species accord-
ing to the pairwise comparison performed. Lod-
gepole pine samples had coarser fibers and were
denser; hybrid fibers were the finest and sam-
ples were not as dense. This is indicative of an
environmentally controlled characteristic. Fiber
length and coarseness do not seem to demon-
strate strong genetic variation at this level of

Figure 5. Mean cone angle for all species groups accord-

ing to sampling area with standard error bars.

Figure 6. Fiber coarseness as a function of fiber length.

Measurements by Fiber Quality Analysis.

Table 1. Statistical analysis of morphology and wood and fiber traits between species groups.a

Characteristic F statistic p value Pearson correlation coefficient

Fiber length segment age 60 – 80 (mm) 0.852 0.472 �0.137

Fiber length segment age 40 – 60 (mm) 4.371 0.004 �0.273

Fiber length segment age 20 – 40 (mm) 0.813 0.513 �0.327

Cell area (mm2) 6.135 0.020 0.467

Microfibril angle (�) 11.298 0.002 �0.579

Fiber coarseness segment age 60 – 80 (mg/m) 4.628 0.006 �0.219

Fiber coarseness segment age 40 – 60 (mg/m) 6.362 0.000 �0.124

Fiber coarseness segment age 20 – 40 (mg/m) 0.922 0.462 0.306

Needle width/length ratio (cm/cm) 11.914 0.001 �0.352

Cone angle of attachment (�) 170.481 0.000 0.621

Cell wall thickness (mm) 6.985 0.007 �0.278

Earlywood:latewood ratios 2.073 0.162 0.417
a F-statistic and p value represent the analysis of variance results when determining the statistical difference between species groups for each trait. Pearson

r-values represent the correlation between the trait and the species group.

390 WOOD AND FIBER SCIENCE, OCTOBER 2009, V. 41(4)



genetic recombination. Therefore, it may be as-
sumed that the physiological controls in the
selected hybrid trees were responding to envi-
ronmental factors such as temperature and pre-
cipitation and that these factors may play a
more influential role in the formation of fiber
coarseness and length than genetic variability.

Jack pine samples showed higher MFA than
both lodgepole pine and hybrids throughout
the entire core for most samples. Lodgepole
pine had the lowest overall MFA, whereas
MFA for hybrid samples showed more varia-
bility but was more similar to lodgepole pine
than jack pine. These relationships were
reflected almost continuously over the entire
profile of the sample cores. Hybrids displayed
clear intermediacy for this trait (Fig 7). Based
on the statistical analysis, MFA could be con-
sidered one of the best distinguishing features
among the species studied. The Pearson corre-
lation coefficient shows a relatively significant
negative correlation, –0.579, and ANOVA was
significant (a = 0.05; Table 1). Among the
samples collected for this study, hybrid EW:
LW ratios did not demonstrate intermediacy
between pure species. Therefore, the more spe-
cific trait, cell wall thickness, was investigated
in its relationship to EW:LW content. Measure-
ments of cell wall thickness provide insight
into the ratio of earlywood to latewood in a
pith to bark profile because of the extreme
thickness of the latewood material in compari-
son with the thin cell walls of the earlywood
(Panshin and de Zeeuw 1980). Using SilviScan

measurements, cell wall thickness is calculated
as a function of the measured density and radi-
al vs tangential cell diameter dimensions:

W ¼ P=8�1=2ðP=16� C=dÞ1=2 ð1Þ
where

P ¼ 2ðRþ TÞ ð2Þ
and R and T are the radial and tangential tra-
cheid diameters, respectively, C is the tracheid
coarseness, and d is the density (Jones et al
2005). The pairwise comparisons of each spe-
cies group showed that the overall average cell
wall thickness was significantly different (a =
0.05) between jack pine and lodgepole pine and
between lodgepole pine and hybrid pine, but not
between jack pine and hybrids, suggesting that
hybrid average cell wall thickness is more like
that of jack pine. Cell wall thickness can there-
fore be used to distinguish between some sam-
ples, but not others, and cannot be used as an
indicator of intermediacy in hybrids unless fur-
ther analysis is performed.
Cell dimensions varied between species as
represented by the average cell diameters shown
in Fig 8. Lodgepole pine cells are, on average,
larger in the tangential direction than the other
species groups and smaller in the radial direc-
tion. Hybrid cells have intermediate average
measurements in both directions. This may be a
function of the species genetic ability to photo-
synthesize, a species-specific rate or amount of
auxin produced, or a species ability to carry

Figure 7. Microfibril angle average from pith to bark in

each species group. Pith to bark position was divided by the

diameter growth rate for each sample to directly compare

samples.

Figure 8. Average cell dimensions by species from Sil-

viScan analysis.
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out cell enlargement phases of development
(Kozlowski 1979). For statistical analysis of cell
proportions, the product of tangential and radial
directions was calculated to yield an average cell
area for each sample (mature wood only). The
Pearson correlation coefficient for cell area was
calculated as 0.467, which reveals a moderate
positive relationship between cell area and spe-
cies. ANOVA results indicate a significant dif-
ference among jack pine, lodgepole pine, and
hybrids (a = 0.05; Table 1). It should be noted
that greater significance exists for these samples
because of the difference in tangential direction
measurements over radial direction measure-
ments. Cell dimensions can therefore be used to
distinguish among lodgepole pine, jack pine, and
their hybrids for this study. Cell dimensions pro-
vide a moderate determination between species
groups as represented in Fig 8; taking into con-
sideration the environmental factors at play
when investigating tree growth allows apprecia-
tion for this contribution as a definite factor in
cell development. A degree of intermediacy can
be seen in Fig 8 with respect to growth in the
tangential direction; however, intermediacy is
not clearly demonstrated in the radial direction.
Cell area demonstrates significant differences
between species groups (Table 1).

DISCUSSION

Morphology

Needle length, cone curvature, angle of cone
attachment, and cone length were identified in a
study by Wheeler and Guries (1987) as traits that
had significant ability to distinguish between
species. Each of these traits allowed for support-
ive species identification and, when observed
in combination, allowed for accurate assess-
ment of species type. The information provided
by Lubischew’s coefficient of determination
(Christensen and Dar 2003) for the characteris-
tics analyzed by Wheeler and Guries (1987)
indicated that cone angle of attachment and nee-
dle length, among others, are very useful for
discriminating between hybrids and pure pine
species. This provides support for the use of

these characteristics in this study and supports
findings that revealed there is a large distinction
between pine species based on their morphol-
ogy. It was evident that jack pine samples pos-
sessed shorter, wider spread needle pairs when
compared with lodgepole pine, along with a very
different cone angle, and degree of cone curva-
ture. According to Wheeler and Guries (1987),
the coefficient of determination for angle of
cone attachment is one of the most discriminat-
ing factors between jack pine and lodgepole
pine, which supports the results in this study.
Each of these characteristics played a key role
in distinguishing jack pine from lodgepole pine
and provides evidence of intermediate character-
istics found in hybrid pines.

Wood and Fiber Traits

Natural hybrids can provide seed sources with
already evolved genetic material (Savolainen
and Kärkkäinen 2004). The lodgepole pine �
jack pine hybrids that exist in the northeast cor-
ner of BC exhibit characteristics varying from
the parental species and may therefore offer in-
creased value to some products, depending on
what traits are being sought. Wood quality
needs vary depending on what is being pro-
duced. Low microfibril angles are important
for solid wood axial stiffness and prevention
of timber warping resulting from longitudinal
shrinkage. Long fibers are important for solid
wood strength and tearing strength in writing
paper. Thin-walled cells as well as large lumens
are important for production of tissue paper
(Barnett and Jeronimidis 2003; Zobel 2004).

In this study, jack pine cells were larger in radial
diameter than lodgepole pine cells. This could
potentially be related to lower density values,
which would indicate that jack pine wood is
more suitable for products that do not require
high density. It follows that the hybrid wood in
this area would also be suited for similar pro-
ducts as a result of its comparable cell size.

Microfibril angle is also an important indicator
of wood strength. Because MFA in hybrids was
identified as an intermediate trait between lod-
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gepole and jack pine, it can be assumed that
wood produced from these hybrids would on
average yield a moderate strength. This means
that hybrid wood may be useful for low-grade
wood products, composites, or paper.

Wood quality is said to be strongly inherited (van
Buijtenen 2004) and therefore genetically im-
proved tree stock, which can be the outcome of
hybridization, has potential to greatly improve
wood uniformity as well as other wood charac-
teristics (Savolainen and Kärkkäinen 2004).
Learning from naturally hybridized forest stands
such as the jack pine � lodgepole pine stands
investigated in this study will enable the scientif-
ic community to better understand what these
populations have to offer the forest industry and
how they should be managed for various pur-
poses. Because these natural populations have
been growing and evolving over a long period
of time, they lend insight into effects that hybri-
dization may have on environments and wood
quality that are not obvious from newly formed
plantation-based progeny.

Wood characteristics under genetic control, as
confirmed to date, include latewood percentage,
cell dimensions, chemical properties, and micro-
fibril angle (van Buijtenen 2004). Other traits
are being investigated for their genetic applica-
bility. Latewood percentage ranges in heritabili-
ty depending on the population in question;
however, little more is known about EW:LW
genetic relationships partially because of the dif-
ficulty in controlling very influential environ-
mental conditions. The percentage of EW:LW
in any given sample is heavily influenced by
climate and other environmental factors
(Kozlowski 1979). However, this variation can
also be partially the result of genetic inheritance.
If factors such as age of samples and site condi-
tions were perfectly controlled, it may be possi-
ble to support interspecies variation based on
EW:LW ratios. In a study by Ivkovich et al
(2002), LW percentage in spruce was observed
to have high heritability in both East Kootenay
and Prince George study sites. This observation
suggests that EW:LW ratios could be used as a
species or population identifier. However, the

pairwise comparison conducted in this study did
not reveal any significant differences between
the species groups. This characteristic may be
more valuable for distinguishing between spruce
populations as indicated in Ivkovich et al’s
(2002) study as a result of the slower transition
between earlywood and latewood in spruce as
opposed to the abrupt transition in pines (Pan-
shin and de Zeeuw 1980).

Tracheid length, diameter, and cell wall thick-
ness are all strongly inherited; variation in
populations has been noted in lodgepole pine
(van Buijtenen 2004), although not observed in
this study. Chemical properties have been stud-
ied in relation to genetic inheritance since the
1970s, and genetic improvements in these areas
have been accomplished. Lignin content has
been studied most extensively because of its
applications in the paper-making process,
whereas less is known about genetic improve-
ments to cellulose content. Lastly, very little is
known about MFA heritability and this trait is
still under investigation (van Buijtenen 2004).
MFA could be a wood property with substantial
potential for genetic variation. Fiber angle for-
mation is not as directly affected by environ-
mental factors as other wood properties,
meaning that the genetic influence is not as
masked by site conditions. Although environ-
mental variation is always present to some ex-
tent, MFA varies only slightly with certain
aspects of site such as slope and factors affect-
ing formation of reaction wood (Panshin and de
Zeeuw 1980). Further study is required on the
intricacies of MFA and its formation based on
environment and genetics to be more definite
regarding the role of MFA in the differentiation
of hybrids. For this study, MFA provides a sta-
tistical distinction between species.

Wood and fiber traits are related in many ways.
Microfibril angle as well as fiber length are both
a reflection of wood maturity (Barbour 2004),
and fiber coarseness is directly correlated to cell
wall thickness and therefore EW:LW ratio (Potter
et al 2001). Awareness of these relationships is
essential to the assessment of the wood quality
of an individual or population for production
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purposes. Because the characteristics mentioned
possess the ability to distinguish between species
groups, it is possible to use them as predictive
tools for hybridization. If a certain characteristic
is measured, and falls within the measurement
range that is characteristic for a hybrid as op-
posed to a pure jack pine or lodgepole pine, then
assumptions can be derived that the species may
be a hybrid without having to conduct a more
invasive and time-consuming genetic analysis.

Managers or manufacturers can use this infor-
mation to alter their practices to best suit the
material with which they are working. Man-
agers may adjust growing conditions to account
for trees with faster or slower growth rates, and
manufacturers may alter production to account
for varying latewood content in raw wood.
Wood that is being used for pulp products may
be sorted according to variation in fiber coarse-
ness to be processed more accurately.

CONCLUSIONS

Results indicate that genetic pine hybrids are in
existence in the Fort Nelson area where lodge-
pole pine and jack pine ranges overlap. It was
found that MFA, cell area, needle width-to-
length ratio, and cone angle of attachment are
the most distinctive traits for differentiation of
jack pine � lodgepole pine hybrids in this re-
gion of BC. For field identification, needle
width-to-length ratio and cone angle of attach-
ment are the most useful characteristics for
differentiating between all species groups (in-
cluding the distinction of hybrids) while also
demonstrating intermediacy in hybrids. Al-
though relationships exist between the wood
and fiber characteristics investigated, some pro-
vide a strong differentiation between species
and some do not. Some traits revealed clear
intermediacy between pure species and hybrids,
whereas others were insignificant. Wood and
fiber quality traits that were useful in identify-
ing species groups were MFA and cell area;
these traits also support the theory of intermedi-
acy in hybrids. In addition to these characteris-
tics, fiber length and coarseness can be used to

differentiate among lodgepole pine, jack pine,
and hybrids, however, no significant explana-
tory power exists for species contribution to the
observed difference. Cell wall thickness can be
used to distinguish between lodgepole pine and
jack pine but was ineffective for distinguishing
the subtle differences that exist in hybrids.

Possible sources of error that may have skewed
results include variation in stand aspect and
slope, wood types such as reaction wood that
may have be present in the stems, and any undi-
agnosed disease or pest attack. These variables
were controlled as well as possible, slope was
minimized, stems were relatively uniform, and
factors such as growth rate and site index taken
into consideration; however, natural environ-
ments always yield some variation. To better
support the conclusions drawn from the wood
analysis portion of this study, alternate charac-
teristics could be looked at to achieve greater
confidence in the variability between species. It
was suggested in a study by Christensen and
Dar (2003) that number of resin ducts can be
distinctive of species. This could be further
investigated and related to percentage of EW
and LW in this study to draw more con-
clusive evidence of differentiation between spe-
cies groups and intermediacy of hybrids.

This study adds to the knowledge of genetically
controlled wood characteristics. The significant
influence that population groups had on MFA
and cell dimensions in this study indicates that
some wood properties are under significant ge-
netic control. Knowledge of natural hybridiza-
tion could potentially lead to management for
select traits to obtain the best wood quality out-
put for certain products and for optimal proces-
sing and manufacturing. This could potentially
improve wood quality for end users, reduce
waste wood, increase yield, and permit more
cost-effective production.
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