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INTRODUCTION

Wood science is the discipline which is dedicated to the maintenance
and advancement of the body of knowledge unique to wood.

Understanding of

wood behavior from such diverse viewpoints as physiology or engineering
application depends largely upon understanding of fundamental properties.
Wood is a hygroscopic, viscoelastic, anisotropic material of biological
origin. The properties of wood of a given species of tree depends upon
the many polymeric substances comprising it as well as the organization of
the substances as expressed by the anatomical structure.
Since wood anatomy has a fundamental effect on wood's behavior as a
material, considerable research has been done to describe and characterize
the anatomy of commercially important woods.

The overwhelming volume of

such work has focused on the wood of tree stems or boles.

However,

interest both in fundamental properties and whole- or full-tree
(above-ground biomass) or complete-tree (above- and below-ground biomass)
utilization has also spawned research into branch and root wood
properties.
Despite considerable information in the literature on root and branch
wood anatomy and properties, there is a lack of comparative studies within
trees. That is, few studies have been made on root, stem, and branch wood
structure with samples from the same tree, especially for hardwood
species. Because wood properties often vary more within a tree than
between trees in a given species, within-tree studies are useful to show
the range of properties one might expect, for example, in a complete-tree
utilization scheme.

Moreover, such studies may lend further insight into
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understanding of physiological function and interaction of various parts
of a tree.
An important problem in forestry today, particularly in the eastern
half of the United States, is how to manage and utilize small hardwood
trees. The phrase "low-grade eastern hardwood" has come to encompass the
resource creating the problem. It is characterized by trees of poor form,
small size, low value, and limited markets.

Many species of oak fall into

this low-grade eastern hardwood category.
In this study, observations were made on anatomical features of the
root, stem, and branch wood of a low-grade eastern hardwood, black oak
(Quercus velutina Lam.). Biomass of components of the trees studied was
also measured.
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OBJECTIVES

The objectives of this study were to:
1. Measure the biomass of components of three black oak (Quercus
velutina Laia.) trees, including leaf, twig, branch, stem, and root (to a
three-foot radius around the stump).
2. Measure and compare wood properties of root, stem, and branch
wood of black oak.

The wood properties to be measured were wood and bark

percentage, specific gravity, fiber length, fiber diameter, fiber wall
thickness, and proportion of wood elements.
3. Observe and describe anatomical features of black oak wood using
light microscopy and scanning electron microscopy.
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LITERATURE REVIEW

The oaks (Quercus spp., family Fagaceae) comprise the largest genus
of trees native to the United States. The Checklist of United States
Trees (Little, 1979) lists 58 species which attain tree size, plus one
naturalized, nine varieties, and seven typical varieties.

Many other oaks

have shrubby habits which may occasionally reach tree size.'
Oaks are divided into two subgenera, the red or black oaks
(Erythrobalanus) and the white oaks (Leucobalanus or Lepidobalanus). The
secondary xylem (wood) in stems of red and white oaks can be distinguished
from one another by their anatomical structure.

Individual species within

either of these subgenera cannot be separated based on wood anatomy.
However, within the red and white oak subgenera, the live oak group can be
distinguished on the basis of wood anatomy.
True red and white oaks have ring porous vessel (pore) arrangement,
while live oaks have semi-ring to diffuse porous vessel arrangement. Live
oaks also have frequent aggregate rays, a feature not common in true red
and white oaks (Core et al., 1979).
Some live oaks are botanically classified in the red oak subgenus,
while others are in the white oak subgenus. For example, interior live
oak (Quercus wislizenii) and canyon live oak (Q. chrysolepsis) both have
acorns which require two years to mature, and are therefore classified in
the Erythrobalanus subgenus. The acorns of Turbinella oak (Q.
turbinella), coast live oak (Q. agrifolia), and live oak (Q. virginiana)
mature in one year, so these species are classified in the Leucobalanus
subgenus (Preston, 1976; U.S. Department of Agriculture, Forest Service,
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1974). Q. virsiniana, live oak or Virginia live oak, is the only live oak
of commercial importance.
Because of the profound ecological and economic importance of oaks in
general, this genus has been studied intensively from the
physiological/silvicultural standpoint and for wood utilization. Due to
the wide availability of information and the ease with which the layman
can identify "oak," it is perhaps surprising to leam of significant
deficiencies in the literature concerning oak wood structure.

For

instance. Wheeler and Thomas (1981) made the first detailed study of oak
stem wood ultrastructure as observed with transmission electron microscopy
(TEM). In their introduction, they point out that at the time of writing
(ca. 1980), fewer than ten species of hardwoods had been examined in
detail with TEM. With regard to oak, they state;
Oak wood is of considerable commercial value, yet a
comprehensive description of the ultrastructure of
any one of the numerous oak species is not available
(Wheeler and Thomas, 1981).
Similarly, there is little available information on branch wood
anatomy of oak and even less on root wood anatomy. This is not
particularly troublesome with regard to branch wood, as it is generally
quite similar to the stem.

However, root wood structure differs greatly

from stem and branch. Nevertheless, studies of root wood in general are
relatively few.

One author summarized the situation as follows:

The present knowledge of wood structure is almost
wholly based on the study of aerial stems, and to a
lesser extent branches. Very little, so far, is
known about the secondary xylem in roots (Patel,
1965).
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Later, the same author wrote;
Very little is known about the secondary xylem of
gynnospem and angiosperm roots. Even reference
books on plant anatomy give very brief and usually
generalized description of root wood structure. In
their two volumes totalling 1500 pages, Metcalfe and
Chalk (1950) provided a wealth of very useful data
on the anatomy of the dicotyledons. These authors,
hovfever, make it quite clear in the introductory
chapter that it was often necessary to omit the
section on roots because information concerning the
root structure of many families was lacking.
Several years later the symposium on 'The Formation
of Wood in Forest Trees' held at the University of
Harvard, USA (Zimmermann, 1964) revealed our lack of
knowledge of the secondary growth in roots (Patel,
1971).
In the quote above, Patel (1971) referred to limited information on
roots of many families in the "Anatomy of the Dicotyledons" (Metcalfe and
Chalk, 1950). In the description of the wood anatomy of the family
Fagaceae, of which Quercus is a member, the section on roots consists of
t\fo sentences on the seedling roots of Castanea dentata. In Miller's
"Root Anatomy and Morphology—A Guide to the Literature" (Miller, 1974),
there are 22 references to Fagaceae in the "index to plant families."
the 22, fifteen are concerned with Quercus.

Of

Ten of the 15 refer to

seedling anatomy and morphology, one is a text from 1892 with a chapter on
roots, one refers to medicinal uses of Q. alba roots, and three are on the
anatomy of secondary xylem of roots.
The three references on secondary xylem are the work of one author,
L. A. Lebedenko, and represent one of three detailed studies on oak root
wood anatomy (the others are Manwiller and Koch, 1981; Riedl, 1937).
Lebedenko's work was on the root and stem anatomy of seven species of
Fagales (Lebedenko, 1959b, 1962), including Quercus macranthera, caucasian
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oak, on which a separate paper was written (Lebedenko, 1959a). Q.
macranthera is a rare white oak, native to the Caucasus of the USSR and
northern Iran (Phillips, 1978). Riedl (1937) described the root wood
anatomy of several tree species, including Q. pendunculata, a member of
the red oak group.
Manwiller and Koch (1981) provide the most comprehensive information
on oak root wood to date. In their study of 22 hardwoods growing in the
south, 11 oaks were examined.

Root morphology, fiber length and

transverse dimensions, proportion of wood elements, specific gravity, ash
and mineral content, starch content, and heat of combustion were
determined on roots excavated to a 3-foot radius from three trees of each
species. The roots were sampled to statistically represent the root
volume excavated. This information, published in Koch (1985), is
supplemented by one low magnification light micrograph and one low
magnification scanning electron micrograph of the root wood of six
species, two of which are oaks (southern red oak and white oak).
Cutler (1976) examined root wood of Quereus (robur type), but his
study was on only three roots from the Kew reference collection (Jodrell
Laboratory, Royal Botanic Gardens, England). He had no stem samples for
comparison, nor did he know what kinds of root (e.g., tap, lateral, etc.)
his samples came from. In fact, one of the samples may have been from an
adventitious sucker shoot, rather than a root. It should be stated,
however, that the intent of the discussion of oak root anatomy was to show
some range of variability in its structure, and not to make a detailed
study (Cutler, 1976).
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It is evident from the foregoing discussion that there are gaps in
the literature concerning oak root wood anatomy, particularly with regard
to within-tree comparison combined with a micrographie survey.

This

dissertation is directed toward this end.
Development of the complete-tree utilization concept (Young, 1964)
has also increased interest in wood properties of branches and roots (Bhat
and Karkkainen, 1981a), notably of important coniferous species.

The

recent release of "Utilization of Hardwoods Growing on Southern Pine
Sites" (Koch, 1985) provided the first comprehensive volume on properties
and utilization potential of low-grade hardwoods.

More information on

biomass and wood properties is required to evaluate current and potential
uses of small, low-value hardwood trees throughout the United States,
particularly east of the Great Plains.
In addition, the study of fundamental wood properties and structure
is essential for understanding of physiological processes (Kramer and
Kozlowski, 1979).

Much literature exists on the anatomy of young roots,

stems, and branches of woody plants, and this has been basic to the
advancement of plant physiology. Studies of root morphology and anatomy
of mature trees are also needed. Thus, comparative studies of root, stem,
and branch wood are becoming more important as both biologists and the
wood industries seek answers to their problems.
Black oak (Quercus velutina Lam.), a member of the Erythrobalanus
subgenus (collectively, the red oaks), is a representative low-grade
eastern hardwood. The phrase "low-grade eastern hardwood" refers to a tree
species which has significant portions of its total inventory comprised of

9

small, poorly formed, low-value trees.

Poor growth and limited markets

and uses for these trees often restrict forest management practices that
would improve stand composition and quality.
Red oaks comprise 10.3 percent and 26.0 percent of the above ground
tree biomass in the lake states (Michigan, Minnesota, and Wisconsin) and
central states (Illinois, Indiana, Iowa, and Missouri), respectively
(Raile and Jakes, 1982). Over 20 percent of the volume of red oaks is in
the 6- to 8-inch diameter classes, significant amounts of which are in
low-grade trees. In Iowa, for example, 60 percent of the total cubic
volume of red oak growing stock is in good quality "select" red oak (i.e.,
northern red oak, Q. rubra); the remainder is in "other red oaks," of
which 39 percent is rough and rotten (Spencer and Jakes, 1980). Black oak
makes up 68 percent of the "other red oak" category in Iowa. The U.S.
distribution of black oak is shown in Figure 1.
Studies of wood properties of components of low value trees may lead
to improved utilization. The literature which I have included in this
review covers anatomical properties of oak wood in stems, branches, and
roots.

Significant literature on complete-tree utilization is also

included. In preparing this review, I have read much of the literature on
variation of anatomical properties within trees of many species other than
oak. Much of this information will be mentioned in the discussion of the
results of this study.
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Wood Anatomy of Quercus spp.
Stem wood
The structure of oak (Quercus spp.) wood is well known. Many
excellent sources are available which give detailed descriptions of both
macroscopic and microscopic characteristics of commercial oak species.
Examples are Williams (1939), Metcalfe and Chalk (1950), Core, Côte', and
Day (1979), and Panshin and de Zeeuw (1980). These descriptions are based
on observations of the secondary xylem (wood) of mature trees.
Oak wood is ring porous, having large earlywood vessels and small
latewood vessels (vessels cut in cross-section are also called pores).
Earlywood vessels are usually arranged in tangential bands of one to four
cells and are distinctly larger in diameter than latewood vessels.
Latewood pores are arranged in characteristic flame-shaped groups or
dendritic patterns.

Latewood vessels are surrounded by light-colored,

thin-walled paratracheal axial parenchyma. Vasicentric tracheids are also
found in this tissue and are identical to axial parenchyma in
cross-section. Similar earlywood conjunctive tissue contains more
vasicentric tracheids and less parenchyma.

Axial parenchyma (also called

longitudinal parenchyma) also occurs apotracheally, often forming
tangential bands in the latewood fibrous tissue. Fiber types in oak wood
are libriform fibers and fiber tracheids, the former having apparent
simple pits and the latter obviously bordered pits with lenticular to
slit-like apertures (Panshin and de Zeeuw, 1980).
The distinction of the pitting in these cells is not necessarily
clear, as implied by Panshin and de Zeeuw's (1980) use of the phrase
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"apparent simple pits." This issue was recently discussed by Baas (1985,
1986) and Carlquist (1986). Baas (1985) contends that truly simple pits
are rare in hardwood fibers, especially when viewed by electron
microscopy. He favors the terms fiber tracheid, libriform fiber, and
fiber to be defined as follows.

Fiber tracheids would have distinctly

bordered pits (with borders > 3 /«m in diameter) on both tangential and
radial walls. Libriform fibers would be defined as having simple or
minutely bordered pits (borders < 3 jum in diameter) primarily on radial
walls.

All other imperforate tracheary elements (e.g., those having

simple pits on both tangential and radial walls or bordered pits confined
to radial walls) would be called fibers (Baas, 1986).
Metcalfe and Chalk (1950) avoided the use of the terms "libriform
fiber" and "fiber tracheid" entirely, and referred to all imperforate
tracheary elements as "fibers." Esau (1965) states that fiber tracheids
and fibers intergrade with one another.

Carlquist (1986) reiterated

Esau's comments.
The definitions which I will use in this paper are as follows.

A

fiber tracheid is a fiberlike tracheid, commonly with thick walls, and
having pointed ends and bordered pits with lenticular to slit-like
apertures (Committee on Nomenclature, 1964; Esau, 1977; Panshin and de
Zeeuw, 1980). The Multilingual Glossary of Terms Used in Wood Anatomy
(Committee on Nomenclature, 1964) and Esau's (1977) glossary both define a
libriform fiber as an elongated, commonly thick-walled xylem fiber with
simple pits. In view of the above discussion on terminology, I will use
the definition in Panshin and de Zeeuw's (1980) glossary.

They define a
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libriform fiber as "an elongated thick-walled cell in hardwoods having
apparent simple pitting; this type of fiber merges imperceptibly into
fiber tracheids as the pitting becomes more obviously bordered" (Panshin
and de Zeeuw, 1980). A fiber is an elongated cell with pointed ends and
thick or thin walls and includes fiber tracheids and libriform fibers.

A

tracheid is a fibrous elongated cell with bordered pits and imperforate
ends.
Rays of oak are one of its best knovm distinguishing features.

Broad

oak-type (compound) rays produce much of the figure for which oak wood is
known.

Compound rays are 12-30 or more cells wide and may be hundreds of

cells high in the tangential-longitudinal plane. Uniseriate rays are also
present.

Both types are homocellular, consisting only of procumbent ray

parenchyma cells.
Vessels may be occluded with tyloses, which are ingrowths of
adjoining ray or axial parenchyma into the vessel element.

Tyloses are

very common in white oaks but occur occasionally in red oaks, thus
providing a diagnostic feature.

Structural features of tyloses have been

described by Koran and Cote' (1965), Meyer (1967), Meyer and Cote' (1968),
Murmanis (1975) and Sachs et al. (1970).
In addition to differences in frequency of tyloses, red and white oak
wood are distinguished by size and shape of the latewood vessels.

Red

oaks have relatively few rounded latewood pores which are large enough and
spaced apart so that individual cells can be seen with a lOx hand lens.
White oaks have small, crowded, angular latewood pores which are difficult
to distinguish individually at lOx.

Color is also a useful feature for
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identification. Red oaks have a pinkish cast, while white oak wood is
straw brown.

Mller et al. (1985) also described a chemical (sodium

nitrite) test which can be used to rapidly separate red and white oak wood
for commercial purposes. The reader may wish to review the anatomy
described above by referring to Figures 2-5.
Pitting of the imperforate tracheary elements has been discussed.
Libriform fibers have apparent simple pits while fiber tracheids and
vasicentric tracheids have bordered pits.

Both axial and ray parenchyma

have simple pits. Intervessel pits are not observed in oak as vessels do
not make lateral contact with one another (^•îheeler and Thomas, 1981).
Parham and Gray (1982) state that intervessel pits are normally rare due
to solitary pores, but are oval and small when they are found.
Data on the distribution and size of the various cell types in oak
stem wood provide further characterization information.
important both for descriptive and utilization purposes.

Such data are
Efforts to

develop efficient computer identification programs have required more
quantitative data (Miller, 1980; Miller and Baas, 1981). Research on more
sophisticated quantification of wood anatomy is being conducted (Beery et
al., 1983; Ifju, 1983; Ifju and McLain, 1982; Jagels and Dyer, 1983;
Quirk, 1981; Stamm, 1978; Steele et al., 1976).

Most of the data commonly

available today are on percentages of cell types, cell and lumen
diameters, cell wall thickness, cell length, and numbers of a given
feature per unit area.
Volumetric composition or proportion of wood elements is usually
estimated from cross-sectional (transverse) planes. In oaks, values have
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been reported for percent vessels, fibers, rays, and axial parenchyma (the
axial parenchyma category also includes vasicentric tracheids because the
two are indistinguishable in cross-section). Table 1 lists proportion of
wood elements for oak stem wood as reported in the literature. The data
do provide some comparison, but differences in ages of trees studied,
sampling methods, and estimation techniques make absolute comparisons
impossible. Study of the table, however, does give an idea of the range
of values encountered in oak stem wood.
From Table 1, it can be seen that vessel percentages range from 10.5
percent in Quercus laurifolia (Manwiller, 1973) to 26.6 percent in Q.
macrocarpa (Panshin and de Zeeuw, 1980). Fiber percentage ranges from a
low of 37.1 percent in Q. velutina (Manwiller, 1973) to a high of 47.8
percent in Q. alba (Panshin and de Zeeuw, 1980). Ray percentage varies
from 15.9 percent in Q. rubra (Maeglin, 1974) to 34.1 percent in Q. ilex
(Panshin and de Zeeuw, 1980).

Axial parenchyma averages range from 8.0

percent in Q. alba (Panshin and de Zeeuw, 1980) to 28.5 percent in Q.
falcata var. falcata (Manwiller, 1973).
Hill (1954) also presented some data on tissue proportions which I
have left out of Table 1.

He determined "percent fiber area, percent

earlywood pore area, percent latewood pore area, and percent large ray
area."

Percent fiber area included netatracheal parenchyma bands, and

early- and latewood pore areas included axial parenchyma and vasicentric
tracheids; thus, his data are of little value for comparison with the data
in Table 1.

Table 1.

Proportions of wood elements in oak stem wood reported in the literature

Percent
Axial parenchyma
and vasicentric
Species

Quercus alba
Q.
Q.
Q.
Q.
Q.
Q.
Q.
Q.
Q.
Q.

bicolor
coccinea
falcata var. falcata
falcata var. pagodlfolia
ilex
laurlfolia
wacrocarpa
marllandlca
nlp.ra
robur
rubra

Vessels

Fibers

Rays

16.1
14.7

47.8
41.2

12.6
14.6
11.2

44.8
37.8
44.8

28.0
20.7
29.7
18.2
19.0
18.4
34.1
19.7
20.6
21.5
18.5
20.G
21.4
15.9
19.0

—

—

10.5
26.6
16.1
12.8

43.3
40.8
37.8
42.7

—

—

21.6
19.5
15.3

43.5
41.3
41.3

tracheids

8.0
23.5

Panshin and de Zeeuw, 1980'
Manwiller, 1973b
Panshin and de Zeeuw, i9ao'
Manwiller, 1973^
Manwiller, 1973^
Manwiller, 1973^
Panshin and de Zeeuw, 1980"
Manwiller, 1973^
Panshin and de Zeeuw, 1980*
Manwiller, 1973b
Manwiller, 1973^
Panshin and de Zeeuw, 1980d
Panshin and de Zeeuw, 1980%
Maeslin, 1974, 1976
Manwiller, 1973^

—

24.4
28.5
25.5
26.4
12.0
24.6
25.9
13.5
23.4
24.5

Data given in Table 5-3, p. 181. Taken from French, G. E.
College of Forestry, Syracuse.

Source

1923.

M.S. thesis. New York State

These data have been published in Koch, 1985, Table 5-3, p. 303.
Data given in Table 5-7, p. 197. Taken from Meyer, J. E. 1922. Ray volumes of the
commercial woods of the United States and their significance. J. For. 20:337-351.
Data given in Table 5-7, p. 197. Taken from Petric', lie, and V. Scukanec. 1975.
percentages in wood of Yugoslavian hardwoods. Int. Assoc. Wood Anat. Bull. 3:43.

Ray tissue

Table 1.

Continued

Percent

Species

Q. shumardli
Q. stellata
Q. velutina
Q. vlrglniana

Vessels

Fibers

Rays

12.1
12.4
14.1
14.7

45.7
37.5
37.3
37.1

18.3
22.6
31.4
20.8
32.2

——

Axial parenchyma
and vaslcentrlc
trachelds

23.8
27.6
17.2
27.4

Source

Manwiller, 1973
Manwiller, 1973^
Panshin and de Zeeuw, 1980'
Manwiller, 1973^
Panshin and de Zeeuw, 1980'
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Table 2 is a compilation of fiber and vessel dimensions, as reported
in the literature.

Reported mean fiber lengths vary from 1.14 mm in

6-inch diameter Q. marilandica trees (Manwiller, 1974) to 1.69 mm in
mature wood of 66-year-old Q. coccinea (McGinnes and Ralston, 1967).
Vessel element average length varies from 0.34 mm in Q. rubra (Murphey et
al., 1973) to 0.46 mm in Q. palustris (Panshin and de Zeeuw, 1980).
Values for fiber diameter, wall thickness, and lumen diameter are also
shown in Table 2.
Bergman's (1949) data are not presented in Table 2. He determined
fiber and vessel element lengths on macerations made from herbariumvouchered specimens of 49 hardwood species, three of which were oak. Two
to four samples were used for each species.

Average fiber lengths were

1.08, 1.10, 1.23, and 1.58 mm for four samples of Quercus alba, 1.37 and
1.42 mm for two samples of Q. rubra, and 1.31 and 1.44 mm for Q. velutina.
Average vessel element lengths for the same species and samples were 0.51,
0.52, 0.56, and 0.57 mm; 0.45 and 0.53 mm; and 0.49 and 0.55 mm,
respectively.

Branch and root wood
In general, branch wood anatomy is similar to stem wood, although it
is not uncommon for differences to occur which make it difficult to
identify the wood. Root wood anatomy is frequently so different from
stems that identification is possible only by comparison with known
samples (Cutler, 1976). There are very few keys available for root wood

Table 2.

Fiber length, diameter, lumen diameter, wall thickness, and vessel element length of
oak stem wood reported in the literature

Species

Quercus alba
Q. bicolor
Q. coccinea

Q. falcata
var. falcata
Q. falcata
var. panodifolia
Q. laurifolia

Fiber
length
(mm)

1.39
1.22
1.35,
1.61^
1.69^
1.32
1.30
1.29
1.58
1.53
1.30
1.49
1.34
1.35

Vessel
element
length
(mm)

Fiber
radial
diameter
(wm)

Fiber
lumen
radial
diameter
(Am)

Fiber
tangential
wall
thickness
(/m)

0.40
—

. 14.51

0.42
0.43

4.58

—

—

—
—

—
—

5.35

——

15.48

6.40

4.54

"

"

0.42

Source

Panshin and de Zeeuw, 1980^
Manwiller, 1973^, 1974^
Panshin and de Zeeuw, 1980®
Panshin and de Zeeuw, 1980^
McGinnes and Ralston, 1967
McGinnes and Ralston, 1967
Manwiller, 1974^
Manwiller, 1974^
Taylor, 1977a
Taylor, 1977b
Manwiller, 1974^
Farmer and Nance, 1969
Manwiller, 1973^, 1974^
Panshin and de Zeeuw, 1980®

^Data given in Table 5-2, pp. 170-171.
^Data for fiber transverse dimensions is published in Koch, 1985, Table 5-7, pp. 337-338.
^Data for fiber len&ths are given in original paper and reprinted in Koch, 1985, Table 5-4,
p. 306.
^Mature wood.
^Juvenile wood.

Table 2.

Continued

Fiber
length
(mm)

Species
Q. macrocarpa
Q. marllandlca

Q.
Q.
Q.
Q.
•

palustris
phellos
prinus
rubra
m I.I •

•

1 •

. 1^

Q. shumardli
Q. stellata

1.20

Vessel
element
length
(mm)
0.35

—

15.28

—

1.27
1.49
1.42
1.30
1.38
1.45
1.32
1.35
1.27^
1.36^
1.43%
1.44
1.31
1.35
1.18
1.37
1.29

Fiber
radial
diameter
(/tfi)

0.46
0.45
0.40
0.42
0.45
0.34^
0.44®
0.45

15.00
13.8^
14.1®

—
5.45
—
—

Fiber
tangential
wall
thickness
(^m)
—
4.92

—
—
—
—
—
5.78
—
—

—
—
—
—
—
—
—
—
4.61
4.92
4.92%

6.08
—
4.93

4.69
—
4.63

—

—

—

15.47
0.43
—

Fiber
lumen
radial
diameter
(am)

14.19
—

f
Before irrigation.
®After irrigation with sewage effluent.

Source
Panshin and de Zeeuw, 1980^
Manwiller, 1973%
Manwiller, 1974^
Taylor, 1977a
Taylor, 1977b
Panshin and de Zeeuw, 1980
Panshin and de Zeeuw, 1930
Panshin and de Zeeuw, 1980
Panshin and de Zeeuw, 1980^
Maeglln, 1976
Manwiller, 1973%, 1974^
Murphey et al., 1973
Murphey et al., 1973
Panshin and de Zeeuw, 1980^
Manwiller, 1973%, 1974^
Panshin and de Zeeuw, 1980^
Manwiller, 1974
Taylor, 1977a
Taylor, 1977b

Table 2.

Continued

Species

Q. velutina

Fiber
length
(mm)

1.44
1.30,
1.63^
1.30'-

Vessel
element
length
(mm)

Fiber
radial
diameter
(/^m)

Fiber
lumen
radial
diameter
(^m)

Fiber
tangential
wall
thickness
(Am)

5.61

4.65

0.43
14.91

Source

Panshin and de Zeeuw, 1980^
Manwiller, 1973%, 1974?
McGinnes and Ralston, 1967
McGinnes and Ralston, 1967
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identification.

Carlquist (1961) made reference to a key to species of

the genus Rauwolfia based on root anatomy (Woodson, R. E., Jr.,
1957).
A key for field identification of western conifer roots greater than
2 mm in diameter was developed by Gilbertson et al. (1961). It was based
on macroscopic characteristics observable with no magnification and/or a
lOx hand lens. These authors also referenced a key to coniferous roots
based on microscopic characteristics (Noelle, W., 1910).
McDougall (1921) developed a key to nonwoody roots of some hardwood
trees. The major characteristics used were presence or absence of
mycorrhizal structures, colors of the root bark, and relative size of the
smallest branches of the root system.

Other external, morphological

features were also employed as needed. The key covers 17 species of
eastern U.S. hardwoods. Quercus rubra and Q. muhlenbergii are included,
but cannot be distinguished from one another with this key.
In the case of oaks, there is little to be found in the literature on
branch or root wood anatomy aside from scattered illustrations in
textbooks.

Manwiller's (1973, 1974) and Manwiller and Koch's (1981) data

are the only quantitative information on oak branch and root wood aside
from fiber dimensions. Lebedenko (1962) described the root wood anatomy
of Q. macranthera, a rare white oak. Fegel's (1941) study on "Comparative
Anatomy and Varying Physical Properties of Trunk, Branch, and Root Wood in
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Certain Northeastern Trees" did include Q. rubra, but, unfortunately, all
of the data are reported collectively in terms of ring-porous hardwoods,
diffuse-porous-hardwoods, or conifers. He did, however, comment that
tyloses were more abundant in branches of northern red oak than in the
stem and they were absent in the root (Fegel, 1941).
Fayle's (1968) monograph on the distribution, timing, and anatomy of
radial growth in tree roots provides a good review of the literature up to
1966.

Certain data which were cited or original with Fayle are

quantitative in nature, but for the most part, the treatment is
observation and descriptive in nature. Likewise, Lebedenko's (1962) work
is descriptive.

Some of the observations of these authors will be

presented in the results and discussion.
Manwiller (1973) and Manwiller and Koch (1981) determined the
proportion of wood elements in stems, branches, and roots of 5.5- to
6.5-inch diameter breast height (dbh) trees of 21 southern hardwood
species. Two more species were studied, but all values were not obtained
for these two. Data from this work are given in Table 3.

Branch wood was

composed of 15.3% vessel, 41.2 to 48.6% fiber, 15.7 to 21.6% ray, and 22.2
to 31.9% axial parenchyma tissue. In roots, 11.3 to 18.3% of the wood was
composed of vessels, 39.2 to 52.2% was fibers, 18.4 to 25.7% was rays, and
14.8 to 25.7% was axial parenchyma.
With respect to fiber length in oak branches and roots, only slightly
more information is available.

Branch and root wood fiber lengths and
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Table 3. Proportions of wood elements in branches^ and roots^ of southern
oaks

Percent

Species

Branch wood (B)
or
root wood (R)
Vessels

Quercus alba
Q. coccinea
Q. falcata
var. falcata
Q. falcata
var. paRodifolia
Q. laurifolia
Q. marilandica
Q. nigra
Q. prinus
Q. rubra
Q. shumardii
Q. stellata
Q. velutina

B
R
B
R
B
R
B
R
B
R
B
R
B
R
B
R
B
R
B
R
B
R
B
R

Fibers

~ Axial parenchyma
and vasicentric
Rays
tracheids

42.5
42.4
46.7
41.3
42.6
39.2
47.9
41.1
45.2
40.5
42.3
42.0
42.5
42.1

16.3
18.4
18.1
25.7
18.4
20.9
17.2
20.2
18.0
20.7
21.6
27.6
18.7
19.0

27.4
22.7
22.2
19.3
26.7
25.7
22.6
22.5
26.3
20.4
22.9
16.7
26.0
24.1

13.5
14.5
11.3
10.5

45.0
44.1
52.2
48.6

20.6
18.0
21.5
17.5

20.7
23.4
14.8
23.4

11.1
15.0
15.3
13.9

41.2
44.6
42.3
42.5

15.7
20.7
17.0
24.0

31.9
19.5
25.4
19.4

13.8
16.4
13.0
13.5
12.3
14.0
12.3
16.1
10.5
18.3
13.2
13.6
12.8
14.6
——

^ianwiller, p. G. 1973. Size and proportions of wood and bark
elements on twenty-two hardwood species. Final Report FS-SO-3201-1.42,
dated Sept. 20, 1973. Data on file at USDA For. Serv. So. For. Expt.
Sta., Pineville, La. (These data have been published in Koch, 1985, Table
5-3, p. 304.)
^Manwiller, F. G., and P. Koch. 1981. Some properties of roots of
6-inch hardwood trees of 22 species that grow on southern pine sites—and
distribution of biomass in such trees. Final Report FS-SO-3201-1.59,
dated Sept. 23, 1981. Data on file at USDA For. Serv. So. For. Expt.
Sta., Pineville, La. (These data have been published in Koch, 1985, Table
14-4, p. 1314.)
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transverse dimensions reported in the literature are summarized in Table
4. Manwiller (1974) estimated stem and branch average fiber lengths and
within- and between-tree standard deviations for 22 species of southern
hardwoods. Ten trees of each species were sampled in that portion of the
species range that occurred in the South.
sampled.

Eleven species of oaks were

Mean branch fiber lengths in the oaks ranged from 0.88 mm in Q.

marilandica and Q. alba to 1.01 mm in Q. laurifolia. Branch fiber lengths
were significantly shorter than stem fiber length for all oaks and all
eleven other species investigated (Manwiller, 1974) (Manwiller's stem wood
fiber data were summarized in Table 2).
Taylor (1977a) studied fiber length in stems and branches of eight
southern hardwood species. Trees sampled were approximately 11 inches
dbh.

No significant differences were found in fiber lengths in branches

from the top or bottom of the crown, nor were there differences along the
branches (sampled at 1/4 and 1/2 of total branch length). Branch fibers
were shorter than stem fibers, similar to Manwiller's (1974) results.
Three species of oaks were studied (Q. falcata var. falcata, Q. nigra, and
Q. stellata). Branch and stem wood fiber lengths were 1.06 and 1.58, 1.03
and 1.49, and 0.99 and 1.37 mm, respectively, for the three species. His
data are summarized in Table 4.
Oak root wood fiber length has been reported only by Manwiller and
Koch (1981). For 22 species of southern hardwoods, the grand mean fiber
length of the stump-root system (to a 3-foot radius around the tree) was
the same as that of the stem wood, 1.27 mm. The grand mean for branch
wood in these same trees was 0.96 mm.

In the eleven species of oak
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Table 4. Fiber lengths, diameters, lumen diameters, and wall thicknesses
of oak branch^and root wood^ reported in the literature

Species

Quercus alba
Q. coccinea
Q. falcata
var. falcata
Q. falcata
var. pagodifolia
Q. laurifolia
Q. marilandica
Q. nigra
Q. prinus
Q. rubra
Q. shumardii
Q. stellata
Q. velutina

Fiber
diameter,
radial
( m)

Wall
thickness.
tangential
( m)

Lumen
diameter,
radial
( m)

0.88
1.28
0.98
1.06
0.96
1.28
0.94
1.28
1.01
1.26
0.88
1.01
0.98
1.37

12.06
17.37
12.47
19.08
12.53
17.91
12.35
19.17
13.01
20.35
13.12
16.94
12.99
19.38

3.71
5.57
3.79
5.73
3.88
5.59
3.71
5.40
3.90

4.65
6.24
4.89
7.62
4.76
6.73
4.92

4.13
5.34
3.90
6.02

5.20
8.63
4.86
6.25
5.19
7.32

1.09
0.90
1.15
0.99

19.77
12.05
19.60
12.82

6.20
3.57
5.75
3.76

7.38
4.92
8.07
5.31

0.93
1.10
0.98
1.10

12.03
16.23
12.28
18.52

3.78
5.46
3.89
5.82

4.46
5.30
4.49
6.89

Branch wood (B) Fiber
or
length
root wood (R)
(mm)

B
R
B
R
B
R
B
R
B
R
B
R
B
R
B
R
B
R
B
R
B
R
B
R

5.86

8.37

^Branch fiber lengths are published in Manwiller, 1974, and Koch,
1985, Table 5-4, p. 307.
^See footnote b, Table 2.
""Root fiber lengths and transverse dimensions were determined by
Manwiller and Koch, 1981. The data are published in Koch, 1985, Table
14-5, p. 1316.
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studied, stump/root fiber lengths ranged from 1.01 mm in Q. marilandica to
1.37 mm in Q. ni^ra. In all of the oaks, the root wood fibers were longer
than those of branch wood. Stem wood fibers were longer than those of
root wood in all but Q. alba and Q. nigra. These data (for branches and
roots), including fiber transverse dimensions, are shown in Table 4.
Refer to Table 2 for stem wood fiber dimensions.

Specific Gravity and Biomass of Black Oak
Specific gravity
Specific gravity of wood is defined as the ratio of wood density
(oven dry weight divided by volume at a specified moisture content) to the
density of water at 4°C. Specific gravity is the single most important
physical property of wood which can be measured, because it gives an
indication of strength, stiffness, product yields, and other physical
properties.
The oaks as a group have high specific gravities, i.e., greater than
0.50.

Values for green volume specific gravities in the Wood Handbook

range from 0.52 for southern red oak (Q. falcata var. falcata) to 0.80 for
live oak (Q. virginiana) (U.S. Forest Products Lab., 1974). The Handbook
value for black oak (Q. velutina) is 0.56. Its air dry (12 percent
moisture content) specific gravity is reported as 0.61.
McGinnes and Ralston (1967) determined the specific gravity of the
top ends of butt logs of fifteen 90-year-old black oak trees to have an
average of 0.545 (oven dry weight and green volume). Specific gravity of
individual growth rings in wood over 41 years old ranged from 0.475 to
0.620 in black and scarlet (Q. coccinea) oaks combined. In the same
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trees, ranges were 0.329 to 0.480 for earlywood and 0.609 to 0.732 for
latewood.
Choong and Manwiller (1975) determined specific gravity of stem
corewood and sapwood of 22 species of southern hardwoods at a height of 6
feet. All trees were in the 6-inch diameter class. The term "corewood"
was used, as heartwood could not be distinguished by color in some species
studied. In black oak, sapwood specific gravity was 0.666 and corewood
was 0.657.
Szopa et al. (1977) studied effects of sewage effluent irrigation on
specific gravity and growth of red and white oaks. The red oaks which
were measured were in 4-6, 6-8, ..., 14—16 inch diameter classes and
ranged from 24 to approximately 40 years old at breast height. Specific
gravity of the red oak trees before irrigation averaged 0.59 (range 0.57
to 0.61); after irrigation, the average was 0.61 and ranged from 0.59 to
0.63.
Manwiller (1979) reported specific gravity of stem, branch, and tree
wood, bark, and wood and bark. Similar data for root wood and bark were
determined by Manwiller and Koch (1981). The values for wood of black oak
were 0.620 (stem), 0.648 (branch), and 0.581 (root). Between-tree
standard deviations were 0.022, 0.030, and 0.022 for stem, branch, and
root, respectively.

Biomass
Estimates of tree biomass are now in demand by researchers and
industry as a result of whole-tree (above ground biomass) or complete-tree
(above and below ground biomass) utilization study, planning, or
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implementation (Young, 1978). In 1978, a nation-wide effort to develop
whole-tree weight tables was initiated by the Forest Service Task Force on
Whole-Tree Assessment. The initial accomplishment of the effort has been
the compilation of tables of whole tree weights, broken down into five
biomass categories, for 20 softwood and 17 hardwood species (USDA Forest
Service, 1984).
The five biomass categories in the weight tables are: (1) wood,
bark, and foliage; (2) wood and bark; (3) wood only; (4) main stem (wood
and bark to a 4-inch top); and (5) main stem, wood only (to a 4-inch top).
Not all species represented have values for all of these categories.
Weight estimates were made from green weight data (oven dry in a few
instances) and regressions based on dbh and tree height. Demand for this
kind of inventory data rather than conventional board foot or cubic volume
inventories reflects a shift in the types of wood raw materials being used
today caused by changing technology.
The publication (USDA Forest Service, 1984) contains three tables for
Q. velutina.

One table has whole-tree wood, bark, and foliage; another

gives whole-tree wood and bark; and a third has main stem wood and bark
(to a 4-inch top) green weight estimates.

The first table was developed

from Southern Illinois data and the last two from West Virginia data.

For

7-inch dbh, 40-foot trees (approximately the size of the trees I studied),
the biomass estimates are 382, 401, and 271 pounds in the three respective
tables.
Another publication (Division of Forestry, Fisheries, and Wildlife
Development, 1972) has regression equations for complete tree, tree crown,
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merchantable bole, stump and roots, limbs, and many other combinations.
The regressions were calculated from trees 11.5 to 34.8 inches dbh. It
should be noted that stump/root weights were estimated by assuming them to
be 25 percent of the green weight of the complete tree and 80 percent wood
and 20 percent bark. No stump/roots were actually excavated.
Manwiller and Koch (1981) measured green weights for stump/root (to a
3-foot radius), stem, branch, twig, and leaf components of three trees of
each of 22 species of southern hardwoods. Average weights for these
components (including bark) were 92.3, 244.0, 49.1, 22.0, and 16.1 pounds,
respectively.

As percentages of the average complete-tree green biomass

(423.6 pounds), the stump-root systems were 21.8, stems, 57.6; branches,
11.6; twigs, 5.2; and foliage, 3.8 percent. Such data illustrate the
significant amounts of raw material available in various parts of the
tree.

Some biological aspects of tree growth can also be contemplated

from data such as this.

Complete-Tree Utilization
Young (1964) defined the complete-tree concept as "the total effort
to increase the production and utilization of wood for a rapidly expanding
population in a world with a relatively fixed forest area."

Sproull et

al. (1957) used the term whole-tree harvesting to include harvest of
roots, stems, branches, bark, and twigs. Today, however, there is a
general consensus in the literature that the terms whole-tree or
total-tree refer to above ground biomass only, and complete tree refers to
above and below ground biomass (Young, 1975).
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Most of the literature on complete-tree utilization is on softwood
species (Wellwood, 1979a, 1979b, 1980).^

Considerable development of

complete-tree harvesting of southern pines has occurred in the U.S.

A

"puller-buncher" which extracts southern pine trees with the taproot
attached has been developed (Koch, 1974, 1976; Koch and Coughran, 1975).
Harvesting of the central root mass can increase fiber yields by 10-20
percent (Davis, 1975; Hakkila, 1974a; Howard, 1973; Koch, 1977; Wemius,
1974b), but problems, primarily with dirt, limits its use. One system
which produces relatively clean chips has been developed in Finland
(Blomquist, 1978).
International Paper Company has used southern pine stump/roots in
Kraft linerboard production (Davis and Hurley, 1978). Roots comprised one
percent of the furnish.

Interstate Paper Corporation used stumps which

had been chemically extracted for naval stores manufacturing to make Kraft
linerboard, and could routinely use 15-30 percent root wood in the furnish
(Stewart and Diaz, 1972).

Harvesting of old southern pine stumps (i.e.,

stumps of trees harvested many years earlier) for use in naval stores
production has been practiced for years.
Stump wood use in Europe is practiced to varying degrees. Harvesting
methods range from hand tool excavation in Poland (Toit, 1979), to
blasting in the Soviet Union, to very sophisticated puller-bunchers for

Even the most cursory review of complete-tree utilization literature
should turn up references to Keays, J. L., 1971, Can. For. Serv. Western
For. Prod. Lab., Vancouver, B.C., Inf. Repts. VP-X-69, VP-X-70, VP-X-71,
VP-X-77, VP-X-79 (5 parts). The three-part series by Wellwood is an
update of Keays' work.
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complete trees or grapples for old stumps in Scandanavia (Aadersson et
al.J 1978; Hakkila, 1974b).

Stump and branch wood of hardwoods and

softwoods is pulped in Scandanavia, especially Finland, usually by the
Kraft (sulfate) method (Anon., 1977; Hartler, 1974; Lonnberg, 1974;
Wimble, 1976). Other researchers have reported that the sulfate process
can give acceptable results with complete or whole tree furnishes of
hardwoods or softwoods (Hatton and Keays, 1972; Marton et al., 1978; Young
and Chase, 1966).
A couple of years ago, I came across an interesting title,
"Sawmilling Roots" (Hallock, 1979), during the course of a computer
literature search. I was chagrined to learn that "sawmilling roots"
referred to "sawmilling history!"

The Swedish Forest Products Research

Laboratory, however, has done work on sawing roots. Trees were harvested
in such a way that boards could be sawn to a greater length in the butt
log (Wiklund, 1974). Another aspect of the work involved attempts to
develop stone detectors.
Sirois (1977) led a study on the use of puller-bunchers for
harvesting southern hardwoods with roots attached. The machine used was
designed for southern pines, and it was found that it was inadequate to
harvest 10-12" dbh hardwoods, primarily due to root structure.

It was

concluded that hardwoods up to 9 inches in diameter could be harvested if
root shear penetration and gripping force were increased.
Mattson et al. (1978) designed a topwood processor for compacting
large crowns of northern hardwoods. The machine was equipped with a
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grapple like shear which could cut and stack limbs so they could be
forwarded to a landing.
Root wood has been used as an experimental furnish for particleboard
and flakeboard.

Howard (1974) concluded that satisfactory flakeboards

could be made from taproots of southern pine but flake cutting problems
were numerous. Coefficients of friction for flaking root wood of
ponderosa pine was higher than for stem wood, even though specific
gravities were similar (Klamecki, 1977). Biblis and Lee (1978) made
homogeneous particleboards from ring-flaked loblolly pine root wood and
stump wood. (Root wood included taproot from groundline to 24" depth and
12" radius; stump wood was from ground to 12" height.) The
laboratory-manufactured boards met commercial standards for urea
formaldehyde bonded boards in all but one test. Linear expansion of stump
wood boards was slightly over the standard.
Technical advances have now made it possible to use dense hardwoods
in oriented strand board (OSB) manufacturing. The first OSB plant in
North America to adapt the process to low grade eastern hardwoods opened
in LeMoyen, Louisiana in August, 1983 (Griffen, 1984). Developments in
pulp and paper technology are also improving the situation for pulpwood
use of many low-grade hardwoods (Einsphar, 1976; Ince, 1984; Jett and
Zobel, 1975).

Hardwood pulps will increasingly be used in traditional

softwood pulp products due to these innovations, volume of material
available, and low cost of low-grade hardwoods.
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MATERIALS AND METHODS

Harvesting and Sampling
Three black oak (Quercus velutina Lam.) trees were harvested for this
study.

One tree was harvested July 15-22, 1983 at the Iowa State

University (ISU) Experimental Farm at Rhodes, Marshall County, Iowa. Two
additional trees were collected July 31-August 4, 1984 at the ISU Brayton
Memorial Research Center, Delhi, Delaware County, Iowa. Although the two
trees from Brayton were harvested after the Rhodes tree, they are
designated as trees number one and two in this dissertation. The Rhodes
tree is referred to as tree number three. There were some differences in
the sampling and laboratory methods used for the Rhodes tree.
Trees one and two were both 6.451 inches in diameter at breast height
(dbh) with unforked, relatively straight stems.

The trees had 41 and 43

growth rings at breast height (bh, 4.5 feet). They were growing on a
level upland site as codominants with other oaks and shagbark hickory
(Carya ovata).
The soil had an organic topsoil layer of 3 inches in depth over a
1.5-foot silty textured, tan colored subsoil.

A brownish clay-loam layer

of undetermined depth (>4 feet) was beneath. The soil is classified as a
Nordness silt loam in the Delaware County Soil Survey Advance Report
(Wisner, 1984). This soil is well-drained and is formed over limestone
under forest vegetation on uplands.

It has a capability class rating of

^In this paper, some measurements are reported in English units and
others are in metric units, as is common practice in forestry and forest
products.
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Vis, meaning it is limited for cultivation purposes mainly because it is
shallow, droughty, or stony.
Tree number three (Rhodes) was an open grown tree on an east-facing
slope. The tree was near the toe of the slope near other black oaks and
walnut (Juglans nigra) trees. The tree was 7.1 inches dbh and had 19
rings at breast height.
The soil at Rhodes had a brownish loamy surface approximately 6 to 8
inches deep with an underlying dark subsurface layer.

Subsoil contained

more clay and was tan in color. The soil is classified as a Gara loam,
18-25 percent slopes, in the Marshall County Soil Survey (Oelmann, 1981).
This is a moderately well- to well-drained silty and loamy soil which is
moderately suited to trees.

It has moderately slow permeability and is in

capability subclass Vie, meaning that it has severe limitations which make
it generally unsuitable for cultivation and has erosion as its main risk.
All trees were harvested in the following manner.

A trench was dug

around each tree at a 3.5-foot radius from the trunk (Figure 6). All
lateral roots were severed at this radius to a depth of approximately 3
feet.

The trees were tipped over either by use of a log chain and tractor

(Rhodes tree) or with a cable winch and tractor (Brayton trees).
When a tree was on the ground, leaves and twigs were gathered and
separately weighed to the nearest 0.05 Kg on a portable 150 Kg capacity
field balance.

Randomly sampled leaves and twigs were placed in paper

bags and weighed; these were transported to the lab for oven drying and
moisture content (MC) determination.
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T\figs were defined as being <0.5 inch in diameter.

Branches were

>0.5 inch in diameter and not continuous with the main stem axis. After
leaves and twigs were removed from the tree, sampling locations were
marked on all branches with a permanent marking pen.
Two sample discs were cut every 4 feet along each branch, beginning 2
feet from points of branching (either from the main stem or a lower order
branch). The first sample was a 2-inch thick disc for wood properties
studies and the second was a 1-inch disc for MC determination.

Sampling

in this manner sampled branches in proportion to their volume. Wood
properties samples were collectively weighed and then placed in plastic
bags to be returned to the laboratory to be stored in a freezer until
further processing.

Moisture content samples were also collectively

weighed and placed in paper bags to be oven dried. The remaining branch
parts were weighed, and their weights and weights of properties and MC
samples were summed to give green branch weight.
The main stem was sampled in proportion to volume by taking a 2-inch
thick wood properties disc and a 1-inch thick MC disc at 4-foot intervals,
beginning at 2 feet above a 6-inch stump. Sampling proceeded until a main
stem axis could not be distinguished or when the diameter outside bark
reached 2 inches. In trees one and two, a sample disc was also cut at the
6-inch stump and at breast height (bh); these discs were studied but were
not included in estimates of whole-stem properties. There were 10 stem
properties discs taken from both trees one and tifo; this included the
6-inch stump and bh discs.

Seven discs were taken from tree number three,
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six of which were in the proportion to volume scheme and one from the
6-inch stump.

No bh disc was taken from this tree.

All discs were labeled, weighed, wrapped in plastic (properties
samples), or placed in paper bags (MC samples) and taken to the lab for
storage in a freezer or oven drying. The remainder of the stem was
weighed in the field as well to determine green biomass.
The stump/root system required some hand excavation with picks and
trowels. We collected all roots >0.5 inches in diameter within a 3.5-foot
radius. If roots were broken off during tree extraction, we carefully
excavated the root and then attached it to its original location with
nails or wire.

Tree number three, for example, required one week of work

by two people to obtain because most of the extensive downslope portion of
the root system broke off and had to be carefully excavated, root by root.
The exposed stump cross-sections were covered with plastic wrap or
dry kiln end sealer to prevent moisture loss. The root systems were
transported to the lab where they were hung from a wooden support frame
and washed with water. The roots were then trimmed to a 3-foot radius.
The radius was marked by attaching a pivoting wooden arm at the center of
the stump, which had a plumb bob on the end.

After trimming, the root

systems were photographed and weighed.
Samples were taken every 2 feet along the roots, beginning 1 foot
below the 6-inch stump and at points of branching on trees one and two.
Sampling was done every foot, and 6 inches from branching on tree number
three (Rhodes). A 2-inch wood properties disc and a 1-inch moisture
content disc were taken at each location.
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Another difference in sampling method is that for trees one and two,
distinction was made between lateral (essentially horizontal) and oblique
(angle of inclination larger than roughly 20°) roots.

Moisture content,

specific gravity, fiber length, etc. were determined for these two
categories of roots in these trees. In tree number three, no such
distinction was made; all samples were designated simply as "roots."
In the course of sampling, the roots were cut back to a 1-foot
radius, then photographed and weighed. The 3- and 1-foot radii were used
to measure biomass which might be available for use by existing or
potential equipment (Koch, 1985). The puller-bunchers in commercial use
in the southern pine region of the U.S. shear lateral roots at a 1-foot
radius.

Laboratory Procedures
Moisture content
All moisture content samples were oven dried at 105+3°C for 24 hours
or until approximate constant weight was achieved. Samples were weighed
to obtain oven-dry weight, and the moisture contents of the leaf, twig,
branch, stem, and root components of each tree were calculated. All woody
samples included wood plus bark.

Moisture content is given by:

%MC = Green weight - oven-dry weight
oven-dry weight

x 100

(1)

Specific gravity
From each wood properties disc, a 3/8-inch thick disc was cut with a
crosscut saw or a coping saw.

The discs were soaked 1 to 2 days in
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distilled water to saturate the wood. Intermittent vacuum was also used
to saturate the wood.

Volume of the saturated wood plus bark was

determined for each disc by weight of water displaced when the- sample was
immersed in a beaker on a balance.

A disecting needle attached to a

laboratory clamp and ring stand was used to immerse the specimen and
prevent it from touching the sides or bottom of the beaker.

The bark was

then separated from the wood with a razor blade or scalpel and the volume
of the wood was determined similarly.

Bark volume was found by

difference.
Samples were oven dried at 105+3°C to approximate constant weight,
and weight was recorded. Both weights of water displaced and oven-dry
weights were determined to the nearest 0.01 gram; in some instances to the
nearest 0.001 gram.

For large samples, however (some stem discs), weights

could only be to the nearest 0.1 gram due to capacity limitations of
balances. Volume and oven-dry weight of a given sample were always found
with the same balance.

Specific gravity of wood plus bark, wood, or bark

was calculated by dividing the oven-dry weight by the
displacement-determined saturated volume (Forest Products Laboratory,
1956).
Component (i.e., stem, branch, or root) or whole- or complete-tree
specific gravities were also computed by summing the appropriate oven-dry
weights and dividing by corresponding volume sums.

Root weights and

volumes were divided by two (four for tree number three) for complete-tree
estimates, since they were sampled twice (four times for Rhodes tree) as
intensively as stems and branches.
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Diameter, average ring width, and bark percentage
A second 3/8-inch thick disc was cut from each wood properties disc
and air dried.

One cross-sectional surface on each disc was sanded with

40-, 100-, and 220-grit sandpaper by hand or with an electric
reciprocating sander.

The surface so produced was acceptable for counting

growth rings.
All discs were photographed with a macro lens-equipped 35 mm camera
on a copy stand.

Kodak Technical Pan 2415 film was used at EI 50 and

developed in Kodak Technidol LC developer for 11 minutes at 77°F.

Each

picture contained a card with the sample number and a ruler with both
metric and English scales.

The developed negatives were mounted in paper

slide mounts.
A slide projector was used to project the images onto a digitizing
pad (Figure 7).

A Numonics Model 2400 DigiTablet graphics analysis system

was used to determine diameter inside bark (dib), average ring width, and
percent bark from the projected images.

The number of growth rings was

also counted on the projected image.
Percent bark was found by first obtaining total disc area and wood
area. Total area was found by tracing the periphery of the image (around
the bark) with the cursor.

Wood area was determined by tracing the

periphery of the wood (i.e., at approximately the cambial zone). Use of
the negative accumulator function (subtraction) on the DigiTablet gave
output of bark area. Bark percentage was figured as bark area divided by
total area.
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For root samples, the number of growth rings and average ring width
could not be determined by this method, as growth ring boundaries were
indistinct at the final magnification of the system (approximately
2.5x-4.0x, depending on scale of original negative).

Fiber length
The discs which were used for specific gravity determination were
used for determining fiber length. Root and branch discs (wood only) were
divided into small pieces approximately 3x3 mm in cross-section and as
long as the disc thickness (3/8 inch or 9.5 mm). Thirty-degree pith
centered wedges were cut from stem samples to reduce preparatory labor and
were similarly divided.
Wood from each tree component or stem location in a given tree was
thoroughly mixed together and then a 5-gram sample was taken for
maceration. The wood chips were macerated by either a sodium chlorite
method or hydrogen peroxide/glacial acetic acid method.
For the sodium chlorite method (Wise and Jahn, 1952), a solution was
prepared with 150 ml water, 1.5 gm sodium chlorite, and 25 drops glacial
acetic acid. Five grams of chipped wood was placed in a 250 ml Erlenmeyer
flask containing the solution. The wood was saturated with solution by
pulling a vacuum, then the flask was placed in a water bath at 70+2°C
under a fume hood.

A small beaker was inverted on each flask to create a

loose cap.
Fresh chemicals were added to the solution (sodium chlorite and
acetic acid only, no water) at approximately 1.5-hour intervals until the
maceration was complete. At the 70°C temperature, six to 12 additions of
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chemicals were required. A temperature of 80°C would have speeded the
reaction, but our water bath would not go over 72oc.
Most of the macerations were prepared with a 1:1 30% hydrogen
peroxide:glacial acetic acid solution at 70+2°C for 24 to 48 hours
(occasionally 72 hours). This method is a modification of Franklin's
method (Franklin, 1945). It does not require intermittent additions of
chemicals. It should also be noted that sodium chlorite is difficult to
obtain, as it is apparently chemically unstable.
Fibers were measured by projecting their image onto a horizontal
surface and measuring them with a template (Figure 8). The template was
made by projecting the image of a stage micrometer onto the measuring
surface. A Zeiss photomicroscope with mercury lamp illumination was used;
magnification was 86x. Temporary slides were made by placing a drop
containing macerated fibers on a microscope slide, adding a drop of 1%
aqueous safranin 0 stain, and adding a cover glass.

Ten whole fibers were

measured on 10 slides for branches, roots, and each stem location in each
tree. In trees one and two, there were eight stem locations in the
proportion to volume sampling scheme, plus branch, lateral root, and
oblique; in tree number three, there were six stem locations plus branch
and root.

A total of 3,000 fibers were measured.

Means and standard

deviations for each location were computed.

Proportion of wood elements
Proportion of wood elements (cell types) was estimated from
cross-sections of the discs used for determination of percent wood and
bark. Ideally, equipment such as a dual linear traversing micrometer
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(Smith, 1965) could be used because it has an X-Y drive stage which is
large enough to accommodate cross-sectional discs up to 10 inches in
diameter and 3 to 4 inches thick. Without access to such equipment, it
was necessary to reduce the size of the specimens so that they would fit
onto the stage of the Zeiss Research Photomicroscope.
Based on previous work with wood quality subsampling of Populus
clones (Winistorfer, 1935), it was estimated that a subset of the total
number of sample discs (several hundred) could be used to estimate the
proportion of wood elements.

All eight stem discs in both trees one and

two, and all six in tree number three were used to determine proportion of
wood elements. In trees one and two, 10 lateral and 10 oblique root discs
were studied for a total of 20 root discs from each of these trees.
Twenty root discs were also selected from tree number three.

Twenty

branch discs were sampled in each of the three trees. A total of 142
discs were used for estimating proportion of wood elements in the three
trees.
A 0.25-inch wide pith centered strip was cut from each selected
sample disc along a random radius.

The surface of each strip was smoothed

with a hand-held single edge razor blade.

Wetting of the surface with

water usually resulted in a better cut.
The bulk sample strips were stained with a 0.1 percent aqueous
solution of acridine orange for 10 minutes, followed by a 10-15 minute
wash in distilled water. The Zeiss photomicroscope's vertical (epi)
illuminator was used for reflected-light (indirect) fluorescence
microscopy to achieve differentiation of the cell types. Exciter filter
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II (combination of filters BG3 and BG38, which transmits light in the
270-480 nm wavelengths) and barrier filters 50/44 (transmits primarily
light >500 nm, i.e., green, yellow, orange, red) produced the best
results.

An Epiplan HD 8x/0.2 n.a. objective was used with a 2.0 optovar

setting and 8x oculars for a total magnification of 128x.
Four random locations were found on each sample strip, and the
proportion of wood elements was estimated at each location.

This

procedure is known as a test point method, and has been shown to be more
efficient than line transects in other studies of wood anatomy (Quirk,
1975; Quirk and Smith, 1975; Smith, 1967).
The proportion of wood elements at each sample location was estimated
with a Zeiss Integrating Disk I in a focusing eyepiece. The Integrating
Disk has 25 points.

At the magnification used, the points on the

integrating disc were 0.1525 mm apart as superimposed on the specimen's
image. The total area at each sampling location was (0.61 mm)2 or 0.3721
mm2. A total of 14,200 points were classified (142 samples x 4 locations
per sample x 25 points per location).

Proportions of vessels, fibers,

axial parenchyma and vasicentric tracheids, and rays were estimated by
counting the number of points falling on a given cell type in one field of
view and dividing by the total number of points (25).

Fiber transverse dimensions
The transverse dimensions of radial cell diameter, tangential double
wall thickness, and lumen radial diameter were measured on 10 fibers in
each stem location (excluding 6-inch stump and bh) and on five samples of
branches and roots in each tree for a total of 620 fibers measured.
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Measurements were made at a random location (pith excluded) on the
proportion of wood elements strip to the nearest 0.1 //m with a filar
micrometer eyepiece and indirect fluorescence microscopy on the Zeiss
photomicroscope.

An Epiplan HD 40x/0.85 n.a. objective was used with a

1.25 optovar setting and an 8x filar micrometer eyepiece for a total
magnification of 400x.

Statistical analysis
Statistical analysis of specific gravity, fiber length, proportion of
wood elements, and fiber diameter was performed to evaluate variation of
these properties within trees. Differences between trees could not be
rigorously evaluated due to small sample size, only one tree sampled at
the Rhodes site, and the observational (i.e., non-experimental) nature of
the study. "Great caution" must be exercised in interpretation of
statistical analyses of observational data (Finney, 1980).
Scatter plots and frequency plots were used to locate possible data
recording errors and for initial exploration of the data.

Bartlett's test

(Snedecor and Cochran, 1967, pp. 296-298) was used to test for
non-homogeneity of variance of some of the data.

It was found that it was

not necessary to transform the data for analysis.
Data were analyzed with a one-way analysis of variance (AITOVA) in a
nested or hierarchal design with unequal sizes (Snedecor and Cochran,
1967, pp. 291-294), since the study involved several levels of
subsampling. Statistical Analysis System (SAS) releases 82.4 and 5.08
were used on the National Advanced Systems AS9160 computer maintained by
the Iowa State University Computation Center. The analysis of variance
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was done with PROC GLM, rather than PROC ANOVA, since the data were
unbalanced. Type III sums of squares (ss) were used for computing mean
squares and F-ratios. Type III ss are the appropriate partial sums of
squares for F-tests in unbalanced designs (SAS Institute, Inc., 1982, pp.
165 and 237-239).
If the F-ratio of mean square (computed from Type III ss) for
location within tree to mean square for error indicated a significant
(probability of a greater F<0.05) difference, a least significant
difference (Isd) was calculated to identify source(s) of the difference.
The Isd was used only in the event of a significant "F;" this procedure is
called "Fishers' protected Isd" (Steel and Torrie, 1980, p. 176).
Although the Isd was developed for balanced data, it is possible to
compute an approximate Isd for unbalanced designs (Steel and Torrie, 1980,
pp. 191-192). SAS computes the Isd by using the harmonic mean of the cell
sizes (i.e., subsamples within location in tree), which in this study is:
H = Number of locations in tree
1 1_
" ^i

(2)

where locations in tree are usually "branch, stem, oblique root,
lateral root, and root" (number of locations = 5 in this
case), and
= number of subsamples in location i.
The Isd is then
(3)

where ^ qS df ~ value of t-distribution at alpha = 0.05 and the
'
appropriate degrees of freedom (df),
MSE = mean square for error, and
H = harmonic mean of cell sizes.
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Variance components for different levels of subsampling were computed
as suggested by Mize and Winistorfer (1982) by using PROC NESTED in the
Statistical Analysis System (SAS) (SAS Institute, Inc., 1982). The
variance components are useful for interpretation and for planning future
studies.

Transmitted light microscopy
Sectioned material was prepared from some of the proportion of wood
elements strips. Microtome blocks were cut from pith (or center),
heartwood, and sapwood zones in samples from roots, stems, and branches.
Blocks were no larger than 1 cm x 1 cm x 1 cm.

They were softened in

boiling distilled water and then sectioned with a steel knife on a
Reichert sliding microtome.

Sections were 15-20 //m thick.

Permanent slides were prepared by staining sections in 1 percent
aqueous safranin 0, dehydrating through an ethanol series to xylene, and
mounting on lx3-inch microscope slides in Permount (Berlyn and Miksche,
1976). Some sections were counterstained with 1 percent fast green in 95
percent ethanol, cleared in clove oil, and mounted.

Many temporary slides

were also made for observation of safranin-stained sections or polarized
light microscopy of unstained sections.
Anatomical features were photographed on Kodak Ektachrome 100 color
daylight slide film (EN 135) or Kodak Technical Pan 2415 black and white
(bw) negative film with the Zeiss photomicroscope. Ektachrome slides were
taken primarily with tungsten filament illumination on the microscope.
Some were taken using the mercury burner illuminator, but the color
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rendition was too "cold" (i.e., bluish cast) with this light source.

I

developed the Ektachrome with the Kodak E-6 Hobby Pak chemistry kit.
Automatic exposure setting for EI 200 gave good results with the Tech
Pan 2415 film. The film was developed in 1:1 Kodak B-76 developer:water
for 6 minutes at 720?. Prints were made on Kodak Polycontrast (PC) Resin
Coated (RC) II paper or Kodak Kodabrome II RC F2 paper.

Scanning electron microscopy
Samples for scanning electron microscopy (SEN) were prepared from the
stem at breast height, two branches, an oblique root, a lateral root, and
the tap root of tree number two.

Samples were prepared from blocks which

had been sectioned for light microscopy in all cases except for the
oblique root. Samples were cut from pith (center), heartwood, and
sapwood.
All samples were trimmed to5mmx5mmxl cm and softened in
boiling distilled water.

Smooth transverse, radial, and longitudinal

surfaces were prepared with a hand-held single edge razor blade while
observing the work with a stereoscope (Exley et al., 1974, 1977).
Specimens were air dried overnight on filter paper in a covered petri
dish, evacuated in a vacuum oven for 30 minutes, mounted on aluminum stubs
with silver paste, and sputter coated with gold/palladium to an
approximate thickness of 560 angstroms in a Polaron E 5100 Sputter Coater.
Samples were observed with a JEOL JSM-35 SEM operated at 15 KV
accelerating voltage.

The specimen holder had been modified by addition

of brass flanges which served as secondary electron reflectors. These
reflectors create a more even illumination effect when viewing transverse
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and longitudinal surfaces simultaneously. They serve the same purpose as
the shield described by McMillin (1977). The secondary electron images
were recorded on Polaroid 665 positive/negative (P/N) bw instant film.
Prints were made on PC RC II or RC F2 paper.

X-ray microanalysis
Light microscopy revealed the presence of crystals in branches.
X-ray microanalysis was used to determine the primary constituent of the
crystals.
Air-dried samples were prepared from radial and tangential surfaces
of heartwood and sapwood from a branch from tree number two. Some samples
were cut with a razor blade (cut surface) and others were split (split
surface).

Experience showed that split tangential surfaces were best to

locate crystals in place.

Samples were evacuated in a vacuum oven at room

temperature for 30 minutes, then mounted on graphite stubs with colloidal
graphite. They were then carbon-coated in a Varian VE-30M vacuum
evaporator.
Qualitative x-ray microanalysis was done with the JEOL JSM-35 SEM
equipped with a Kevex 500OA Energy Dispersive X-Ray Analysis System
(EDXA). X-ray maps were photographed with Polaroid 665 P/N bw film.

The

X-ray spectrum was photographed on Polaroid Type 107 bw instant positive
film with a Polaroid CRT hood on a Polaroid CU-5 Land Camera.

Photographic plates
The photographic plates in this dissertation were produced as
follows.

Micrographs (bw prints) for each plate were laid out on white
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paper and labels were added. The completed plates were photographed with
4x5-inch Kodak Ektapan bw negative sheet film with a Polaroid MP-3
Industrial View camera. The camera was mounted on a copy stand which had
four 150-watt photofloods. Film was developed in Kodak Microdol-X
developer for 10 minutes at 72°?. The negatives were routed with graphics
tape before printing. Plates were printed on 8-l/2xll-inch Kodak PC RC II
paper.

50

RESULTS Aim DISCUSSION

Biomass and Root Morphology
The three black oak trees studied were briefly described in the
section on harvesting and sampling methods.

Some measures of size are

given in Table 5. The open-grown Rhodes tree (tree number three) was
slightly larger in diameter than the other two trees even though it had
approximately 23 fewer growth rings at breast height (bh). The Rhodes
tree was also shorter in total height and had a shorter, broader live
crown. The deepest root of tree number three was not as deep as those of
the stand-grown trees.
Green and oven-dry biomass of the trees and their components are
given in Tables 6 and 7. Table 6 is based on complete-tree weight with
the lateral roots trimmed to a 3-foot radius.

Table 7 is for laterals

trimmed to a 1-foot radius (see Figures 9-14). Moisture contents of the
stump/root, stem, branch, twig, and leaf components are also given in
Table 6.
In general, it appears that moisture content decreases from the roots
up the stem to the twigs, then increases in the leaves.

The only

exception here is in the twigs of tree number three. Manwiller (1975)
found that branch wood moisture content

was significantly lower than stem

wood in 15 species of small diameter hardwoods.

Branch and stem wood

moisture content was the same in the other seven species studied.
By summing green and oven-dry weights of moisture content samples, an
estimate of whole- or complete-tree moisture content (foliage excluded)
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Table 5.

Measures of size of the three black oak trees

Measurement

Diameter at breast height (4.5'), in.
Number of growth rings at breast height
Number of rings at 6" stump
Stem height from 6" stump, ft. and in.
Length of live crown, ft. and in.
Diameter of live crown, ft. and in.
Distance from 6" stump to deepest root, in.

Tree number^
1
2

6.45
41
43
42'10"
37'10"
15'6"
59

6.45
43
45
42'2"
34'1"
17'3"
62

3

7.1
19
22
26'6"
20'6"
23'6"
52

^Tree numbers one and t^fo were from the Brayton Memorial Forest and
tree number three was from the Rhodes farm.

Table 6. Moisture content and blomass of three black oak trees with roots trlnmied to a 3-foot
radius, wood and bark

Tree

Component

Percent
moisture
Content

Green
welRht

Kg

lb

Oven-dry
weight
lb
Kg

Percent of
complete-tree
green
blomass

Percent of
complete-tree
oven-dry
blomass

1^
1
1
1
1
1

Stump/root
Stem
Branch
Twig
Leaf
Total

78.4
71.8
68.8
62.3
145.0

67.08
126.26
22.58
15.10
14.16
245.18

147.9
278.4
49.8
33.3
31.2
540.6

37.60
73.49
13.38
9.30
5.78
139.55

82.9
162.0
29.5
20.5
12.7
307.6

27.4
51.5
• 9.2
6.2
5.7
100.0

26.9
52.7
9.6
6.7
4.1
100.0

2^
2
2
2
2
2

Stump/root
Stem
Branch
Ttflg
Leaf
Total

93.0
64.9
60.4
55.3
124.4

74.72
123.38
17.74
13.90
13.58
243.32

164.8
272.1
39.1
30.6
29.9
536.5

38.72
74.82
11.06
8.95
6.05
139.60

85.4
165.0
24.4
19.7
13.3
307.8

30.7
50.7
7.3
5.7
5.6
100.0

27.7
53.6
7.9
6.4
4.4
100.0

3^'
3
3
3
3
3

Stump/root
Stem
Branch
Twig
Leaf
Total

74.2
70.0
53.1
62.2
113.3

90.6
84.9
59.5
43.2
38.5
316.7

199.8
187.2
131.2
95.3
84.9
698.3

52.00
49.94
38.86
26.63
18.05
185.48

114.7
110.1
85.7
58.7
39.8
409.0

28.6
26.8
18.8
13.6
12.2
100.0

28.0
26.9
21.0
14.4
9.7
100.0

'^Stand-grown tree from Bray ton forest.
Open-grown tree from Rhodes farm.
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Table 7. Biomass of three black oak trees with roots triiamed to a 1-foot
radius, wood and bark

Oven-dry
weight
Kg
lb

Percent of
Percent of
complete-tree complete-tree
green
oven-dry
biomass
biomass

Component

Green weight
Kg
lb

la

Stump/root
Stem
Branch
Twig
Leaf
Total

37.05
81.7
126.26 278.4
22.58
49.8
33.3
15.10
14.16
31.2
215.15 474.4

20.77
73.49
13.38
9.30
5.78
122.72

45.8
162.0
29.5
20.5
12.7
270.5

17.2
58.7
10.5
7.0
6.6
100.0

16.9
59.9
10.9
7.6
4.7
100.0

2a
2
2
2
2
2

Stump/root
Stem
Branch
Twig
Leaf
Total

43.66
96.3
123.38 272.1
39.1
17.74
30.6
13.90
13.58
29.9
212.26 463.0

22.62
49.9
74.82 165.0
11.06
24.4
8.95
19.7
6.05
13.3
123.50 272.3

20.6
58.1
8.4
6.5
6.4
100.0

18.3
60.6
9.0
7.2
4.9
100.0

3b
3
3
3
3
3

Stump/root
Stem
Branch
Twig
Leaf
Total

38.5
84.9
59.5
43.2
38.5
264.6

22.10
49.94
38.86
26.63
18.05
155.58

48.7
110.1
85.7
58.7
39.8
343.0

14.6
32.0
22.5
16.3
14.6
100.0

14.2
32.1
25.0
17.1
11.6
100.0

Tree

84.9
187.2
131.2
95.3
84.9
583.5

^Stand-grown tree from Brayton forest.
^Open-grown tree from Rhodes farm.
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was obtained for each of the three trees.

VJhole-tree moisture contents

were 69.1, 62.5, and 64.6 percent for trees one, two, and three,
respectively. Complete-tree values were 72.0, 72.7, and 66.3 percent.

Bioaass
The 3-foot radius stump/root percent of oven-dry complete-tree
biomass is similar for all three trees.

This component comprises 26.9,

27.7, and 28.0 percent of the oven-dry complete-tree biomass for trees
one, two, and three, respectively (Table 6). The stem accounts for over
50 percent of complete-tree biomass (oven-dry) in trees one and two, but
only 26.9 percent in tree three, which has much more biomass in the crown
(branch, twig, and leaf components).

The crown is 45.1 percent of

oven-dry complete-tree biomass in tree three; it is 20.4 and 18.7 percent
of the biomass in trees one and two. The difference in crown biomass
reflects to some extent the effect of competition on the growth habit of
the stand-gro^TO trees and the response of a tree to open-grown conditions.
Wellwood (1979a) commented that although there have been literally
hundreds of studies on full- and complete-tree biomass, analysis and
comparison is extremely difficult due to differences in the data collected
and the way in which it is reported. The biomass data for the three trees
in this study are comparable to that obtained by Manwiller and Koch (1981)
for hardwoods growing in the south, because the biomass sampling method
and components measured were identical.

The diameter class of the trees

is also similar. Green and oven-dry biomass component percentages for the
southern-grown oaks and the trees I studied are given in Tables 8-9.

Table 8. Comparison of component percentages of complete-tree biomass of the three black oak trees
and oaks sampled by Manwiller and Koch (1981); roots trimmed to 3-foot radius, wood and
bark

Species

Stump/root

Quercus velutina, tree 1^
0. velutina. tree 2^
0. velutina. tree 3^

27.4(26.9)''
30.7(27.7)
28.6(28.0)

0. velutina^
21.9(20.8)
A. marilandica*"
25.8(23.4)
0. falcata var. paxodifolia^ 24.0(21.6)
0. prinugC
21.7(20.0)
22.3(20.4)
Q^. laurifolia^
20.8(19.5)
Q. rubra^
&i..^ellata(=
23.5(22.8)
Q. coccinea^
22.3(20.8)
6. falcata var. falcata'"
21.5(20.0)
18.8(17.3)
Q, nicr.a'''
0. albaC
22.1(21.0)

Percent of complete-tree biomass
Stem
Brancir
Twig

Leaf

51.5(52.7)
50.7(53.6)
26.8(26.9)

9.2(9.6)
7.3(7.9)
18.8(21.0)

6.2(6.7)
5.7(6.4)
13.6(14.4)

5.7(4.1)
5.6(4.4)
12.2(9.7)

64.9(66.3)
41.9(41.6)
54.7(57.1)
60.6(63.7)
60.2(61.2)
62.5(63.5)
63.9(65.2)
61.8(63.5)
57.9(59.0)
59.2(60.7)
56.2(58.2)

6.7(7.4)
20.1(21.8)
9.4(9.8)
9.9(10.0)
8.8(9.4)
11.3(12.1)
7.5(7.5)
8.8(9.2)
14.2(15.0)
10.7(10.6)
12.2(12.8)

12.8(3.2)
8.5(10.3)
7.2(7.1)
4.2(3.9)
6.1(6.7)
2.8(3.0)
2.5(2.6)
3.7(3.8)
3.5(3.6)
7.4(8.0)
5.9(5.1)

12.9(2.3)
3.6(3.0)
4.7(4.4)
3.6(2.4)
2.6(2.2)
2.7(1.9)
2.6(1.8)
3.5(2.7)
2.8(2.4)
3.9(3.4)
3.5(2.9)

Trees from the present study.
b
The first value is percent of green biomass, and the value in parentheses is percent of
oven-dry biomass.
c
Data from Tables 5 and 6, Manwiller and Koch (1981); also published in Tables 14-lA and 14-2A
of Koch (1985).

Table 9. Comparison of component percentages of complete-tree biomass of the three black oak trees
and oaks sampled by Manwiller and Koch (1981); roots trimmed to 1-foot radius

Percent of complete-tree biomass
Stem
Branch
Twig

Species

Stump/root

Ouercus velutina. tree 1^
0. velutina. tree 2^
0. velutinaf tree 3^

17.2(16.9)h
20.6(18.3)
14.6(14.2)

58.7(59.9)
58.1(60.6)
32.0(32.1)

10.5(10.9)
8.4(9.0)
22.5(25.0)

7.0(7.6)
6.5(7.2)
16.3(17.1)

6.6(4.7)
6.4(4.9)
14.6(11.6)

Q. velutina^
Q. marilandica^
Q. falcata var. pa^odifolia^
grinusC
0. laurifolia^
Qj rubra^
Q. stellata^
ûi.cocclnea^
0. falcata var. falcata^

16.7(15.7)
15.8(14.2)
18.7(16.7)
17.2(15.8)
16.5(15.0)
15.5(14.5)
19.2(18.6)
18.5(17.2)
16.1(14.8)
13.5(12.4)
17.0(16.1)

69.2(70.5)
47.8(46.8)
58.6(60.8)
64.1(67.1)
64.7(65.4)
66.7(67.5)
67.4(68.7)
64.7(66.3)
61.9(62.7)
62.9(64.1)
59.9(61.8)

7.2(7.9)
22.5(24.0)
10.0(10.4)
10.5(10.5)
9.4(10.1)
11.9(12.8)
7.9(8.0)
9.1(9.6)
15.3(16.1)
11.5(11.4)
13.0(13.6)

3.4(3.5)
9.0(11.6)
7.7(7.5)
4.4(4.1)
6.6(7.1)
3.0(3.2)
2.7(2.7)
3.9(4.0)
3.7(3.8)
8.0(8.5)
6.4(5.4)

3.5(2.4)
4.1(3.3)
5.0(4.6)
3.8(2.5)
2.8(2.4)
2.8(2.0)
2.7(1.9)
3.7(2.8)
3.0(2.6)
4.1(3.6)
3.8(3.1)

^._albac

Leaf

^Trees from the present study.
^ The first value is percent of green biomass, and the value in parentheses is percent of
oven-dry biomass.
^Data from Tables 5 and 6, Manwiller and Koch (1981); also published in Tables 14-2A and 14-211
of Koch (1985).
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Comparison shows that the three Iowa-grown trees had a greater
percentage of complete-tree biomass in the stump/root and less in the stem
compared to the southern-grown oaks (Table 8). Leaf biomass was generally
greater except when compared to the southern-grown black oak.

The

southern-grown blackjack oak (Q. narilandica) is most comparable
across-the-board to the open-groim. (Iowa) black oak (tree number three).
It is unknown if the blackjack oaks were more open-grown than other oaks
studied by Manwiller and Koch (1981).
With the lateral roots trimmed to a 1-foot radius, the stump/root
percentages of complete-tree biomass of the Iowa trees are closer to the
percentages for southern-gro\fn oaks (Table 9). This is because the number
and size of large lateral roots near the stump base is limited by space
and competition.

The trees I studied had seven to eleven large laterals,

and it appears from photos of the southern-grown oaks (Koch, 1985) that
they had approximately the same number. Differences in root system
development beyond a 1-foot radius can be very large, and in this case
resulted in larger 3-foot radius stump/root percentages in the Iowa-grown
trees. Moisture conditions, soils, root branching due to injury,
competition, and growth of aerial tree parts are important factors which
influence root morphology and development (Lyford, 1980; Lyford and
Wilson, 1964; Stout, 1956; Wilson, 1964).

Root morphology
I did not find any descriptions of root morphology and development of
mature black oak in the literature.

However, other oaks have been
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studied.^

Red oak is considered to be "moderately flexible" in rooting

habit, meaning that it adapts its morphology to soil and moisture
conditions (Anon, 1980). t^yford (1980) found that mature (40-70 years
old) red oak (Q. rubra) grotm in the Harvard Forest had five to ten major
woody first-order laterals which originated from the taproot.

The taproot

is not prominent in mature red oak. The central root system consists of
the taproot, main laterals, and woody and nonwoody oblique and vertical
roots extending from one to two meters from the base of the tree.

The

central root system is arbitrarily distinguished from the peripheral or
outer root system (Lyr and Hoffmann, 1967).
Weaver and Kramer (1932) excavated the roots of three bur oak (Q.
macrocarpa) to a 12-foot radius.

The trees were approximately 65 years

old, growing on a prairie soil at the forest margin in eastern Nebraska.
They also excavated some lateral roots along their entire length.

Their

figure 2 shows "portions of main lateral roots of bur oak 40-55 feet in
length" and illustrates the extreme amount of labor they must have exerted
to do such an excavation. The central root systems of these prairieinvading bur oaks were massive and taproots were large. On their tree

According to Lyford (1980), little work has been done in the U.S. on
root systems (development and morphology) of mature trees. He does
reference some European work, however, on red oak root systems.
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number three, the taproot^ "pursued a torturous downward course" to a
depth of approximately 14 feet; it was 14 inches in diameter near its
origin (i.e., where major laterals originated) and 1.73 inches in diameter
at a depth of 6 feet.
It may be true that white oaks have larger, more fully developed root
systems than red oaks (Anon, 1980). In a study of complete-tree
harvesting of southern hardwoods, Sirois extracted trees in 4-6, 7-9, and
10-12 inch diameter classes and measured the biomass of stem, top, and
stump/root. The stump/root system of white oaks averaged 24.2 percent (on
a sandy site) and 16.7 percent (clay-loam site) of the complete-tree
biomass.

For red oaks, the figures were 16.2 percent (sandy site) and

14.2 percent (clay site).
The root systems of the trees I studied were generally similar to
those described by other authors with some exceptions due to size and age
of the trees studied. Although tree numbers two and three exhibit some
taproot development, they are not large. Carpenter and Guard (1954)
studied root morphology of Quercus alba, bicolor, palustris, and rubra and
found that although taproots develop rapidly and prominently in seedlings
(as they often do in large-seeded species), they seldom persist.

They

state that uninjured taproots in forest-grown red oak are

^Carpenter and Guard (1954), in reference to Weaver and Kramer's
work, state that this was probably "not a true taproot, and each bend or
twist was due to the death of the root apex and consequent downward
penetration of a secondary [root], closely associated with the tip."
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probably rare. Lyford (1980) reports profuse branching in mature Q. rubra
roots, but branching is not as comnon in Acer rubrum (Lyford and Wilson,
1964; Wilson, 1964).
The profuse branching of the root systems (Figures 9-14) makes it
difficult to determine the orders of roots present. With regard to Q.
rubra, however, Lyford (1980) stated that
...there is some question whether any true
second-order laterals ever become long, large, and
woody. Forking as a result of injury is so
prevalent on large first-order laterals that many
woody forked members may be designated erroneously
as woody second-order laterals, whereas, more
properly, they should be considered as forked
continuations of the first-order root. Indeed, it
is extremely doubtful if any red oak root of any
order lives in the forest for more than a few years
without injury and resultant formation of
replacement roots or forking.
Thus, it is probably true that most if not all of the roots examined
in this study were the taproot and woody first-order laterals (forked or
unforked) or replacement roots, and not second- or higher-order roots.
The primary (i.e., not adventitious) (Cannon, 1949) central root
system of all three trees (Figures 9, 11, 13) is mainly of the heartroot
form, which is intermediate between a taproot system and a plateroot
(flatroot) system (Sutton and Tinus, 1983). There are 7-11 large laterals
on each stump, and the roots taper rapidly to a radius of approximately 2
feet, after which the root diameters are relatively constant to the 3-foot
radius. Branching is very common as are root grafts. The root morphology
of the two stand-grown trees is quite similar with the exception of a
small persisting taproot on tree number two (Figures 11 and 12).

The
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major laterals were relatively evenly spaced around the stumps of trees
one and two (Figures 9-12).
The open-grown tree's root system was extensively developed on the
downslope, eastern side of the tree (right side of Figure 14).

Most of

the woody roots in this portion of the system were small (<1/2 in.
diameter). There was probably more moisture available on this side
because it was downslope and largely shaded by the tree itself and other
trees east of this black oak. There were no trees on the western, u^-.lope
side of the tree.

Therefore, moisture availability probably heavily

influenced root system development and morphology of this tree.

Percent Wood and Bark
Percent wood and bark for the tree components were estimated with
digitizer-assisted measurements of the area of wood and bark on projected
images of sample cross-sections. The results are given in Table 10.

The

data were not statistically analyzed, but by inspection of the means, it
appears that the branches of tree numbers one and two had somewhat greater
bark percentage than the stems or roots.

wood Quality variables
The wood quality variables which were measured in this study are
summarized for each tree in Table 11. The mean and within-tree standard
deviation is given for each variable in each location within the three
trees.

In tree numbers one and two (from Brayton), the locations are

lateral root, oblique root, stem, and branch. In tree number three (from
Rhodes), the locations are root, stem, and branch.
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Table 10.

Tree

Percent wood and bark of tree components

Location

Percent wood

Percent bark

1
2
3

Stem
Stem
Stem

85.3
85.2
82.0

14.7
14.8
18.0

1
2
3

Branches
Branches
Branches

77.6
75.9
82.6

22.4
24.1
17.4

1
2

Lateral roots
Lateral roots

83.3
84.9

16.7
15.1

1
2

Oblique roots
Oblique roots

79.9
81.8

20.1
18.2

3

Roots

79.2

20.8

Table 11. Summary of wood quality variables

Variable/locationb

LR

Tree number la
S
OR

B

Wood plus bark
specific gravity"^
Wood specific
gravityd
Bark specific
gravity^
Percent vessels

0.474C
0.614
0.520
0.570
(0.0418) (0.0440) (0.0194) (0.0209)
0.569
0.635
0.452
0.500
(0.0377) (0.0414) (0.0134) (0.0338)
0.585
0.621
0.581
0.553
(0.0885) (0.0946) (0.0594) (0.0600)
13.88
17.20
10.00
11.30
(8.05)
(6.77)
(11.63)
(9.95)
Percent fibers
34.85
32.40
40.13
42.95
(13.19)
(9.91)
(14.42)
(13.75)
Percent rays
36.40
16.63
29.80
16.50
(16.60)
(11.17)
(11.18)
(8.36)
Percent axial parenchyma
19.10
26.50
29.38
23.55
and vasicentric tracheids (8.23)
(9.12)
(9.76)
(10.74)
0.95e
Fiber length, mm
1.03
1.00
0.74
(0.220)
(0.255)
(0.204)
(0.281)
Fiber radial diameter.
18.02
14.34
12.73
17.32
Mm
(3.18)
(3.25)
(1.95)
(2.07)
Fiber radial lumen
7.33
6.15
10.05
9.57
diameter, /«m
(2.91)
(2.50)
(1.48)
(1.51)
Fiber DTWTf,,um
6.59
7.97
7.75
7.01
(1.34)
(1.42)
(1.79)
(2.05)

^Tree numbers 1 and 2 were stand-grown trees from Brayton
forest. Tree number 3 was an open-grown tree from Rhodes farm.
^Abbreviations for locations: Iil=lateral root, OR=oblique root,
S=stem, B=branch, R=root.
""The first number is the mean, and the number in parentheses is
the within-tree standard deviation.
^Specific gravity based on green volume and oven-dry weight.
^Values given are for whole stem.
^DTtJT=Double tangential wall thickness.

64

LR

Tree number 2a
OR
S

B

R

0.454
0.475
0.589
0.465
0.639
(0.0402) (0.0462) (0.0239) (0.0157) (0.0333)
0.432
0.456
0.587
0.457
0.669
(0.0450) (0.0447) (0.0274) (0.0217) (0.0356)
0.572
0.565
0.607
0.548
0.504
(0.0525) (0.0758) (0.0357) (0.0302) (0.0576)
11.30
12.30
12.55
14.38
15.75
(6.59)
(6.37)
(9.28)
(14.75)
(9.47)
30.20
35.00
37.46
41.38
44.60
(13.85) (10.04)
(10.38)
(13.07)
(12.09)
36.20
28.90
16.88
27.35
17.00
(20.85) (11.44)
(12.10)
(7.98)
(8.69)
22.30
23.80
22.45
27.38
22.65
(11.74)
(9.39)
(9.37)
(10.85)
(8.95)
1.04e
0.98
0.98
0.99
0.72
(0.223)
(0.234) (0.233)
(0.237)
(0.234)
18.62
19.20
14.34
13.25
17.12
(3.06)
(3.51)
(2.84)
(2.24)
(2.14)
8.76
11.11
9.59
7.28
6.54
(2.08)
(2.01)
(2.64)
(1.98)
(1.69)
9.86
8.09
7.53
7.06
6.71
(1.86)
(2.25)
(1.88)
(1.26)
(1.70)

Tree number 3a
S

B

0.586
0.575
(0.0115) (0.0170)
0.608
0.585
(0.0154) (0.0282)
0.507
0.523
(0.0263) (0.0693)
11.67
17.83
(12.75)
(9.84)
42.65
40.83
(17.25)
(13.39)
19.50
17.35
(8.07)
(11.99)
28.33
22.20
(12.59)
(9.37)
1.04e
0.83
(0.205)
(0.162)
13.72
10.60
(2.26)
(1.89)
6.96
5.45
(1.97)
(1.10)
6.76
5.15
(1.64)
(1.61)
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Specific gravity, proportion of wood elements, and fiber dimensions
are the categories of wood quality variables represented in Table 11.
Saturated (green) volume, oven-dry-weight specific gravity is reported for
wood plus bark, wood, and bark.

The proportions of wood elements are

given by percent vessels, fibers, rays, and axial parenchyma and
vasicentric tracheids. The fiber dimensions include length, radial
diameter, and double tangential wall thickness.
In the sections that follow, the results for each category (specific
gravity, proportion of wood elements, fiber dimensions) of wood quality
variables will be presented. For each variable within the three
categories (e.g., wood specific gravity, fiber length, etc.), an analysis
of variance is given. F-tests for effects of trees and locations within
trees were all computed with Type III sums of squares (ss) since data for
each analysis were unbalanced. If an F-test was significant, a least
significant difference (Isd) was calculated using the harmonic mean of the
number of samples in trees or locations as appropriate. The Isd was
compared to differences between means.

Specific gravity
The green volume, oven-dry (OD)-weight specific gravity of wood and
bark, wood, and bark was determined for roots, stems, and branches.

The

nested analysis of variance (ANOVA) with unequal subsample sizes for these
specific gravity variables is given in Tables 12-14.
Table 12 gives the analysis of variance of specific gravity (SG) of
wood plus bark.

The test for effect of tree, computed from Type III sums

of squares is given by F=(0.0007923/2)70.001069=0.37, and is compared to
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an F distribution with 2 and 346 degrees of freedom (df). The probability
of a greater value of F(Pr>F) is 0.6907; thus, the effect of trees is not
significant. The effect of location within tree [Location(Tree)] is
significant, however, with an F value of 166.55 and Pr>F of 0.0001.

Since

the F test is significant, a Isd is also computed to identify the source
of the difference between locations. The Isd is;
^"05.dfKSE .
J

H

H is 5/(1/119) + (1/22) + (1/79) + (1/36) + (1/101) = 47.987,
so lsd = 1.96684/ (2)(0.0010694) = 0.01313.

Since the difference between the mean of branch SG and stem SG
(0.605-0.579=0.026) is > 0.01313, the values are significantly different.
The difference is denoted by the separate underscores for branch and stem.
Lateral roots of tree numbers one and two and the roots of tree number
three are not significantly different and are so indicated by the common
underscore. As indicated, branch wood plus bark SG (0.605) > stem (0.579)
> oblique root (0.495) > lateral root and root (0.466 and 0.465).
The analysis of variance (AITOVA) of specific gravity of wood is shown
in Table 13. As for wood plus bark, the effect of tree was not
significant, but location within tree was significant. The Isd shows that
the locations are ranked in the same order as for wood plus bark SG, i.e.,
branch (0.628) > stem (0.580) > oblique root (0.475) > root and lateral
root (0.457 and 0.443).
The AÎTOVA of bark SG (Table 14) yielded somewhat different results.
Both trees and locations within trees were significant. Lsd for trees
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Table 12.

Analysis of variance of specific gravity of wood and bark

Source
Model
Error
Corrected total
Source
Tree
Location (tree)

df
2
8

df
10
346
356

Sum of squares
1.4931
0.3700
1.8632

Type I ss
0.06829
1.4249

Type III ss
0.0007923
1.4249

Mean square
0.1493
0.001069

F value&
0.37
166.55

Pr>F
0.6907
0.0001

Least significant difference (Isd)
«<=0.05
df=346
MSE=0.0010694
t value=l.96684
Harmonic mean of number of sample discs=47.987
lsd=0.01313

Location:
N:
Mean:
Grouping^;

Branch
119
0.605

Stem
22

0.579

Oblique^
root
79
0.495

Lateral
root
36
0.466

Computed from mean squares using Type III sums of squares.
Tree numbers one and two.
"Tree number three.
Locations underscored by the same line are not significantly
different.

Rootc
101
0.465
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Table 13.

Analysis of variance of specific gravity of wood

Source
Model
Error
Corrected total
Source
Tree
Location (tree)

df
2
8

df
10
346
356

Sum of squares
2.3409
0.4314
2.7723

Type I ss
0.03877
2.3021

Type III ss
0.005857
2.3021

Mean. square
0.2341
0.001247

F value
2.35
230.79

Pr>F
0.0970
0.0001

Root
101
0.457

Lateral
root
36
0.443

1

rt

Least significant difference
ot=0.05
df=346
MSE=0.00124686
96684
Harmonic mean of number of sample discs=47.987
lsd=0.01418

Location:
N:

Mean;
Grouping:

Branch
119
0.628

Stem
22
0.580

Oblique
root
79
0.475

69

Table 14.

Analysis of variance of specific gravity of bark

Source
Model
Error
Corrected total
Source
Tree
Location (tree)

df
2
8

df
10
346
356

Sum of squares
0.5699
1.5408
2.1106

Type I ss
0.4682
0.1017

Type III ss
0.1658
2.1017

Mean square
0.05699
0.004453

F value
18.62
2.86

Pr>F
0.0001
0.0044

Branch
119
0.528

Root
101
0.504

Least significant difference for trees
«=0.05
df=346
MSE=0.0044531
t value=l.96684
Harmonic mean of number of sample number=110.5737
lsd=0.01765
Tree:
N;
Mean:
Grouping:

1
97
0.587

2
92
0.565

3
168
0.506

Least significant difference for locations in trees
=0.05
df=346
MSE=0.0044531
t value=l.96684
Harmonic mean of sample number=47.987
lsd=0.02679

Location:
N:
Mean:
Grouping;

Oblique
root
79
0.590

Lateral
root
36
0.581

Stem
22
0,575
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shows that bark SG was different in all three trees, with tree number one
(0.587) > tree number two (0.565) > tree number three (0.506). For
locations, oblique root, lateral root, and stem (0.590, 0.581, and 0.575)
are grouped together and are greater than branch and root (0.528 and
0.504). I am not entirely confident of the accuracy of these results,
since the variance component for error was much greater for bark SG than
for wood plus bark or wood SG (Table 15).
The variance component for error of wood plus bark SG and wood SG was
13.90 and 10.42 percent of the total variance, respectively. Contrast
this with the 66.88 percent which error accounted for in the specific
gravity of bark. This means that there was much more difference in SG
between samples for bark than for wood plus bark or wood alone. I believe
that this occurred partly due to greater natural variation of bark SG and
partly due to measurement error.
Greater variability of bark SG as compared to wood SG seems to be
indicated in a study of ten small diameter trees of 22 species of
hardwoods in the South (Manwiller, 1979). In his table 1, means and
standard deviations for wood, bark, and wood plus bark of stems and
branches are given for each species.

In all of the ten species of oaks

studied, the standard deviation of stem bark SG was greater than stem wood
SG. There was a significant difference betvreen stem wood and bark SG in
four species of oak, but there was no difference in the other six oaks.
The standard deviation of oak branch bark SG was greater than branch wood
in all but two species, and branch bark had lower SG in all species of
oaks.
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Table 15.

Variance components for specific gravity of wood plus bark,
wood, and bark

Variable

Variance
source

df

Mean
squares

Variance
component

Percent

Specific
gravity of
wood plus
bark

Total
Tree
Location
Error

356
2
8
346

0.0052336
0.034143
0.17811
0.0010694

0.0076915
-0.0022712
0.0066221
0.0010694

100
0
86.10
13.90

Specific
gravity of
wood

Total
Tree
Location
Error

356
2
8
346

0.0077873
0.019386
0.28776
0.0012469

0.011964
-0.0039863
0.010717
0.0012469

100
0
89.58
10.42

Specific
gravity of
bark

Total
Tree
Location
Error

356
2
8
346

.0059288
0.23408
0.012716
0.0044531

0.0066579
0.0018958
0.00030906
0.0044531

Coefficients of Expected Mean Squares
Source
Tree
Location
Error

Tree
113.938
0
0

Location
44.0729
26.7346
0

Error
1
1
1

100
28.47
4.64
66.88
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Oak may also have more variable bark SG than some species.

Koch

(1970) found, that bark SG increased more with stem height in red oaks
(Quercus coccinea, Q. rubra, and Q. velutina) than in yellow poplar
(Liriodendron tulipifera) or red maple (Acer rubrum).
It does not seem likely that significant measurement error occurred
in measuring oven-dry weights.

I suspect that any wide variation in

measurement was in the determination of green bark volume.

Volume was

found by subtracting wood volume from wood plus bark volume, so I did not
measure bark volume separately. I used this method because in removing
the bark, it was often necessary to cut it into small pieces, especially
on branches. This method should be reasonably accurate, but the large
variance component for error raises the question.
Variance components

In studies involving subsampling, estimation

of variance components is useful to calculate sample sizes for future
studies (Mize and Winistorfer, 1982) or to construct approximate tests of
effects of various subsampling levels (Steel and Torrle, 1980, page 163).
In this section, I would like to briefly consider some aspects of the use
of variance components.
In Table 15, coefficients of expected mean squares were given for
specific gravity.

Computational methods for obtaining the coefficients

and estimating variance components are given by Snedecor and Cochran
(1967, pages 293-294). In terms of the analysis of variance, the expected
values are;
Source
Trees
Locations
Samples within locations

Expected Value of Mean Squares
1«^2 + 44.0729:^2 + 113.938 <^2
1-q ^ + 26.7346^
1?^-
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The effect of locations can be tested by the ratio of locations mean
square to samples within locations mean square. The effect of trees
cannot be tested by the ratio of trees to locations mean squares, since
the coefficients of <T^ are different in the two expected values.

Thus,

trees are tested with either mean squares Type III sums of squares or by
the test given by Steel and Torrie (1980, page 163).
Estimates for the variance components can be calculated from mean
squares derived from Type I sums of squares.

The calculation will be

demonstrated here using the ANOVA for specific gravity of wood plus bark
(see Tables 12 and 15). The variance components can be estimated as;
2

Sq

= 0.0010694 (mean square for error or samples within locations),

8,2 = (0.17811-0.0010694)726.7346
= 0.0066221,
s_2 = [0.034143-0.0010694-(44.0729)(0.0066221)]
113.938
= -0.002712 (Since this is negative, and negative variance
components are not permitted, s^^ is assumed to be
zero.)
Percentage of total variance can be found by dividing by the total
variance component, 0.0076915 (Table 15). Thus, for samples within
locations (error), it is (0.0010694/0.007ô915)(100)=13.90%; for locations
within trees, (0.0066221/0.0076915)(100)=86.10%; and for trees, it is
zero, since 5^2=0 (see Table 15). Discussion of variance components of
other wood quality data will follow in other sections.

Fiber dimensions
Fiber dimensions are important wood quality variables associated with
utilization, especially in reconstituted products such as paper or
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fiberboard. Fiber length and ratio of length to width are characteristics
that influence suitability for these uses. The "Runkel ratio" (McElwee et
al., 1970) of twice the average cell wall thickness divided by lumen
diameter is also a measure of quality for these uses, as it provides a
measure of relative cell wall thickness in proportion to lumen size. This
ratio can, in part, indicate the ease or difficulty with which a pulp can
be beaten for a given use.
The fiber dimensions I determined were length, radial diameter,
radial lumen diameter, and double tangential wall thickness. Fiber length
was measured on macerated fibers. Transverse dimensions were measured
with indirect fluorescence microscopy of bulk specimen cross-sections.
For each fiber dimension, an analysis of variance was performed.

The

means and within-tree standard deviations for fiber dimensions of each
tissue type (location) were summarized in Table 11.
Fiber length

An initial analysis of the fiber length data

indicated that there were two populations of tissues in the stems of the
three trees.

This was true for fiber length but not fiber transverse

dimensions. Samples from five lower stem locations averaged 1.074, 1.046,
1.043, 1.027, and 1.017 mm and were not significantly different, as
indicated by Fisher's protected Isd (MSE=0.0548706, df=2970, t=l.96076,
and lsd=0.04331).

Three upper stem locations were significantly shorter,

with averages of 0.982, 0.947, and 0.937; these three were not
significantly different from one another.
The roots formed another distinct group intermediate between upper
and lower stem with means of 1.007, 0.989, and 0.986 for lateral root.
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oblique root, and root.

Branch, fibers were significantly shorter than all

others with a mean of 0.764 mn.
The longest stem fibers were all from samples taken below 55 percent
of the total stem height in each tree. The shorter upper stem fibers were
from samples above 55 percent of total stem height (from a 6-inch stump to
a 0.5-inch diameter or where the main stem axis could no longer be
distinguished).
Larson (1962, 1969) has expounded on the profound effect that the
crown exerts on wood formation in the stem.

Much of his synthesis of

ideas now forms present thinking on formation and distinction of crownand stem-formed wood.
The direct effect of environment is primarily on the
growth processes of the crown and only indirectly on
the growth of the xylem. The amount and
distribution of wood growth on the stem are
determined to a large extent by crown size and
distribution (Larson, 1962).
One of the implications is that variations in wood formation
processes should influence our approach to the study of wood properties.
"For the successful evaluation of wood properties, the establishment
of inherent variation patterns is a prerequisite, and that systematic
sampling based on a knowledge of these patterns is more appropriate than
either random or absolute-height sampling" (Richardson, 1961). Duff and
Nolan (1953, 1957) proposed three sequences of patterned variation of wood
properties with changes in height and radial position in a tree. The
crown has a central role in determining the sequence variation.

Isebrands

(1972) stated that "both height and age (or year of formation)...are
meaningful indexes of the intimate crown-stem relationship."
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In view of these considerations and the result of my initial analysis
of fiber length, I-considered it to be reasonable to analyze the data in
terms of the locations lateral root, oblique root, root, branch, lower
stem, and upper stem, the latter two locations determined following
initial analysis and not by predetermined design.

Lower stem included

samples below 55 percent of total stem height, while upper stem was above
this height.
The ANOVA for fiber length is given in Table 16. The overall mean
for trees was 1.00 mm for tree numbers two and three and 0.94 mm for tree
number one.

With the analysis based on oblique root, lateral root, root,

lower stem, upper stem, and branch, there was some overlap in the Isd
groupings.
mm).

Lower stem and lateral root fibers were longest (1.04 and 1.01

Branch wood fibers were shortest (0.76 mm). In bet\feen, the

lateral, oblique, and root locations were not significantly different from
one another (1.01, 0.99, and 0.99 mm). Root and upper stem were also not
significantly different (0.99 and 0.96 mm). Lengths of stem, branch, and
root wood fibers can be visually compared in Figures 15-17.
Fiber radial diameter

Fiber radial diameter was significantly

different betïveen trees, with tree number two (16.09 ^m) > tree number one
(15.44/<m) > tree number three (13.81 Am) (Table 17). In these means,
branch and root were weighted equally, with the stem weighted more
heavily, since there were more stem discs measured.
For locations, lateral and oblique roots had the largest radial
diameters of 18.32 and 18.26 /im (they were not significantly different).
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Table 16.

Analysis of variance of fiber length

Source
Model
Error
Corrected total
Source
Tree
Location (tree)

df
13
2986
2999
df
2
11

Sum of squares
27.3123
165.5793
192.8915

Type I ss
2.8255
24.4868

Type III ss
0.6144
24.4868

Mean square
2.1009
0.05545

F value
5.54
40.14

Pr>F
0.004
0.0001

Least significant difference for trees
=<=0.05
df=2986
MSE=0.055452
t value=l.96076
Harmonic mean of number of sample number=977.778
lsd=0.02088
Tree:
N;
Mean:
Grouping:

3
800

1.003

2
1100
1.002

1
1100

0.9387

Least significant difference for locations in trees
Alpha, df, t value, and MSE same as above
Harmonic mean of sample number=237.966
lsd=0.04233

Location:
N:
Mean:
Grouping:

Lower
stem
1300
1.039

Lateral
root
200

\ .007

Oblique
root
200
n.PRRfi

Root
100
n qgSA

Upper
stem
900
0.9554

Branch
300
0.7642
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Table 17.

Analysis of variance of fiber radial diameter

Source
Model
Error
Corrected total
Source
Tree
Location (tree)

df
2
8

df
10
509
619

Sum of squares
3988.08
4079.83
8067.91

Type I ss
500.65
3487.42

Type III ss
606.32
3487.42

Mean square
398.81
6.70

F value
45.25
65.07

Pr>F
0.0001
0.0001

Least significant difference for trees
c<=0.05
df=609
MSE=6.69922
t value=l.96387
Harmonic mean of number of sample size=200.727
lsd=0.50738
Tree:
N:
Mean:
Grouping:

2
230
16.09

1
230
15.44

3
150
13.81

Least significant difference for locations in trees
Alpha, df, t value, and MSE sane as above
Harmonic mean. of sample number=97.6331
lsd=0.72751

Location:
N:
Mean:
Grouping:

Lateral
root
100
18.32

Oblique
root
100
18.26

Root
50
17.12

Stem
220
14.17

Branch
150
12.19
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The roots of tree number three were next at 17.12 /tm, followed by stem
(14.17,%m) and branch (12.19 /tm).
Fiber radial lumen diameter

Overall tree means for trees number

one and two were grouped together by the Isd test (8.27 and 8.15 /tm) and
were greater than the mean for three number three (7.31 //m).
Oblique roots had the largest lumens (10.34 //m). Roots of tree
number three and lateral roots of tree numbers one and two had the next
largest lumen diameters (9.59 and 9.40/cm).

The stem average was 7.21 /im.

Branches had the smallest lumens (5.04 >m).
Fiber double tangential wall thickness

Tree number two had the

thickest walls (7.82 /tm), followed by tree number one (7.29 /im) and tree
number three (6.50 /tm).
Lateral roots had the thickest walls (8.92 /tm).

Oblique roots and

roots were thinner and grouped together (7.92 and 7.53 ,%m).

Stem was next

(6.96 mm), and the smallest double wall thickness was in the tissue with
the smallest diameter fibers, the branches (6.15.^m). Transverse
dimensions of stem, branch, and root fibers can be visually compared in
Figures 18-20.

Proportion of wood elements
The means and standard deviations for each location in each tree were
summarized in Table 11.

In this section, the analysis of the proportions

of vessels, fibers, rays, and axial parenchyma and vasicentric tracheids
will be presented.
Proportion of vessels
the branches (16.9 percent).

The proportion of vessels was greatest in
Stem, root, and oblique root were lower and
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Table 18.

Analysis of variance of fiber radial lumen diameter

Source
Model
Error
Corrected total
Source
Tree
Location (tree)

df
2
8

df
10
609
619

Sum of squares
1717.63
2494.47
4212.09

Type I ss
97.65
1619.98

Type III ss
121.91
1619.98

Mean square
171.76
4.10

F value
14.88
49.44

Pr>F
0.0001
0.0001

Stem
220
7.21

Branch
150
6.04

Least significant difference for trees
cs=0.05
df=609
MSE=4.096
t value=l•96387
Harmonic mean of number of sample size=200.727
lsd=0.39674
Tree:
N:
Mean:
Grouping:

2
230
8.270

1
230
8.151

3
160
7.311

Least significant difference for locations in trees
Alpha, df, t value, and MSE same as above
Harmonic mean of sample number=97.6331
lsd=0.56886

Location:
N:
Mean:
Grouping:

Oblique
root
100
10.34

Root
50
9.59

Lateral
root
100
9.40
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Table 19.

Analysis of variance of fiber double tangential wall thickness

Source
Model
Error
Corrected total
Source
Tree
Location (tree)

df
2
8

df
10
609
619

Sum of squares
695.70
1744.04
2439.74

Type I ss
163.66
532.04

Type III ss
193.77
532.04

Mean square
69.57

2.86
F value
33.83
23.22

Pr>F
0.0001
0.0001

Least significant difference for trees
=<=0.05
df=609
MSE=2.86378
t value=l.96387
Harmonic mean of number of sample size=200.727
lsd=0.33174
Tree;
N:
Mean:
Grouping:

2
230
7.82

1
3
230
160
7.29
6.50

Least significant difference for locations in trees
Alpha, df, t value, and MSE same as above
Harmonic mean of sample number=97.6331
lsd=0.47566

Location:
N:
Mean;
Grouping:

Lateral
root
100
8.92

Oblique
root
100
7.92

Root
50
7.53

Stem
220
6,96

Branch
150
6.15
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grouped together (13.5, 12.6, and 11.8 percent).

Root, oblique root, and

lateral root were also grouped together by the Isd (12.6, 11.8, and 10.7
percent) (see Table 20).
Proportion of fibers

The proportion of fibers in branches and

stems did not differ significantly (43.4 and 40.8 percent).

Stem fiber

proportion was also grouped with that of the roots of tree number three
(40.8 and 37.5 percent).

The oblique and lateral roots had the lowest

percentage of fibers and were grouped together (33.7 and 32.5 percent)
(Table 21).
Proportion of rays

The greatest percentage of rays were found in

lateral roots (36.3 percent), followed by oblique root and root, which
were grouped together (29.4 and 27.4 percent).

The stem and branch had

the lowest proportion of rays (17.5 and 17.0 percent) (Table 22).
Proportion of axial parenchyma and vasicentric tracheids

The stem

had the highest proportion of axial parenchyma and vasicentric tracheids
at 28.4 percent. Oblique root, branch, and root had lower percentages and
were not significantly different from one another (25.2, 22.8, and 22.5
percent).

Branch, root, and lateral root were also grouped together

(22.8, 22.5, and 20.7 percent) (Table 23).

Discussion: Wood quality variables
From the various analyses which have been presented, it is evident
that there are distinct differences in wood quality variables of roots,
stems, and branches. Moreover, there are often significant differences
between different parts of the root system (i.e., lateral vs. oblique
roots).

Wood structure differences reflect different functional
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Table 20.

Analysis of variance of proportion of vessels

Source
Model
Error
Corrected total
Source
Tree
Location (tree)

df
2
8

df
10
557
567

Sum of squares
3861.76
51622.68
55484.44

Type I ss
86..36
3775,
.40

Type III ss
64.34
3775.40

Mean square
386.18
92.68

F value
0.35
5.09

Pr>F
0.7069

0.0001

Least significant difference
•>.=0.05
df=557
MSE=92.6799
t value=l.96423
Harmonic mean of number of sample size=94.2857
lsd=2.7541

Location:
N:
Mean:
Grouping:

Branch
240
16.9

Stem

Root

Oblique
root

Lateral
root

88

80

80

80

13.5

12.6

11.8

10.7
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Table 21.

Analysis of variance of proportion of fibers

Source
Tree
Location (tree)

Sum of squares
11444.44
89808.52
101252.96

df
10
557
567

Source
Model
Error
Corrected total
df
2
8

Type I ss
240.96
11203.47

Type III ss
671.86
11203.47

Mean square
1144.44
161.24

F value

2.08
8.69

Pr>F
0.1255
0.0001

Least significant difference
cx=0.05
df=557
MSE=161.236
t value=l.96423
Harmonic mean of number of sample size=94.2857
lsd=3.6326

Location:
N;
Mean:
Grouping:

Branch
240
43.4

Stem

Root

Oblique
root

Lateral
root

88

80

80

80

40.8

37.5

33,7

32.5
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Table 22.

Analysis of variance of proportion of rays

Source
Model
Error
Corrected total
Source
Tree
Location (tree)

df
10
557
567
df
2
8

Sum of squares
30516.15
75027.40

Type I ss
268.72
30247.43

Type III ss
1110.75
30247.43

Mean square
3051.61
134.70

F value
4.12
28.07

Pr>F
0.0167
0.0001

Least significant difference
0=0.05
df=557
MSE=134.6991
t value=l.96423
Harmonic mean of number of sample size=94.2857
lsd=3.3202

Location:
N:
Mean:
Grouping:

Lateral
root
80

36.3

Oblique
root

80
29.4

Root
80
27.4

Stem

88
17.5

Branch.
240
17.0
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Table 23.

Analysis of variance of proportion of axial parenchyma and
vasicentric tracheids

Source
Model
Error
Corrected total
Source
Tree
Location (tree)

df
2
8

df
10
557
567

Sum of squares
3610.24
53567.33
57177.58

Type I ss
114.17
3496.08

Type III ss
30.72
3496.08

Mean square
361.02
96.17

F value
0.16
4.54

Pr>F
0.8524
0.0001

Least significant difference
c\=0.05
df=557
MSE=96.1712
t value=l.96423
Harmonic mean of number of sample size=94.2857
lsd=2.3055

Location:
N:
Mean:
Grouping:

Stem
88
28.4

Oblique
root
80
25.2

Branch
240
22.8

Root
80
22.5

Lateral
root
80

20.7
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requirements of these tissues. These differences are ultimately the
result of the complex regulatory and ontogenetic factors which produce
each tissue.
Specific gravity

Specific gravity, in many ways, reflects the sun

total of the effects of cell dimensions, distribution, and proportional
allocation, on wood properties. The fact that branch SG was greater than
stem, which was in turn greater than roots, makes sense when tissue
proportions and fiber dimensions are considered. Branches and stems had
greater fiber percentages than roots. The Runkel ratio (double wall
thickness divided by lumen diameter) for each location, calculated from
mean values, also indicates that locations with higher specific gravities
had thicker fiber walls in proportion to their lumen size.

For branches,

the ratio is 6.15/6.04=1.02. The ratios for stem, lateral root, root, and
oblique root are 0.965, 0.949, 0.785, and 0.766, respectively. Roots also
had higher ray proportion than stem or branch.
In hardwoods, branch specific gravity (SG) has been reported to be
higher than stem SG in Prunus serotina (black cherry), Q. rubra (Hamilton
et al., 1976), and Liriodendron tulipifera (yellow poplar) (Core and
Moschlar, 1980). Taylor (1977a) also found higher SG in branch wood of
southern red oak. It was the only species of the eight he studied in
which this occurred; in all others, stem and branch SG were not
significantly different. There were also no significant differences in
branch wood SG between the top and bottom of the crown or between sampling
points in the eight species.
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Manwiller (1979) found that for 22 species of hardwoods, in only two,
laurel and blackjack oak, was branch wood denser than stem wood. In the
other 20 species, there was no significant difference between stem and
branch SG.
In softwoods, stem wood SG is usually greater than branch wood.
Brunden (1964) found that mean stem SG in four Pinus resinosa trees was
approximately 10 percent greater than crown-formed wood. Manwiller (1978)
reviewed the literature on wood properties associated with complete-tree
utilization of southern pine and reported that branch SG was lower than
that of the stem in loblolly, shortleaf, longleaf, and slash pine.
Philips et al. (1976) sampled four species of southern pine in eight
diameter classes in four stands in the South. Stem wood SG was greater
than branch wood SG in all four species. Lee (1971) reported that stem
and branch SG of pitch pine were equal.
In this study, differences in wood SG were detected within the root
system.

Oblique root wood had higher SG than lateral root wood (0.475 vs.

0.443) (Table 13); Fayle (1968) observed the same relationship in Pinus
resinosa (red pine) and Tilia americana (basswood) roots, and he thought
that greater soil compaction around the deeper oblique roots had some
effect on wood specific gravity. It is possible that oblique roots have a
more important role in mechanical support function than lateral,
horizontal roots, and the higher specific gravity is a response to the
functional requirement.
The root wood had the lowest SG in these black oaks, with branch wood
highest and stem wood intermediate.

The same trend was observed in Alnus
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glutinosa (European black alder) (Vurdu, 1977; Vurdu and Bensend, 1979)
and Populus tremuloides (Trembling aspen) (Teskey, 1978).

Fegel (1941)

also found the s^e trend in ring- and diffuse-porous hardwoods. In
conifers, the order of stem and root SG was reversed (branch > root >
stem). In pitch pine grown in Korea, specific gravity of branch and stem
wood was greatest. Root SG was lower than these two, but higher than
juvenile wood from the top of the tree (Lee, 1971). Hartler (1976)
reported that stump density was lower than that of the stem in spruce, but
greater in birch.

Barky chips from loblolly pine stems had a higher SG

than chips from the stump/taproot mass (Koch, 1976). Summarizing from the
literature, Fayle (1968) reported that the root wood of hardwoods averages
20 percent lower than stem wood.
The wood SG relationships of different parts of the trees I studied
were consistent with many of the reports in the literature. In general,
stump/root systems have lower SG than stems and branches.

The specific

gravity differences reflect variations in proportions and dimensions of
cells constituting the wood.
Fiber dimensions

The fibers in these black oak trees were longest

in the lower stem and lateral roots and shortest in branches (Figures
15-17).

Oblique root, root, and upper stem were in between. Root fibers

had the largest radial diameters, radial lumen diameters, and greatest
double tangential wall thickness (Figures 18-20).

Branch fibers were the

smallest in all three transverse measurements, and stem wood fibers were
in between.

Branches and stems did have thicker fiber walls in proportion

to lumen size than did roots.
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Variance components for fiber length and fiber transverse dimensions
are given in Tables 24 and 25, respectively.

As for specific gravity of

wood and wood plus bark (Table 15), the variance component due to trees is
zero or nearly so (1.6 percent for wall thickness). This indicates that
the variance due to trees is low, or that the sample size is too small.
The variance components indicate that it would be advantageous, in future
studies, to sample more trees with fewer subsamples per tree (Mize and
Winistorfer, 1982; Winistorfer, 1985).
The variance components for proportion of wood elements (Table 25)
similarly show zero variance due to trees.

Variance due to specimens

within location (locations=oblique root, lateral root, root, stem, branch)
is also low, which again says that more trees and fewer subsamples should
be considered in future studies.
Several workers have found that branch wood fibers have smaller
dimensions than stem wood fibers in hardwoods.

Core and Moschler (1980)

found shorter fibers with slightly smaller diameters and equal wall
thickness in branch wood of yellow poplar. Branch fibers were shorter
than stem and root fibers of Betula pendula and B. pubescens (Bhat and
Karkkainen, 1981b). In eight species of southern hardwoods (sweetgum,
blackgum, yellow poplar, southern red oak, water oak, post oak, shagbark
hickory, mockernut hickory), branch wood fibers were shorter than stem
wood fibers (Taylor, 1977a). Manwiller (1974) found similar results in 22
species of southern hardwoods. For all species combined, branch fiber
length was 24.4 percent shorter than that of the stem.

Fegel (1941)

reported shorter fibers with smaller diameters in branch wood of both
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Table 24.

Variance components for fiber length

Variance source

Total
Tree
Location
Slide
Errors

df

Mean squares

2999
2
11
286
2700

0.064319
1.41274
2.22607
0.058995
0.055077

Variance component

0.066944
-0.0021645
0.011476
0.00039183
0.055077

Percent

100
0
17.1
0.6
82.3

Coefficients of Expected Mean Squares
Source

Tree

Location

Tree
Location
Slide
Error

990
0
0
0

304.697
188.843
0
0

^Fiber within slide.

Slide

10
10
10
0

Error

1
1
1
1
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Table 25.

Variance components for fiber transverse dimensions

Variance
source

df

Mean
squares

Variance
component

Fiber
radial
diameter

Total
Tree
Location
Specimen
Error^

619
2
8
52
557

13.034
250.332
435.927
17.135
5.725

14.407
-0.994
7.520
1.162
5.725

100
0
52.2
8.1
39.7

Fiber
radial
lumen
diameter

Total
Tree
Location
Specimen
Error^

619
2
8
52
557

6.805
48.825
202.497
11.373
3.417

7.658
-0.792
3.431
0.810
3.417

100
0
44.8
10.6
44.6

Fiber
double
tangential
wall
thickness

Total
Tree
Location
Specimen
Error^

619
2
8
52
557

3.941
81.831
66.505
8.206
2.365

Variable

4.069
0.0634
1.046
0.595
2.365

Percent

100
1.6
25.7
14.6
58.1

Coefficients of Expected Mean Squares
Source

Tree
Location
Specimen
Error

Tree

204.032
0
0
0

^Fiber within specimen.

Location

Specimen

Error

57.955
55.673
0
0

9.956
9.937
9.82
0

1
1
1
1
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Table 26. Variance components for proportion of wood elements

Variance
source

df

Mean
squares

Variance
component

Vessels

Total
Tree
Location
Specimen
Error&

567
2
8
131
426

97.856
43.182
471.925
94.440
92.138

100.565
-2.809
7.851
0.575
92.138

100
0
7.8
0.6
91.6

Fibers

Total
Tree
Location
Specimen
Error&

567
2
8
131
426

178.577
120.482
1400.434
210.143
146.197

186.940
-8.473
24.757
15.987
146.197

100
0
13.2
8.6
78.2

Rays

Total
Tree
Location
Specimen
Error^

567
2
8
131
425

186.144
134.360
3780.929
141.889
132.488

210.526
-24.511
75.688
2.350
132.488

100
0
36.0
1.1
62.9

Axial
parenchyma
and
vasicentric
tracheids

Total
Tree
Location
Specimen
Error^

567
2
8
131
426

100.842
57.084
437.010
129.338
85.972

103.213
-2.451
6.399
10.842
85.972

100
0
6.2
10.5
83.3

Variable

Percent

Coefficients of Expected Mean Squares
Source

Tree
Location
Specimen
Error

Tree

189.296
0
0
0

^Cell within specimen.

Location

Specimen

Erroi

61.202
48.080
0
0

4
4
4
0

1
1
1
1
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ring- and diffuse-porous hardwoods. In small (<12.5 cm diameter) juvenile
stems of hardwood trees in Maine (gray birch, pin cherry, quaking aspen,
red maple, slender willow, and speckled alder), stem plus bark fiber
length and transverse dimensions were generally greater than those of
branches (Hyland, 1974). Vurdu and Bensend (1979) did not find a
significant difference between stem and branch fiber length.
In studies of hardwoods in which root, stem, and branch wood fiber
length were compared, branch fibers were usually shortest, stem longest,
and root intermediate (Bhat and Karkkainen, 1981b; Hyland, 1974; Fegel,
1941). In softwoods, root tracheids can be as long or longer than stem
tracheids (Bailey and Faull, 1934; Fayle, 1968; Fegel, 1941; Gerry, 1915;
Lee, 1971; Lbnnberg, 1974; Manwiller, 1972; Patel, 1971). Root tracheids
are also as large or larger in diameter than stem tracheids (Eailey and
Faull, 1934; Bannan, 1941, 1942, 1944; Fegel, 1941; Patel, 1971; Lee,
1971).
In a review of fiber length variation in root, stem, and branch wood
of hardwoods and softwoods, Spurr and Hyvarinen (1954) concluded that no
simple trends or conclusions were possible.

When considering patterns of

variation (e.g., pith to bark, within-ring variation, etc.) other than
averages for root, stem, and branch, this is true. However, with regard
to average values for root, stem, and branch tissues, some generalizations
are possible. Branch fibers are usually the smallest in the tree wood in
length and transverse dimensions.

Root fibers normally have the greatest

transverse dimensions. Stems often have the longest fibers, but roots may
have fibers which are as long or longer than stems.
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Fayle (1968) generalized that in conifers, fiber cell diameter and
length tend to be smaller and walls thicker in vertical and oblique roots
than in horizontal roots. Manwiller (1972) found that tracheids in
horizontal roots were longer and had thicker walls than in oblique roots
of southern pine.

In black oak, I also found that fibers in lateral roots

had thicker walls than oblique roots, but length and radial diameter were
the same.

Oblique roots had larger radial lumen diameter than laterals.

Nevertheless, oblique roots had higher specific gravity than laterals.
Since their fiber percentages were the same, and vessel and axial
parenchyma percentages very close, this was due to greater percentage of
rays in lateral roots (36.3 percent in laterals vs. 29.4 percent in
oblique roots).
My speculation is that the oblique roots have a greater role in much
of the mechanical support function than do laterals. Fayle (1968) states
that while roots generally have a lower fiber content than stems, the
"fibre content is high in those root locations which would be required
most in support function." Ossenbruggen et al. (1386) presented a
detailed engineering analysis of potential failure of a decayed tree stem
under wind loading, but I am not aware of any such analysis for root
systems. Such an analysis would be interesting to determine the relative
importance of various parts of the root system in mechanical support and
stress resistance.
Proportion of wood elements

In the black oak trees, branches had

the greatest percentage of vessels, with stem, oblique root, and lateral
root lower and about equal to one another.

Fiber percentage was largest
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in branches and stems.

Oblique and lateral roots had the same fiber

percentage. Ray percentage was greatest in lateral roots, followed by
oblique roots.

Stem and branch had the lowest ray composition.

Axial

parenchyma and vasicentric tracheids were most abundant in stem, \jith
oblique root, branch, and lateral root lower and approximately equal.
Fegel (1941) stated that the "most significant differences in
structure were found to be in variations in the size and frequency of
occurrence of the various elements making up the wood" in root, stem, and
branch of ring- and diffuse-porous hardwoods and conifers. Combined data
for ring-porous woods showed that roots had only half as great a vessel
percentage as stems, with branches intermediate (Table 27).

Ray

percentage was slightly larger in roots compared to branches or trunk.
Ray percentage was also larger in roots for diffuse-porous species, but it
appears that vessel percentages were about the same in roots, stem, and
branches.
Vurdu and Bensend (1980) found the greatest fiber percentage in roots
of European black alder (Alnus glutinosa).

Both vessel and ray percentage

were lowest in roots when compared to stem (at 1/3 total stem height) and
branches. Shat (1982) reported percent vessels, fibers, and rays in root
wood of Betula pendula and B. pubescens. No comparative values for stem
wood were given. Compared to values given in Panshin and de Zeeuw's
(1980) textbook for Betula spp. (in their table 5-3), it appears that ray
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Table 27.

Vessel %
Ray %

Vessel and ray percentages in root, stem, and branch of ringand diffuse-porous hardwoods as reported by Fegel (1941)

Ring-porous hardwoods^
Root
Branch
Trunk

Diffuse--porous hardwoods^
Root
Trunk
Branch

13.2
18.7

26.8
15.6

26.5
14.1

18.2
15.3

27.2
11.1

22.4
12.5

Species included were white ash (Fraxinus americana), black ash
(Fraxinus nigra), American elm (Ulmus americana), northern red oak
(Quereus rubra).
^Species included were black cherry (Prunus serotina), fire cherry
(Prunus pensylvanica), yellow birch (Betula lutea), trembling aspen
(Populus tremuloides), basswood (Tilia americana), beech (Fagus
srandifolia), hard maple (Acer saccharum), soft maple (Acer rubrum).
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percentage may be higher in root wood. Fayle (1968), summarizing from
statements by Esau (1953), Fegel (1938), Lebedenko (1962), Liese (1924),
and Patel (1965), as well as his own observations, states that larger
volumes of ray tissue in root wood may be due to reduced loss of ray
initials in the root, greater physiological activity of the root, and
distance from the crown.
My results for vessel and axial parenchyma plus vasicentric tracheids
are in close agreement with those of Manwiller and Koch (1981) for
small-diameter oaks in the south.

The values averaged over oblique roots,

lateral roots, and roots for the three trees were 13.4 and 22.7 percent
for vessels and axial parenchyma plus vasicentric tracheids. For the 11
species of oaks studied by Manwiller and Koch (1981), the averages were
14.6 and 20.5 percent. For the eight species of red oaks, the percentages
were 14.4 and 20.4.
My results for fiber percentage were lower and ray percentage higher
than most of the species studied by Manwiller and Koch (1981). My average
for fibers was 36.3 percent, compared to 21.8 and 22.5 percent for the 11
species of oaks and the eight species of red oaks. I had an average of
27.7 percent rays versus 21.8 and 22.5 percent (all oaks and red oaks).
Values for tree number three, the open-grown tree, correspond more
closely to Manwiller and Koch's (1981) averages for red oaks. For tree
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number three, vessel, fiber, ray, and axial parenchyma plus vasicentric
tracheid percentages were 17.8, 42.7, 17.4, and 22.2, respectively.
Corresponding values for the southern-grown oaks were 14.4, 42.6, 22.5,
and 20.4 percent.
Q. velutina does appear to have a higher percentage of rays than many
species. In lateral roots, I found 36.3 percent rays, and in oblique
roots, the value was 29.4 percent.

Of the oaks studied by Mamri.ller and

Koch (1981), Q. velutina (24.0%) followed only Q. marilandica (27.6%) and
Q. coccinea (25.7%) in ray percentage.

Both Q. marilandica and Q.

coccinea are red oaks. Of the 22 species of southern hardwoods studied,
only Carya spp. (hickories) and the two oaks listed above had higher ray
percentage in root wood than did Q. velutina.

Most species were well

under 20 percent, although most of the oaks tended to be right around 20
percent rays in root wood. See Table 3 for a summary of proportion of
wood elements for branch and root wood of southern-grown oaks.
The proportion of wood elements I found in stems falls within the
ranges reported for oaks in the literature (see Table 1). I found 13.5
percent vessels, 40.8 percent fibers, 17.5 percent rays, and 28.4 percent
axial parenchyma and vasicentric tracheids, averaged over the stems of the
three trees. These values correspond closely to those given by Manwiller
(1973) for Q. velutina. Values listed by Panshin and de Zeeuw (1980) are
higher for axial parenchyma plus vasicentric tracheids and lower for rays.
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Kaeglin and Quirk (1984) compared proportion of wood elements of red
oak and white oak (various species of each group).

On average, they

report that red oaks have lower fiber percentage (41 vs. 60 percent) and
higher axial parenchyma/vasicentric tracheid content (23 vs. 9 percent)
than white oaks. The vessel volumes were 19.5 and 15.5 percent for red
and white oaks, respectively. Ray volumes were 16 percent for red oaks
and 15 percent for white oaks.

Descriptive Anatomy
A description of stem wood anatomy was given in the Literature
Review. The familiar appearance of oak stem wood is shown in transverse,
tangential, and radial sections in Figures 21-23. Branch wood anatomy is
similar in appearance and pore distribution (Figures 24-26). I did
occasionally observe some branches in which earlywood pores were in radial
rows four to six cells wide.

Earlywood pores in stems were 170 to 320 y^m

in diameter.
Pore distribution is very different in root wood. The vessels are
usually arranged in radial strings which often originate at the center of
the root (Figures 27 and 28).

Wide multiseriate rays are noticeably

absent. Growth ring boundaries are also indistinct due to the semi-ring
porous vessel distribution. Indistinct (with naked eye or lOx lens)
boundaries are delineated by the fibers. Parts of two growth ring
boundaries are shown in Figure 27; one is also shown in Figure 28.
On the radial and tangential surfaces, the most striking difference
of root wood compared to stem and branch wood is the large size of the ray
parenchyma (Figures 29-30). Note also that despite the lack of

101

inultiseriate rays in the illustrations of cross-sections (Figures 27 and
28), there are three multiseriate rays shown in Figure 30.
With these general comparisons in mind, the features of stem, branch,
and root wood will now be illustrated and described with the remaining
figures.

Both light (LM) and scanning electron micrographs (SEM) will be

used, but there is a preference toward SEM due to the tremendous
illustrative value of these micrographs.

Stem wood
Vessels are made up of individual cells called vessel elements, which
are stacked, end to end, on one another.

End walls of vessel elements are

completely removed in the final stage of cell ontogeny to create a simple
perforation. Species which have simple perforations may have scalariform
perforations in juvenile tissue (I did not find any). In an early
textbook. Ward (1892) presented a diagram of a vessel element as a "chief
element" of the wood. It shows a simple perforation at one end and a
scalariform perforation at the other, but no accompanying explanation is
given. I suspect that in this case, an error was made in preparing the
figure (his figure 28).
In Figure 31, cross-sectional views of both early and latewood
vessels are shown. There are several tyloses in the vessels in the
micrograph.

Macerated vessel elements are shown in Figures 32-35. Both

long (Figures 32 and 34) and short (Figures 33 and 35), early and latewood
vessel elements are shown. Each vessel element has a "tail" or "ligulate
tip" on each end of the cell near the perforation plate.
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Most of the tyloses which I observed in stem wood had relatively few
walls partitioning the vessel lumen (Figure 36). Occasionally, however,
much more profuse tyloses development was observed (Figure 37). An
artifact produced an interesting result in Figure 38. A partial collapse
(possibly due to drying) of a tylosis gives the appearance of a deflated
balloon.

Simple pits are readily apparent, and it is clear that tyloses

form effective barriers to liquid movement.
Two latewood vessel elements comprising part of a vessel are shown in
Figure 39 (labeled "Iw"). Walls of Iw vessel elements are thick and have
abundant vessel-fiber pitting.

Crossing ray parenchyma are also shorn, as

well as a barrel-like axial parenchyma cell.

The labeled fiber has a

longitudinal row of bordered pits.
Cross-sectional views of fibers and axial parenchyma are shown in
Figures 40-41. Parenchyma walls are only approximately half as thick as
the fiber walls.

Stem fiber double tangential wall thickness was 6 . 9 6 u m

averaged over all three trees.
Bordered pits of fiber tracheids are unmistakable (Figure 42).
Recalling the discussion of fiber pitting (Literature Review), libriform
fibers should have apparent simple pits and grade imperceptibly into fiber
tracheids. I found that Baas' (1985) statement regarding the scaracity of
true simple pits in fibers to be true. Fibers either had the large
bordered pits (Figure 42) or very small bordered pits with less distinct
borders and small, slit-like apertures (Figure 43).
I found gelatinous fibers in stem wood rather infrequently. Ifhen
they did occur, they were in small patches in late wood, usually not.
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located in. more than, two or three growth rings in a given patch. In these
localized reaction wood patches, every fiber had a gelatinous (G) layer
(Figure 44). The G-layer was normally separated from the primary wall
(Figure 45).
Sorenson and Wilson (1964) also found tension wood in leaning red oak
trees. It was always on the upper side of the stem and "distributed in
patches rather than as one continuous tissue." The trees I studied were
straight and did not exhibit very much tension wood development or
eccentricity of growth rings. In Sorenson and Wilson's (1964) paper,
their figures 3-6 demonstrate that eccentric internal growth was greater
than external eccentricity (i.e., eccentric growth rings produced a round
stem).
Axial strand parenchyma are elongated, brick-like rectangular
structures when viewed in longitudinal section. This is especially
apparent in scanning electron micrographs (Figure 46). Small simple pits
are abundant. The information from this micrograph, combined with Figures
39-41, makes it clear that axial parenchyma are largely cylindrical
structures with thin, horizontal end walls and numerous simple pits.
Rays are uniseriate (Figures 47 and 48) or multiseriate (Figures 48
and 49). The upper and lower margins of multiseriate rays are frequently
partitioned by intercalated fibers (Figure 48). Ray parenchyma, like
axial parenchyma, are cylindrical (Figure 49). Ray-vessel pitting
consists of simple to half-bordered pit pairs in areas of ray-vessel
contact. These pits are larger than vessel-fiber pits (Figure 50), which
makes the pit membrane readily visible.

The vessel wall between
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horizontal lines of pits often forms thickened ridges between pit
groupings (Figure 51).
The stem has a pith consisting of largely isodiametric parenchymatous
cells (Figure 52). At the outer margin of the pith, fibrous tissue helps
to define the origin of radiating xylem rays (Figure 53, right side).

The

pith parenchyma contains many inclusions, including rhombic forms (Figure
54). These rhombic structures were observed only in pith of stem wood;
they were not observed in secondary xylem (rhombic crystals were observed
in secondary xylem of branches and, very rarely, in roots).

Branch wood
Branch wood pore distribution is very similar to that in the stem
(Figures 55 and 56), but narrow rings were more frequent, so that latewood
pore patterns were not always developed. In wider rings, characteristic
flame-shaped groups developed (Figure 56). The ligulate tips of vessel
elements were longer in proportion to cell length, if not also in absolute
length, then in stem cells (Figures 57 and 55).

Vessel elements had

simple perforation plates (Figures 59-63). Although juvenile tissue is
sometimes known to develop more primative features such as scalariform
perforation plates, I did not observe any in the branch or top wood.
Figure 60 shows three simple perforation plates in close longitudinal
proximity within a vessel element. The different orientations of the
perforation apertures suggest a "twisted" arrangement of the vessel
elements, i.e., a regular pattern somewhat analogous to the phylotactic
arrangement of leaves.

A helical pattern Q.i ligulate tips of vessel

elements was observed in water oalc, Quercus nigra (Gardner and Taylor,
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1983). They infiltrated wood vessels with polymer, polymerized it,
macerated the impregnated tissue, then observed the exterior morphology of
the separated vessels with SEM. It would be interesting to observe
structures such as that illustrated in Figure 60 with such a technique.
The perforations can be elongated (Figure 61) and are not necessarily
horizontal (Figure 63).

Vessel-ray, vessel-fiber, and vessel-vasicentric

tracheid pitting are similar to those of stem wood (Figure 62).
Tyloses were also found in branch wood, mainly in earlywood vessels
(Figure 64). I also made a serendipitous discovery of perforations with
intact membranes in the sapwood of one branch (Figure 65).
Fibers were sometimes arranged in very regular radial rows.

The

center of Figure 66 is reminiscent of softwood structure due to the radial
alignment of fibers and absence of vessels.

More typically, however, the

radial alignment was lost (Figure 67). Bordered pits were obvious and had
large apertures (Figures 68-70). Figure 70 is interesting, because the Sg
fibril angle is revealed by the "unraveled" fiber and also by the
striations on the fiber to the left of it.

The angle here is

approximately 50°.
Gelatinous fibers were also found in branch wood (Figure 71).
G-layers were typically very thick (Figure 72) and were present in both
large and small diameter fibers (Figure 73). Note also the pear-shaped
ray parenchyma cell in Figure 73 and the indentations on its surface due
to pits.
Axial parenchyma cells sometimes had granular inclusions (Figure 74).
There is also the hint of the pit channels and closing membrane of two
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simple pit pairs on the cross walls separating the nro parenchyma cells in
this micrograph. Axial parenchyma sometimes deviated from the rectangular
shape (Figures 75 and 76). Again, notice the simple pitting in the
parenchyma cells in Figure 75.
Axial and ray parenchyma often contained crystal inclusions (Figures
77-79). The crystals had rhomboid shapes and were either naked or
surrounded by a membrane or debris.

These crystals were profusely

distributed throughout the secondary xylem of branches and occurred both
in heartwood and sapwood.
Qualitative x-ray microanalysis demonstrates that the primary
constituent of these crystals is calcium (Figures 80-82).
Calcium-containing crystals in plants are typically calcium oxalate
(Francheschi and Horner, 1980; Scurfield et al., 1973). In order to
determine if these were calcium oxalate, and to identify their hydration
state, a crystallographic analysis (x-ray diffraction) against standards
would be necessary.

Identification of the crystals was beyond the scope

of this study.
Branches also have parenchymatous piths, as do the stems (Figures 83
and 84). The macroscopic appearance of the pith on a smooth-cut or sanded
surface was stellate (5 pointed).

After the first growth increment of

secondary xylem, ring-porous structure was developed (Figure 85).
Overall, branch wood structure is very similar to stem wood.
Specific gravity is greater and growth rings are narrower.

Fibers are

shorter and have smaller diameters, lumens, and wall thickness. Fibers
are sometimes arranged in radial rows.

Vessels have simple perforations
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and long ligulate tips.

Calcium crystals are very common inclusions in

axial and ray parenchyma cells of secondary xylem. Such crystals are not
common in stem or root xylem of the same trees.

Root wood
Root wood structure is strikingly different from either stem or
branch (Figure 86). The wood is semi-ring porous rather than diffuse
porous, the fibers have larger transverse dimensions than either stem or
branch, and has greater percentage of rays.

Other differences also occur;

these will be subsequently described.
The semi-ring porous vessel distribution is apparent in Figures
37-90. The pores can be solitary and relatively far apart, with little
distinct pattern (Figures 87 and 89) or they can be in radial strings
(Figures 83 and 90).

Not only is the root vessel distribution different

from stem and branch, but they comprise a smaller proportion of wood
elements (11.3 and 10.7 percent in oblique and lateral roots vs. 13.5 and
16.9 percent in stem and branch).
Vessel elements had simple perforations (Figure 91, upper right, and
Figures 92-95).

Earlywood vessel elements had both short (Figure 92) and

long (Figures 93 and 94) ligulate tips.

Note also the scalariform pitting

in the vessel element in Figure 94. Latewood vessel elements were
typically long and had a very short ligulate tip (Figure 95).
Root fibers had large radial diameters (29 percent greater than stems
and 50 percent greater than branches) with large lumens (approximately 39%
> stems and 67% > branches) and thick walls (about 20% > stems and 35% >
branches). Some fibers had extremely thick walls (study Figure 96). The
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thickest fibers in this figure stained deep red with safranin 0; they did
not exhibit other staining reactions typical of gelatinous fibers, but
appear to be simply highly sclerified, thick-walled fibers.

These

occurred in small patches in both lateral and oblique roots.
I did not find gelatinous (G) fibers in the root wood. G-fibers have
been reported in roots of Populus tremuloides (Jagels, 1963), Robinia
pseudoacacia, Fagus sylvatica, and Quercus robur (Patel, 1964). In Q.
robur, the G-fibers were "very sparse above the pith" [ontogenetic center]
"in one root." G-fibers were also sparse in Fagus, but were abundant in
Robinia. No G-fibers were found in Carpinus betulus, Tila platyphylos,
Aesculus hippocastanum, and Betula pendula (Patel, 1964).

Bhat and

Karkkainen (1981a) did find G-fibers in both upper and lower radii of
roots in Betula pendula and B. pubescens. In another study by Patel
(1965), no G-fibers were found in roots of Fraxinus excelsior, Castanea
sativa, Aesculus hippocastanum, Populus canadensis, or Alnus glutinosa.
Axial parenchyma in transverse section looked like those in stems and
branches (Figure 97), but they were larger in diameter, approximately 23
to 28 /(.m vs. 14 to 21 u.m.

Both axial and ray parenchyma had abundant

round contents (Figure 98), which were starch grains as indicated by
iodine-potassium-iodide staining (Figure 123).
Vasicentric tracheids had numerous bordered pits (Figure 99).
Although they were more numerous on the radial surfaces, they were also
found on tangential walls. This can be seen in Figure 99. Pits on the
radial walls are shown in face view in this micrograph, and some on
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tangential walls are seen in cross-section. Fibers also had bordered
pits.
Pitting between vessel elements and parenchyma cells was very
different than in stems and branches, which had round to oval-shaped
simple and half-bordered pit pairs. In both lateral and oblique roots,
vessel-parenchyma pitting was scalariform for both axial and ray
parenchyma (Figures 100-104). A border was often present around the
scalariform pits (Figures 101 and 102). Such pitting is considered to be
a primitive or conservative feature relative to the stem.

However, in the

root, where water stress is lower than in the stem or branch, the
scalariform pits are probably more efficient for water and solute movement
due to their large size. Parenchyma-parenchyma pitting was simple (Figure
105).
Roots had both multiseriate and uniseriate rays (Figures 106 and
109). Inclusions in ray cells were common.

It was rare, however, to find

a rhombic structure (probably a calcium-containing crystal) in root wood
(Figure 107). I observed this in only one lateral root specimenInclusions were more commonly shaped like those in Figure 108.

Ray cells

were typically elongated rectangular structures in section, just as in
stems and branches (Figures 110-113).
A pith was not present in the roots that I observed (Figure 114).
All of the roots I studied were >0.5 inch in diameter, woody, and taken
from considerable distance from the root tip and also at least 12 inches
(30.5 cm) from the point of root attachment or branching.

Zimmermann and

Brown (1971, page 117) state that "pith is absent in the roots of
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dicotyledonous trees and gymnosperms."

This statement is apparently made

with reference to the generalizations about root wood anatomy made by
Fayle (1968). (It is difficult to say for sure, however, as the reference
is cited at the end of a paragraph on root wood anatomy.) Fayle (1968)
was careful to point out that this, along with other statements, was a
generalization and not a law.
Metcalfe and Chalk (1983) take issue with Zimmermann and Brown (1971)
by stating that;
This is not correct for it is by no means unusual to
find pith in roots. This is brought out for example
in Esau's (1977) textbook when in her glossary she
defined 'pith' as 'ground tissue in the center of a
stem or root.' Esau added, however, that it is
uncertain whether the piths of stem and root are
homologous.
Carpenter and Guard (1954) studied the anatomy and morphology of
seedlings of four species of Quercus.

Their figure 7 clearly shows a

parenchymatous pith in a section 20 cm below the "collet" in the primary
root of a two-month-old Q. alba seedling.

A. small pith was present 35 cm

below the collet (their figure 8). No pith was present 50 cm below the
collet and 1 cm from the root tip (their figure 9). They also state that
at 1 cm below the collet, the "parenchymatous pith occupied 75 percent of
the total cross sectional area."
It was previously mentioned that ray cells are typically elongated
and rectangular in section. However, it is not uncommon to find cells
which are only slightly elongated in the radial direction. Some such
cells are present in Figure 115. These ray cells are not upright, but are
simply short procumbent cells.

Àll of the ray parenchyma cells which I

Ill
observed on radial sections were procumbent, just as in stem wood. In
some cases, species which have homocellular rays in the stem have
heterocellular rays in the root (Cutler, 1976; Patel, 1965). Abnormally
broad rays have also been found in softwood (Chamaecyparis lawsonia,
Juniperus communis, Taxus baccata. Thuja plicata) and hardwood (Acer
pseudoplatanus, Alnus glutinosa, Fagus sylvatica, Fraxinus excelsior,
Populus trichocarpa, Salix alba, and Ulmus carpinifolia) tree roots (Fink,
1982). In all cases, the broad rays were associated with adventitious
root primordia.
Closely-spaced uniseriate rays are common in the root wood (Figure
116). Intervening tissue was comprised of fibers and parenchyma (Figure
117). In specimens damaged by shrinkage, these areas, along with vessels,
were deformed and collapsed (Figure 118).

At low magnification (<10x),

these closely-spaced uniseriate rays appear to be broad oak-type rays.
Strictly speaking, these meet the definition of an aggregate ray.1
However, I have called these "closely spaced uniseriate rays;" they have
also been referred to as "abnormal rays" (Cutler, 1976; Riedl, 1937).

^Definitions of "aggregate ray:"
"A group of small, narrow, xylem rays appearing to the unaided eye as
a single large ray" (Committee on Nomenclature, 1964).
"In secondary vascular tissues, a group of small rays arranged so as
to appear to be one large ray" (Esau, 1977).
"Composite structure, consisting of a number of small rays, fibers,
and sometimes also vessels, which to the unaided eye or at low
magnification appears as a single broad ray" (Panshin and de Zeeuw, 1980).
"A structure of hardwoods appearing as a conglomerate of ray and
longitudinal tissue, so intermingled as to appear as a single broad ray
when viewed with the eye or the hand lens" (Core et al., 1979).
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I would agree that these rays in oak roots are abnormal in that
although they conform to the strict definitions of an aggregate ray, they
do not have the appearance of what I consider to be a "classic" aggregate
ray such as is found in Alnus spp. (alder) or Quercus virginiana (live
oak). Also, the key words "composite structure" and "conglomerate" in
Panshin and de Zeeuw's (1980) and Core et al.'s (1979) definitions do not
describe the structure, especially in tangential view.
In Figures 119 and 120, tangential views of the closely-spaced
uniseriate rays in black oak roots are shown.

Much of the tissue between

the uniseriate rays is comprised of axial parenchyma, and much of this is
strand parenchyma; there are few fibers.

Compare this to an aggregate ray

of alder (Figure 121). The appearance is much different, primarily
because the intervening tissue is mainly fibrous, with fewer axial
parenchyma cells. In addition, there are generally fewer cells between
the uniseriate rays (i.e., rays are closer together laterally) than in the
oak roots.

It is difficult indeed to visualize a composite structure in

the oak roots.

Therefore, although one could technically refer to

"aggregate rays" in the roots, I have chosen to call them "closely-spaced
uniseriate rays."
Live oak (Q. virginiana) does have unmistakable aggregate rays.
Eames (1910) presented a micrograph of an aggregate ray in the stem of a
seedling of Q. rubra.

Jeffery (1917) also presents micrographs of Q.

rubra roots that have definite aggregate rays (his figures 110b, 134, and
136). Possibly the species of Erythrobalanus have more propensity to
produce aggregate rays than do the Leucobalanus.

At any rate,
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multiseriate, uniseriate, and closely-spaced uniseriate rays occur in the
roots of the black oak trees I examined (Figure 12).
The numerous inclusions in root parenchyma have been mentioned.
Staining with iodine-potassium-iodide demonstrated that many of these
inclusions were starch grains. Figure 123 is a micrograph printed from a
black-and-white internegative of a color slide which showed the
blue-purple positive reaction for starch. Starch was localized in axial
parenchyma, uniseriate ray parenchyma, and multiseriate ray parenchyma.
There was no positive staining reaction in branch sapvraod (not
illustrated). Recall that these trees were harvested in July or August,
at which time some food storage activity would be expected.
Although it was beyond the scope of my intended work, I did briefly
examine some bark specimens. Some micrographs of bark are presented in
Figures 124-135. The inner bark (phloem) contains seive tube elements,
fibers, sclereids, axial parenchyma, ray parenchyma, and companion cells.
The outer bark (rhytidome) contains old phloem tissue and periderms
consisting of phellogen, phellem, and phelloderm cells. Bark structure
terminology has been reviewed by Martin and Crist (1970).
The bark structure of Q. alba and Q. rubra has been described by
Chang (1954). Howard (1977) examined and compared the bark structure of
11 species of southern upland oaks.

Nanko and Côte' (1980) described and

illustrated the anatomy of the bark of 13 species of hardwoods, including
southern red oak and white oak.

In their pictorial atlas of the wood and

bark of 23 species of hardwoods, McMillin and Manwiller (1980) presented
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color photographs of the macroscopic appearance of the bark of standin
trees.
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SUI4MAE.Y AND CONCLUSIONS

Complete-tree biomass was 245.18, 243.32, and 316.7 Kg for the two
stand-grown trees (tree numbers one and two) and the open-grown tree (tree
number three), respectively (lateral roots trimmed to 3-foot radius).
Stump/root, stem, branch, twig, and leaf components comprised the
following percentages of oven-dry complete-tree biomass:

tree number one,

26.9, 52.7, 9.6,, 6.7, 4.1; tree number two, 27.7, 53.6, 7.9, 6.4, 4.4;
tree number three, 28.0, 26.9, 21.0, 14.4, and 19.7 percent. Moisture
content decreased from roots to twigs.
There was no significant difference in wood plus bark or wood
specific gravity (SG) bet\7een the three trees.
were significantly different.

Locations within trees

For wood plus bark SG, branch (0.605) >

stem (0.579) > oblique root (0.495) > lateral root (0.465). The wood SG
had the same order with values of 0.628, 0.580, 0.475, and 0.457.

Oblique

root (0.590), lateral root (0.581), and stem (0.575) bark SG were
statistically equivalent and greater than branch bark SG (0.528).
Fibers were longest in the lower stem (1.04 mm), followed by lateral
(1.01) and oblique (0.99) roots (statistically equal), upper stem (0.96),
and branches (0.76 mm). Fiber radial diameter was greatest in lateral and
oblique roots (18.3 >tm), followed by stem (14.2) and branch (12.2 .um).
Oblique roots had the largest fiber lumen diameter (10.3 Km), followed by
lateral roots (9.4), stem (7.2), and branch (6.0/im). Thus, fiber double
tangential wall thickness was ranked as lateral root (8.9 «m), oblique
root (7.9), stem (7.0), and branch (6.2 /im).
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Branches had the highest percentage of vessels (16.9%) followed by
stem (13.5%), oblique roots (11.8%), and lateral roots (10.7%) (the latterthree approximately equivalent). Ray percentage was greatest in lateral
roots (36.3%), followed by oblique roots (29.4%), with stem (17.5%) and
branch (17.0%) smallest.

Branches and stems had the largest fiber

proportion (43.4 and 40.8%); oblique and lateral roots had less (33.7 and
32.5%). Axial parenchyma and vasicentric tracheid percentages were
greatest in the stem (28.4%) with oblique root, branch, and lateral root
components lower and approximately equivalent (25.2, 22.8, and 20.7%).
Aside from tissue proportion and cell dimension differences, root
wood differed anatomically from stem and branch primarily in pore
distribution. Rather than having a ring porous structure, root wood had a
semi-ring porous structure with pores often arranged in radial streams,
clusters, or dendritic patterns.

One other important difference was that

vessel-parenchyma pitting was scalariform in the root.
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APPENDIX A.
SCIENTIFIC AND COMMON NAMES OF QUERCUS SPP.
DISCUSSED IN THE TEXT
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Scientific and Common Names of Quercus spp.l
Discussed in the Text
Scientific Name

Common Name

Quercus asrifolea Nee
Q. alba L.
Q. bicolor Willd.
Q. chrysolepsis Liebm.
Q. coccinea Muenchli.
Q. falcata Michx. var. falcata
Q. falcata var. pagodifolia Ell.
Q. ilex L.
Q. imbricaria Michx.
Q. laurifolia Michx.
Q. lyrata Walt.
Q. macranthera Fisch and Mey.
Q. macrocarpa Michx.
Q. marilandica Muenchh.
Q. nigra L.
Q. palustris Muenchh.
Q. pendunculata

Coast live oak
White oak
Swamp white oak
Canyon live oak
Scarlet oak
Southern red oak
Cherrybark oak
Holm oak
Shingle oak
Laurel oak
Overcup oak
Caucasian oak
Bur oak
Blackjack oak
Water oak
Pin oak
Pendunculate oak or
English oak
Willow oak
Chestnut oak
English oak or
pendunculate oak
Northern red oak
Shumard oak
Post oak
Turbinella oak
Black oak
Live oak
Interior live oak

Q. phellos L.
Q. prinus L.
Q. robur L.
Q.
Q.
Q.
Q.
Q.
Q.
Q.

rubra L.
shumardii Buckl.
stellata Wangenh.
turbinella Greene
velutina Lam.
virjïiniana Mill.
wislizenii A.B.C.

Scientific and coomon names are according to Little (1979), with the
exception of Q. ilex and Q. macranthera. Their names are according to
Phillips (1978). Q. pendunculata is known as Q. robur.
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Key to Abbreviations

LM
SEN
r
t
X

Light micrograph
Scanning electron micrograph
Radial-longitudinal section
Tangential-longitudinal section
Cross-section or transverse section
All other abbreviations are explained on the figure captions.

All photographs and micrographs are original, from original light
microscopy slides, or scanning electron microscope specimens, unless
otherwise noted.
All samples for light microscopy were stained with 1% aqueous
Safranin 0, unless otherwise noted.

Figure 1. U.S. distribution of black oak (Quercus velutina Lam.).
Redrawn after Preston, 1976
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Stem wood of black oak

Anatomical features of transverse section. Large
earlywood vessel elements or pores (ew), small latewood
pores (Iw, upper center), axial parenchyma and
vasicentric tracheids (p), a multiseriate ray (mr),
fibers (f), a uniseriate ray (large arrow), a tangential
band of axial parenchyma (small arrows). LM, x; 50x
Anatomical features of radial section. Shown are fibers
(f), axial strand parenchyma (ap), procumbent ray
parenchyma (rp), a vessel lumen (vl), and vasicentric
tracheids (vt). The longitudinal extent of one vessel
element is delineated by the arrows. The small arrows
show part of the perforation rim at the top of the
vessel element. The rim at the lower end of the vessel
element is shown by large arrows. LM, x; 200x

i

Figure 4. Anatomical features of tangential section [Features labeled
are a multiseriate ray (mr, label in upper left), fibers
(f), axial strand parenchyma (ap), a uniseriate ray (u, to
right of ap), and a vasicentric tracheid (vt). 124, t;
200x]
Figure 5. Composite view of the three planes of section: Transverse,
tangential, and radial (clockwise from right) [Quercus spp.
SEM stereo pair. 49x]
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Figure 6. Black oak tree at Rhodes Farm [Hand-tool excavated trench
at 3.5 foot radius is shown. Photo by F. G. Manwiller]
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Figure 7. Method used to measure percent wood and bark and diameter
of sample discs from projected photographs [Photo by
Mon-lin Kuo]
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Figure 8. Method of measuring fiber lengths with the Zeiss
photomicroscope [Photo by Mon-lin Kuo]
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Figures 9-10.

Stump-root system of tree number one

9. Stump-root system trimmed to a three-foot radius.
Bar=l foot
10.

Stump-root system trimmed to a one-foot radius.
foot

Bar=l
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Figures 11-12.

Stump-root system of tree number two

11.

Stump-root system trimmed to a three-foot radius.
Bar=l foot

12.

Stump-root system trimmed to a one-foot radius.
foot

Bar=l
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Figures 13-14.

Stump-root system of tree number three

13. Stump-root system trimmed to a three-foot radius.
Bar=l foot
14.

Stump-root system trimmed to a one-foot radius.
foot

Bar=l
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Figures 15-17.

Macerations

15. Stem wood. LIl, 39x
16. Branch wood. LM, 39x
17.

Root wood.

LM, 39x
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Figures 18-20. Visual comparison of fibers, axial parenchyma, and
uniseriate rays
18. Stem wood. LM, x; 170x
19. Branch wood. LÎ4, x; 170x
20. Root wood. LM, x; 170x
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Figures 21-23.

Typical structure of stem wood of black oak

21. LM, x; 41x
22. LM, r; 41x
23.

LM, t; 41x
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Figures 24-26.

Typical structure of branch wood of black oak

24. LM, x; 42x
25. LM, r; 42x
26.

LM, t; 42x
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Figures 27-28.

Typical cross-sectional structure of root wood of
black oak

27. Portions of the first three growth increments in an
oblique root. LM, x; 50x
28.

Boundary of third and fourth growth increments in an
oblique root. LM, x; 66x
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Figures 29-30. Typical longitudinal section structure of root wood of
black oak
29. LM, r; 41x
30.

LM, t; 41x
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Figures 31-35. Vessel elements in black oak stem wood
31. Large-diameter ew vessels and small-diameter Iw
vessels. Some ew vessels have tyloses. SEM, x; 88x
32. A long ew vessel element. LM, maceration; 80x
33. A short ew vessel element. LM, maceration; 75x
34. A long Iw vessel element. LM, maceration; 75x
35. A short Iw vessel element. LM, maceration; 75x
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Figures 36-37. Tyloses in ew vessel elements of stem wood
36. Thin-walled tyloses; few tylosis walls are apparent in
vessel element in upper right. SEM, x; 196%
37. Thin-walled tyloses; tylosis walls are abundant. SEM,
X, t; 338x
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Figure 38. Tyloses in earlywood vessel of stem wood [The large
tylosis in the upper portion of the micrograph appears to
be "deflated" like a balloon against the back wall of the
vessel element. SEM, x, t; 786x]
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Figure 39. Stem latewood [Features of vessels, fibers (f), axial
strand parenchyma (ap), and ray parenchyma (rp) are shown.
Note the connection of the two latewood (Iw) vessel
elements at the lower right. SEM, x, r; 468x]
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Figures 40-41. Stem wood fibers and axial parenchyma
40. Some fibers are arranged in radial rows. The
apotracheal axial parenchyma (thin-walled, large
lumens) form tangential lines. li'I, x; 417x
41. Fibers have thicker walls and smaller lumen diameters
than axial parenchyma. One axial parenchyma cell is
heart-shaped. LM, x; 1317x
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Figures 42-43. Pitting
42. Bordered pits in a vasicentric tracheid of stem wood.
LM, t, 655x
43. A fiber with two bordered pits with slit-like
apertures (left center). This is a fiber tracheid
with small bordered pits. LM, r; 756x

Figures 44-45.

Gelatinous fibers in stem wood

44. Gelatinous fibers, axial parenchyma, and ray
parenchyma are shown. SEM, x; 1252x
45. Gelatinous fiber. The thick G-layer is separated from
the surrounding portion of the fiber wall. SEM, x;
8796x
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Figure 46. Axial parenchyma (ap) in stem wood [Two strands of axial
parenchyma are surrounded by fibers. Rectangular
structure and simple pits are apparent. SEM, r; 905x]

182

Figures 47-48. Rays in stem wood
47. Bead-like appearance of uniseriate rays. Fibers,
axial parenchyma, and vasicentric tracheids are also
present. LM, t; 170x
48. Fibers and rays ranging from uniseriate to
multiseriate are closely associated in an arrangement
similar to that of aggregate rays. LM, t; 165x
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Figures 49-51. Ray parenchyma in stem wood
49. A 20+ seriate ray. SEM, t; 469x
50. Lumen wall of earlywood vessel segment. Vessel-ray
pitting is shown in the center of the micrograph.
Vessel-fiber pitting is also present, and part of the
simple perforation rim appears in the lower left.
SEM, 737%
51.

Vessel-ray pitting from lumen side of vessel element.
SEM, 1514%

Figures 52-54. Pith of stem wood
52. Parenchymatous pith. The pith has a stellate
appearance in macroscopic views and is surrounded by
vascular tissue of innermost growth ring. SEM, x; 46x
53. Enlargement of Figure 52. Edge of pith tissue and
tissue comprising part of the first growth ring (right
part of micrograph) are shown. SEX, x; 375x
54. Parenchyma in pith with various inclusions.
crystals are present. SEM, x; 842x

Two
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Figures 55-58. Upper-crown and branch wood vessel elements
55. Vessel arrangement in upper-crown stem wood is similar
to the lower stem. SEM, x; 157x
56. Branch wood is also ring porous. Tyloses are frequent
in earlywood vessel elements and ring width is
variable. SEM, x; 39x
57. Earlywood vessel element of branch wood. LM,
maceration; 77x
58. Latewood vessel element of branch wood. LM,
maceration; 77x

Figure 59. Earlywood vessel element in branch, wood [The rim of a
simple perforation (pp) is visible inside of the vessel.
Thick-walled axial (ap) and ray parenchyma (rp) are
present. SEM, x, t; 1170x]
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Figures 60-62. Perforations in branch wood vessels
60. A series of three simple perforation plates in a
branch vessel. II-I, r; 403x
61. A simple perforation surrounded by fiber tracheids
with bordered pits. SEI4, r; 1323x
62. Part of a simple perforation rim joining two vessel
elements. Vessel-fiber, vessel-ray (lower left), and
vessel-vasicentric tracheid (lower right) pitting is
also shown. View from vessel lumen. SEM, r; 795x
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Figure 63. A simple perforation in an earlywood vessel of branch wood
[SEM, t; 1255x]
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Figures 64-65. Other features of branch wood vessels
64. Tyloses in an earlywood vessel element.

SEM, t;

65. Perforation plates with intact membranes (primary
walls) in sapwood. SEM, t; 385x

I

Figures 66-67. Fibers in branch wood
66. Fibers are frequently arranged in radial rows. IM, x;

169%
67. Fibers and thinneir-walled axial parenchyma; LM, x;
1367x
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Figures 68-70. Pitting in branch wood fibers
68. Apparent simple pitting in a libriform fiber? (Right
center and below). SEM, t; 1500x
69. Bordered pits in fiber tracheids. SEII, t; 3360x
70. Bordered pits in fiber tracheids. The cell wall is
unraveled, revealing the
fibril angle. SEM, 2184x
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Figures 71-73. Gelatinous fibers in branch wood
71. Gelatinous fibers and axial parenchyma.

SEM, x; 1536x

72. Gelatinous fibers. SEM, x; 3855x
73. Gelatinous fibers adjacent to a gourd-shaped
procumbent ray parenchyma cell. SEM, x; 4040x
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Figures 74-76. Axial strand parenchyma in branch wood
74. Portions of two axial strand parenchyma cells with
inclusions, possibly starch grains. SEM, t; 2740x
75. Simple pitting in axial strand parenchyma cells. SEM,
r; 1320x
76. A short axial strand parenchyma cell (center) adjacent
to ray cells (left). SEM, r; 1330
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Figures 77-79. Crystals in branch wood
77. Rhomboid crystals in axial parenchyma cells (arrows).
LM, polarized light, x; 194x
78. Crystals in parenchyma of a multiseriate ray. LM,
polarized light, t; 818x
79. Two crystals in a multiseriate ray. One has cell
membrane/debris covering it (upper center), another is
exposed (left center). SEM, t; 1310x
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Figures 80-82. X-ray microanalysis of branch crystals
80. Membrane-bounded crystal in an axial parenchyma cell.
SEM, secondary electron image, 600 /tm aperture, t;
1916x
81. X-ray map for calcium on same area as Figure 80.
1916x
82. X-ray spectrum from elemental analysis of crystal in
Figure 80 with energy-dispersive X-ray microanalysis.
The Kot peak for Ca is labeled
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Figures 83-85. Pith in branch wood
83. Parenchymatous pith, similar to stem wood (see Figure
52). SEM, x; 61x
84. Pith of another branch. Pith has stellate macroscopic
appearance, usually with five points. LM, x; 42x
85. Pith and part of first three growth rings in same
branch as Figure 84. LM, x; 42x
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Figure 86. Overview of root wood structure; lateral root [X, r, t
planes (clockwise from upper part of micrograph). SEM;
26Sx]
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Figures 87-90. Pore (vessel element) arrangement in root wood of
black oak
87. Semi-ring porous arrangement in tap root of tree
number two. A multiseriate ray is present on the
tangential face (lower right). SEM, x, t, r,
clockwise from top; 39x
88. Semi-ring porous structure with pores in streamlike
radial groups or clusters. Two multiseriate and many
uniseriate rays are present. From a lateral root of
tree number two. SEN, x; 47x
89. Pores in poorly defined radial groups approaching
solitary arrangement. Earlywood pores are slightly
larger than latewood, wood is semi-ring porous. SEM,
x; 39x
90. Pore arrangement approaching diffuse-porousness but
still best described as semi-ring porous with pores in
radial streamlike clusters. From a lateral root of
tree number two. SEM, x, r; 47x
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Figures 91-95. Vessel elements in root wood of black oak
91.

A simple perforation can be seen in the vessel element
in the upper right. SEM, x; 565x

92.

Earlywood vessel element. LM, maceration; 77x

93.

An earlywood vessel element with a long "tail."
maceration; 60x

94.

Note scalariform pitting on lower portion of the
vessel element. Same as Figure 93. LM, maceration;
130x

95. Latewood vessel element.

LM, maceration; 77x

LM,
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Figures 96-97. Fibers, axial parenchyma, and uniseriate rays in root
wood
96. Fibers, axial parenchyma, rays, and portions of two
vessel elements are shown. LM, x; 268x
97. Fibers, axial and ray parenchyma.

LM, x; 1344x
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Figures 98-100.

Pitting in root wood

98. Simple pits in axial (far left) and ray (left center)
parenchyma. Parenchyma often have circular contents,
probably starch (far right). LM, x; 873x
99. Bordered pits in vasicentric tracheids. Many are
shown in face-view; note also those cut in
cross-section in upper center of micrograph. LM, r;
816x
100.

Scalariform vessel-parenchyma pitting (upper left)
and bordered vessel-fiber pitting (upper right). LM,
r; 840x
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Figures 101-103. Vessel-parenchyioa pitting in root wood
101,102. Scalarifonn pitting between vessel and axial
parenchyma in an oblique root. LM, t; 840x
103. Scalarifonn pitting between vessel and ray
parenchyma in an oblique root. LM, r; 2200x
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Figures 104-105.

Pitting in root wood

104. Scalariform pitting between vessel and ray
parenchyma (left) and vessel-fiber pitting (right)
The specimen is contaminated with a fungal hypha
running diagonally across the lower right. SEM, t
1360%
105. Simple pitting in ray parenchyma. SEM, x; 3072x

f

Figures 106-109. Multiseriate rays in root wood
106. A multiseriate ray in a tap root.

SEM, x, t; 130x

107. A multiseriate ray in a lateral root, with a crystal
in one cell (upper center). SEM, t; 385x
108. Unidentified inclusions in ray parenchyma of a
lateral root. SEM, t; 1280x
109. Multiseriate ray divided by fibers (left, tangential
face) in a lateral root. SEM, x, t; 128x
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Figures 110-113.

Rays in root wood

110. Multiseriate ray in a tap root.
clockwise from top; 238x

SEM, x, t, r,

111. Multiseriate ray with procumbent ray parenchyma.
SEM, x; 268x
112. Uniseriate rays. Note that the fibers and axial
parenchyma are very thin-walled. From a lateral
root, near bark. SEM, x; 384x
113. Two uniseriate rays in a lateral root. SEM, x; 665x
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Figure 114. "Ontogenetic center" of root [Compare with pith of stem
and branch (Figures 52, 83, 84, 85). Also compare pore
arrangements. SEM, x; 37x]
Figures 115-116. Rays in root wood
115. Two uniseriate rays in an oblique root. SEM, x;
169x
116.

Closely-spaced uniseriate rays (right and left) in
an oblique root. In macroscopic view (i.e., with
lOx hand lens), these appear to be multiseriate
rays. SEM, x; 73x. See Figures 117, 119, 120
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Figure 117. Close-up of closely-spaced uniseriate rays in an oblique
root [SEM, x; 257x. See Figures 116, 119, 120]
Figure 118. A lateral root exhibiting severe defects due to air
drying of the specimen [SEI-I, x; 98x]
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Figures 119-121. Closely-spaced uniseriate rays in root wood
119. Uniseriate rays separated by large-diameter axial
parenchyma and some fibers in an oblique root. A
multiseriate ray is at the left. SEM, t; 228x. See
Figures 116, 117, 120
120. Closely-spaced uniseriate rays in an oblique root.
Axial parenchyma comprise much of the intervening
tissue. SEM, t; 165x. See Figures 116, 117, 119
121. An aggregate ray in Alnus rubra. Micrograph from a
commercial slide; Ripon Microslides. LM, t; 165x
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Figure 122. Multiseriate (mr), uniseriate (arrows), and
closely-spaced uniseriate rays (ur) are radiating from
the ontogenetic center of an oblique root [LM, x; 42%]
Figure 123. Localization of starch in an oblique root [Starch is
located in axial parenchyma, uniseriate ray parenchyma,
and multiseriate ray parenchyma (arrows from left to
right). Stained with aqueous iodine potassium iodide.
From internegative of color slide. LM, t; 235x]
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Figures 124-127.

Stem bark

124. View from exterior of bark. SEN, x, r, t (clockwise
from top); 15x
125. Outer bark (top) and some inner periderms (bottom).
SEM, x; 17x
126. Thick-walled fibers and thin-walled parenchymatous
tissue comprising part of two periderms. SEM, x;
98x
127. Thick-walled periderm fibers. SEM, x; 909x
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Figures 128-131.

Branch bark

128. Part of outer three growth increments in sapwood
plus inner and outer bark. The multiseriate ray on
the left is slightly dilated and deformed by drying
defects. SEM, x; 39x
129.

Outer layers of bark; some tissues are crushed.
SEN, x; 430x

130. Three- to four-cell-wide cambial zone (horizontal
zone in upper center) with bark tissue above and
xylem tissue below. SEM, x; 464x
131.

Bark fibers, parenchyma, and sclereids. LM,
maceration; 41x
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Figures 132-133.

Branch bark macerations

132. Fiber and sclereids, one with porcine morphology.
LM, maceration; 420x
133. Fiber and sclereids. Fiber has numerous small
apparent simple pits. LM, maceration; 650x
Figures 134-135. Root bark macerations
134. Sclereids. LM, maceration; 520x
135. Some cells exhibit very unusual morphology. LM,
maceration; 165x
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