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ABSTRACT 

Stem straightening and tension wood formation in advance red oak and white oak reproduction 
were studied. Saplings straightened either as a result of a lateral branch assuming dominance or by a 
reorientation of the leaning stem. Tension wood fibers were greater on the upper side than on the 
lower side of straightening stems. The greatest concentrations of tension wood fibers were in or above 
the stem region in which straightening took place. Tension wood fiber formation began immediately 
following release and continued at an increasing rate for the period studied. The ratio of upper increment 
width to lower increment width was greater in the zone of maximum straightening and several years 
after straightening had begun. 
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INTRODUCTION 

Understory seedlings frequently have nonerect stems with flat-topped crowns. 
Such seedlings, if they are shade-tolerant, often remain in the understory for long 
periods of time. If the overstory is removed, these seedlings may undergo stem 
straightening (Trimble 1968). 

Straightened stems usually contain tension wood. Tension wood occurs on the 
upper side of leaning stems and is characterized by an eccentric stem cross section 
and an abnormal amount of gelatinous fibers. Gelatinous fibers may occur singly, 
in isolated groups, or in broad bands. Usually they are more abundant in broad 
than in narrow growth rings and may be present in one growth ring and absent 
from the next (Atkins and Pillow 1950). The frequency of gelatinous fibers was 
found to be directly related to degree of lean in Populus and Salix spp. (Berlyn 
196 1) and in Acer saccharinum and A. rubrum (Arganbright and Bensend 1968). 
On the other hand, gelatinous fibers were observed in nonleaning P. deltoides 
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IAl T Y P E  1 S A P L I N G  T Y P E  2 S A P L I N G  

FIG. 1. The sapling sampling plan. (A) Segments were equally spaced along the stems and assigned 
to regions 1, 2 or 3 depending on the location involved in stem straightening. (B) Data were collected 
on wedges taken from the upper and lower stem halves. 

(Isebrands and Bensend 1972). Cano-Capri and Burkhart (1 974) could not detect 
a change in the frequency of gelatinous fibers associated with increasing degree 
of lean in Quercus falcata. They did observe, however, a change in the distribution 
of such fibers between the lower and upper sides of leaning stems. Even though 
there are many inconsistencies in the literature, the occurrence of gelatinous fibers 
is considered to be the best indication of the presence of tension wood. 

In 1963, following a heavy single-tree selection cutting in a mixed-northern 
hardwood stand, fifty understory oak seedlings or seedling-sprouts were identified 
and classified, according to vigor, erectness of stem, and crown type (Carve11 
1967). Height measurements and photographs were taken in 1964, 1965, and 
1966. These data and photographs were used to track seedling development after 
release. Many of the seedlings regained vigor and exhibited stem straightening. 
Stem straightening came about as a result of a lateral branch assuming dominance 
and becoming the erect stem or by the main stem becoming more nearly vertical. 
In the first instance we expected that tension wood would be formed in very 
localized stem areas, whereas in the latter case extensive areas of the stem would 
show tension wood. 
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FIG. 2. The two methods of stem reorientation. (A) Type I sapling in which a lateral branch 
assumed dominance, and (B) Type I1 sapling in which reorientation occurred over an extended portion 
of the stem. 

PROCEDURE 

In 1977, twenty-six of the original seedlings with flat-topped crowns, of which 
a photographic record had been maintained, were examined. By comparing the 
photographic record with visual evidence in the field, nine of the 26 living saplings 
were determined to have undergone stem straightening. These nine, and two 
control saplings that had been erect since 1964, comprised the study material. 

The original upper surface of the lean of each sapling, determined from the 
photographs, was marked. The tree stem was also marked at intervals of 15.24 
cm to a distance of 1.2 m above the ground line. 

The eleven study saplings were cut by sawing slightly below the ground line, 
and transported to the laboratory where they were dissected according to the plan 
shown in Fig. 1. At each interval a segment 2.5 cm long was cut beginning at the 
ground line. They are referred to as segments one through nine in this paper. 
When a branch or other defect occurred at one of the preselected segments, the 
segment was taken 2.5 cm higher. Each sapling was divided into three regions to 
indicate whether a given segment was located above, region 3, within, region 2, 
or below, region 1, the observed area of the stem reorientation. 

Estimation of stem reorientation 

The degree of lean of each stem was determined from photographs taken in 
1964, 1965, 1966, and 1977. The actual vertical could only be estimated in the 
1964, 1965, and 1966 photographs. A square grid background held vertically 
behind the saplings made it easier to determine the degree of lean in the 1977 
photographs. 
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The photographs indicated that straightening came about in two distinct ways 
(Fig. 2). Type I saplings exhibited a definite point of reorientation, which was 
occasioned by a lateral branch assuming apical dominance and subsequently 
becoming the main stem. Three saplings under went this type of straightening. 
Type I1 saplings exhibited main stems, which underwent upward bending over a 
large portion of their stems. Six saplings were designated Type 11. Two erect 
saplings (the controls) were designated Type 111. 

Specimen preparation 

After softening in boiling water, each segment was separated into the upper and 
lower stem halves, based on the direction of straightening. A wedge extending 
from the pith to the bark was prepared from each half and stored in equal parts 
of glycerin and 70% ethanol. 

Transverse sections, 14 pm thick were cut from each wedge using a sliding 
microtome. The sections were affixed to glass slides using 1% gelatin and formalin 
and allowed to dry 24 hours at 60 C. The sections were then differentially stained 
with 1% aqueous safranin 0 and 1% alcoholic fast green (FCF) by the method of 
Berlyn and Miksche (1 976). Staining time varied from 4 to 5 hours for safranin 
and 30 to 60 seconds for fast green, depending on the time required to obtain 
proper color differentiation. This combination of dyes causes the walls of normal 
wood fibers to stain red because of the presence of lignin, and the unlignified inner 
wall layer of tension wood fibers to stain green. 

Data collection 

The total age of each sapling was determined by counting growth rings at the 
ground line cross section. All other data were taken from paired upper and lower 
stem segments. Ring widths were measured and recorded to the nearest 0.1 mm. 

The occurrence of tension wood fibers was estimated using a combination of 
earlier methods described by Atkins and Pillow (1 950), Terre11(1952), and Kaeiser 
(1 955). These authors devised frequency classes as a means of visually determining 
the percentage of tension wood fibers in a microscopic field of view. The number 
of tension wood fibers in each growth ring was expressed as a percentage of the 
total number of fibers and subjectively assigned to one of five frequency classes. 
These classes were 0, 25, 50, 75, and 100%. In some growth rings, up to three 
frequency classes were assigned because of the extreme variability in the occur- 
rence of tension wood fibers across increments. For each frequency class, the 
distribution of tension wood fibers was found by means of a dot-grid system. The 
percentages of tension wood fibers were obtained as the product of frequency (f) 
and distribution (d) where: 

5 

2 (fn x dn) 
n= 1 

Percent Tension Wood Fibers = x 100 
total dots counted (1) 

For example, a growth ring may have been assigned two frequency classes of 25 
and 50. If, when using dot-grid system, it was found that there were 66 units in 
frequency class 25 and 34 units in frequency class 50 then: 
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TABLE 1. Characteristics of the saplings by type, segments within regions and extent of lean for the 
four study years. 

Sap- 
ling 

Region Lean 

type I 2 3 1964 1965 1966 1 9 7 7  

......... .. ............................. Segment number ............................... ........... ............................... Degrees ........... ................... 

4 

5, 6 
4, 5 
1, 2, 3,4, 5 ,  6 ,  7 
2, 3,4,  5 
2, 3, 4, 5 
1, 2, 3 , 4 ,  5 
4, 5 ,  6 ,  7 
2, 3, 4, 5 ,  6 
No reorientation 
No reorientation 

Percent Tension Wood Fibers = 25(66) + 50(34) loo = )3.5010 
66 + 34 

Both northern red oak (Quercus rubra L.) and white oak (Quercus alba L.) 
saplings were included in the study, and the data for the two species were combined 
for analysis purposes. This combination appeared to be acceptable since the lit- 
erature available to the authors made no reference to a difference in response to 
lean between the two species. In addition, the fine structure of the two species is 
quite similar. Light microscopical studies by Williams (1 942) revealed no differ- 
ences between the two species except for the character of tyloses. Wheeler and 
Thomas (1 98 1) concluded that, for the most part, the ultrastructural characteristics 
of the two woods are similar. 

Statistical analysis 

Statistical comparisons were made using a linear model in the analysis of vari- 
ance. Tension wood fiber formation and growth increment width were the two 
dependent variables studied. One aspect of the analysis compared the difference 
of percentage of tension wood fibers and increment widths between the upper and 
lower stem segments. The former was expressed as Percent T, - Percent T,; and 

TABLE 2. Average dzference in percentage of tension woodfrbers between upper and lower stem halves 
by sapling type and region. 

Type Reg~on 

Percent 
14 N S  
24* 

9 NS 

Percent 
14 N S  
21** 
24** 

* S~gnificant at 0.05 level of probabll~ty. 
** S~gnlficant at 0.01 level of probab~l~ty. 
NS = Not slgmhcant. 
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TABLE 3. Average d~fference in the percentage of tension wood fibers between upper and lower stem 
halves for nine years following release. 

Year Age class Percent All class comparisons 

1 10 1 vs. 2* 
2 1 5 1 vs. 3** 
3 7 - 2 vs. 3 NS 

Average 7.3 

4 12 
5 2 22 
6 29 - 

Average 2 1.0 

7 3 2 
8 3 28 
9 32 - 

Average 30.7 
* Slgn~ficant at thc 0.05 level of probability. 
** Signlticant at the 0.01 level of probab~lity 
NS = Not significant. 

the latter was compared using the ratio of upper to lower width &. Comparisons 
1, 

were made between saplings for the average of the data from the three types, three 
regions, and also by regions within types. 

The data, determined on all microscopic sections within a region, were averaged 
by year starting with 1962. Nine consecutive years from this date were examined 
and designated year one through year nine. When no data for 1962 were available, 
because of insufficient sapling height, the first growth increment from the pith 
was designated year one, a procedure that permitted data from one section to be 
averaged with data from another section. This method, designated as a Type 111 
sequence by Duff and Nolan (1953), removes certain intrinsic variables that may 
contribute to errors in growth increment measurements. It effectively assigns new 
growth to year one, which is the first year following release. This removes the 
potential for statistical error that would result from averaging new rapid growth 
with slower growth at a lower location in the sapling. 

To study changes over the 9-year time interval, years were grouped into age 
classes. Class 1 included years one, two, and three. Class 2 consisted of years four, 
five, and six, and Class 3 was made up of years seven, eight, and nine. 

RESULTS AND DISCUSSION 

Reorientation of stems 

The location and extent of reorientation for each of the saplings studied are 
given in Table 1. Type I saplings, those in which a lateral branch assumed dom- 
inance and became the main stem, underwent a change in orientation from an 
average lean of 39" to one of 33" during the three years immediately following 
release and after 13 years exhibited an average lean of 16". Note should be made 
of the fact that only one or two segments were considered to be in region 2 because 
reorientation occurred in a restricted area of the stems. 

Most Type I1 saplings responded very dramatically to release. The average lean 
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TABLE 4. Analysis of variance of tension woodjiber dzferences between upper and lower stem halves 
by type, region, and year. 

Source df SS MS F 

Type 
error 

Region 
Regionhype 

error 

Year 
Yearhype 
Yeadregion 
Year/region/type 

error 

** Significant I O/o level. 
NS = Not significant. 

was 34" in 1964 and 15" in 1977. Two saplings in this group exhibited negative 
lean, i.e., leaned in a direction opposite to the original direction. This overcor- 
rection was thought to be the result of changing openings in the forest canopy. 
The number of segments considered to be in the zone of reorientation ranged 
between four and seven and encompassed a considerably broader area than was 
observed in Type I saplings. The reorientation did not begin at the ground line 
in all saplings of this type. In one, no reorientation occurred below 45 cm and in 
three others orientation did not occur at the lowest segment. 

Occurrence of tension woodjibers 

Tension wood fibers were observed in both the upper and lower stem halves 
of the segments of all saplings when grouped by type or region. In each instance 
there was a greater number on the upper side of stems (Table 2). There were 
differences associated with both sapling type and region. Their significance was 
examined by means of Fisher's t test. Tension wood fibers were significantly more 
abundant in the upper segment halves than in the lower segment halves in Type 
I1 but not in Type I and I11 saplings. The greatest difference occurred in the 
saplings exhibiting the greatest degree of straightening. The difference between 

TABLE 5. Average ratio of upper to lower growth increment width by type, region, and age class. 

Type Reglon Age class 

Ratio 
- - 

Year Ratio 
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TABLE 6. Analysis of variance. Test of increment width ratio of upper to lower stem segment. 

Source df SS MS F 

Type 
error 

Region 
Regiodtype 

error 

Year 8 
Yearhype 16 
Year/region 16 
Year/region/type 16 

error 160 

NS = N,>t sign~ficant. 

segment halves was also influenced by region. The difference was significantly 
greater in regions 2 and 3. 

The change in the occurrence oftension wood fibers over time was also examined 
(Table 3). The difference between the upper and lower halves of segments increased 
with time following release from less than 10% in the early years to approximately 
30% later. The significance of this change over time was tested, comparing the 
average percent difference for three age classes, by means of a t test. The difference 
in the frequency of tension wood fibers was significantly less in the early years of 
release than in later years. 

A comparison of percent tension wood fibers between sapling types, regions 
and years was made using analysis of variance (Table 4). There was no significant 
effect of types or regions, but there was a significant effect of year. The lack of 
significance of two of the main sources of variation and all of the interactions is 
probably due to the small sample size. Combining of the two species for analysis 
purposes also may have contributed to the lack of significance. Analysis of variance 
was also performed using stem reorientation as the covariate. The results were 
similar to those in Table 4; therefore, the simpler model was chosen for all analyses. 
The significant year effect was due to the small values during the initial years 
following release (Table 3). 

Growth increment width 

The ratio between growth increment widths in upper and lower stem segments 
l u  
- was determined. The arithmetic means of this ratio or type, region, and age 
I L 

class are found in Table 5 .  
The ratios show that the increments were wider in (1) the upper half of the 

segments, (2) Type I saplings, (3) region 2, and (4) in age Class 3 segments. There 
is a suggestion that ratios increase with age following release. 

In the analysis of variance for growth increment ratios, no significant variation 
was detected at the 5% confidence level for any of the comparisons that were 
made (Table 6). In addition, no difference was found using the analysis of the 
more complex model with stem reorientation as a covariant. 
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CONCLUSION 

During a period of stem reorientation, a greater percentage of tension wood 
fibers occurred on the upper side of the stem segments than on the lower side. 
The greatest percentage of tension wood fibers occurred in and above the regions 
in the stem in which reorientation took place. Tension wood fiber production 
varied with time. More fibers were produced in the latter six years studied than 
in the first three years following release. Increment widths were not greatly affected 
by stem straightening, but the ratio between increment widths on the upper and 
lower side increased as stem straightening occurred. 
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