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Abstract |

”Dormant'séésbﬁ~wgod/bark adhesion wéézdetermiﬂed for 24lhéfﬂﬁood‘speciés ﬁsing'a
previously described Iﬁéfron‘testiné machine method. >Wdod/barﬁ adhesion was com-
pared, using simple and multiple correlation techniqﬁés; with bark specific grévity,?‘
inner bark strength, bark toughness, wood specific gravity, wood toughness, percent
bark fibers, and percent sclereids. Wood/bark adhesion was found to be positively
correlated with percent bark fibers, bark toughness, and inner bark strength.
Wood/bark adhesion was negatively correlated with percent sclereids in the-baxk.
Morphologically, it appeared that the presence of fibers increased inner bark
strength, sclereids decreased inner bark strength, and inner bark strength had a
major influence on wood/bgrk adhesion. A multiple correlation co@parison employing
wood toughness and inner bark strength accounted for 697 of the wood/bark adhesion
encountered.

Introduction

As more and more emphasis 1s placed on improved wood utilization and increasing
numbers of COﬁpanigs turn to whole-tree chipping as a way of maximizing per acre
fiber yield, efficient handling of bark and the problems associated with bark become
impefative.l Specieé-tb-species, trée—to—tree, and within-tree differences in bark
are cbﬁsiderable. This variation has made it evident that a single best solution to
the bark probleh“couldrhdt be deveidped and that additional kﬁowiedge was needed
regarding differences in adhesioﬁ between wood and bark of the various bdlpwood spe-

cies.

*The authors are Senior Research Associate and Research Fellows, The Institute of

Paper Chemistry, Appleton, WI.




The bark anatomy of common North American pulpwood species has been described by
Chang (1). Several investigators (2;5) have discussed the influence of cambium-
activity and the number of newly formed xylem and phloem cells on ease of peeling.
However, little has been done to critically examine morphqlogically what structures
are destroyed in separating wood and bark, either during the "peeling season” or at
times when wood/bark adhesion is high. Similarly, little attempt has been made to
explain the reasons'for differences between species in wood/bark adhesion during the

growing season or the dormant season.

" With this in-mind, the Institute established a program to systematically charac-
terize the most important North American pulpwood species. The objectives were to
(1) measure accurately seasonal changes in wood/bark adhesion for 24 hardwoods and
(2) examine between—species and seasonal morphological differences in the failure
zone in an attempt to correlate morphological'differences with measured wood/bark
adhesion. In an earlier paper*, the test developed for measuring wood/bark adhe-
sion was described. 1In this paper, differences found in wood/bark adhesion among
the various hardwoods and the simple and multiple correlations run to determine

those factors important in bark adhesion are described.
Methods and materials

Sampling techniques were described ip a previous paper by Harder 35.223*'
Briefly, they involved removing a disk or wedge-shaped sample from a tree and pre-
paring small (3/16 x 3/16 x 1-1/4 inch) tabs which incorporated both wood and bark
from the disk or wedge. The tab then had a cut made through both the wood and bark
sides with the two cuts overlapping. The distance between the two cuts was

1/8-inch, the bottom of the two cuts overlapped 0.010-inch, and the surface area of
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the wood/bark interface was 0.0234 square inch or 0.151 square em. The specimens
were mounted in aﬁ Instron tester-and adhesion measured using shear parallel to.the:
grain. The specimens were then examined to determine where failure had occurred.
The anatomical structure of the bark was examined in additional. specimens .to deter-
mine what cell types, structure, and degree of cell differentiation were important

in wood/bark adhesion.

Pfeiimiﬁary.ﬁood/bark adhesioﬁ measurements conductea througho;t the year for
sévé;él tree speciésvméde it possible to limit suﬁseduent measurements to twice
during the year. This resulted in the establishment of a procedure involving
collections from two or three trees during the dormant season and a similar two- or
three-tree collection during the growing season. Growing season samplingiéaé' |
discontinued afterlmeasurements were completed on 22 . species, including both coni-
fers and hardwoods, when little variation was encountered in adhesion values
(245-588 kPa). -Growing season failure zones quite consistently were located in. the_
cambium zone or’'in the newly formed and only partially lignified xylem elements. just

inside the cambium zone.

Additional méasurements used in conjunction with the wood/bark adhesion measure-
ments included bark strength, wood and bark toughness, wood and bark speéific
grév;ty, percent bark fiber and percent sclereids in the bark. ﬁargnstfength
meqsurements were made using essentially.the same procedﬁre as used in measuring
wooa/gark adhesion with the exceptiﬁﬂ that, when inner bark strength was being
tested, the CutsAin the test specimen were prgpared so as to'overlap in tﬁe inner
bark zone. When testing the strenggh of the o;ter bark, the cuts ﬁefeilécated to
§ver1ap in the outer bark region. ﬁobd-and bark toﬁghness wefe measured by uéing
the -energy required to rupfure a sﬁall bark or wood sémple by bending with ; forée-

parallel to the diameter of the tree and expressed as J/mz.
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Specific gravity of small wood and bark samples was determined using a water
displacement technique that is a modification of TAPPI Standard Method T18 m-53. To
obtain percent bark fiber and sclereids, bark from breast high (4.5 ‘feet) -samples
was micropulped using the procedure of Thode et al. (6). An aliquot:of-the.bark
sample was oven dried to provide yield data, and'the rest was kept in a.wet state- .-
and put through a series of screens, including 60-mesh, 100-mesh, 150-mesh, and -
200fmesh. The fractions that stayed on each screen plus the fraction that passed

through all screens were examined for the type of cellular material they contained.

EYE
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T IR Results and discussion S L e

Bark variability
‘After‘examination of 24 hardwoods, it became obvious that. there.was significant-
diversity in- the anatomical makeup of 'hardwood barks.  .One consistent. feature. was-
theé présence of sc¢lerenchyma (fiberlike cells and sclereids),.but- the proportion-of:
. A
the%eﬂcélﬂs=infthe'bark is‘apparently both species— and age—dependent.- The, location

of sclerenchyma in hardwood bark is given in Table 1.
ERRA e [Table 1 here]

A particularvhardwood bark mayAcontain fibers and/or sclereids, with both cell -
types being commonly associated with the inner bark. Fibers were found in this zone
in all species except red alder, white birch, and s&camore.u Sclereids'were found;in
all species examined except eastern cottonwood, yellow—poplar,—shagbark.hickory,
white ash, and black willow. Seven different species of oak were examined
including red and white oaks from both the southern and rnorthern United States. All
contained both fibers and sclereids in their inner bark and sclereids in their outer

bark (except northern red oak). Thus, bark composition is relatively similar in

commercial oaks. Noticeable distinctions can be made between red and white oak
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barks, but these are related to the arrangement of the phloem cells and to the

morphology of the outer‘bark or rhytidome.
Wood/bark adhesion measurements

Dormant season wood/baxk adhesion is the impor;ant parameter asspciated with
debarking -problems, and dormant season values were measured for 24 hardwoods. As a
result of the measureﬁent'data taken and observations made of the failure zone, 1t
became clear that, for hardwoods, dormant season wood/bark adhesion was related to

inner bark strength and inner bark morphology.

Hardwood dormant season wood/bark adhesion varied from 3006 kPa for shagbark
hiékafygfo 706—765 kPa for &hite oak. The relationships Ehat exist between hérd;
wood dbrmaAt.séason wood/bark adhesion and bark sfréngth and morbhology were exam—
ined bf‘running-é series of simple and mulitiple éofrelations between wood/bark
adhesibn and wéoﬂ'specifié gravity, bark specific gravity, percent bark fiber; per—
céﬁt §éie¥éid§, wood'toughﬁess, bark toughness, total bark strengtﬁ, and inner bark
strength. Table 2 éummarizes parameters impdrtént to understahding wood/bark adhe-
sion, and Table 3 summarizes the simple correlétion matrix iﬁvolQed.- Hardwood
wood/bark adhesion was found to be positively correlatea with percent bark fibers,
wood toughness, bark toughness, inner bark strength, and inner + outer bark
strehgth. Wébd/ﬁark adhesion was negatively correlated Qith the percent sclereids
in thé bark.. Seﬁeral multiple correlatibns were run iﬂ ah effort to determine thosel
v;riébleswthaﬁ would be mﬁst useful in estimating wood/bark adhesion. Percent bark
fiber, woodAtoQghness, and inner bark strength proved‘fo be the most uséful of the
variables investigated.' Bark toughness was also highly correlated with wood/béfk"
adhesion but was not used in the final mulitiple corfelation‘becauSe it'waé'correlatéd

with several of the other parameters.

[Table 2 and 3 here]
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Table 4 summarizes the data for the four most promising multiple correlation
comparisons. Based upon F-tests and Rr2 values, comparison II, using wood toughness
and inner bark strength, turned out to be the most useful. Use of the variables %
fibers and inner bark strength, comparison III, also provided a useful estimate of
wood/Bark adhesion. The relative importance of the independént variables can be
determined.by comparing the standard partial regression coefficients ). Whén this
is done, it becomes apparent that inmer bark strength is several times AS'important

as the other independent variables in estimating wood/bark adhesion.
[Tablé 4 here]

Morpholqg%cally, ;he presence of fibers increases inner bark strength, and when
sclereidg are present, bark strength is usually lower. Inner bark §trength, in
turn, has_g major influence on‘dqrmant—season? hardwood wood/bark adhe;ion. The
mulﬁ%ple correlatiqn comparison_gmploying wood toﬁghness and inner bgrk s;reng;h
acgqqnts,for 69Z of.the wood/bark adhesion variation encounteréd., Use of inperlbark
st;qu;hmalgne provides almost as much informa;ioq about wood/bark adhesion as‘tﬁe

sample correlations (Table III) demonstrate.
Failure zone examination studies

Bark,.particularly that of hardwoods, is rather comp}ex, and, apparently, severgl
factors influence its a§Hesion to wood. As stated under bark variability, fiberg
were found in all species egamined except red alder, white birch, and sycamore. Ibe
presence of‘f;bers tends to increase adhesion during the dormant season, whereas the
presence of sclereids has a neggtive influence on wood/bark adhe;ioﬁ. Species
lackipg sclereids (eastern cottonwpod, yellow-poplar, shagbark hickﬁry, white ash,.
and black willo&) uniformly had high adhesion values, tﬁe most extreme gxample beiﬁg

shagbark hickory, which had the highest adhesion values of any species examined.

'
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Figure 1 shows the seasonal variation in wood/bark adhesion for sugar maple. This
adhesion pattern is typical of that usually found in samples examined throughout the
year, with failure during the growing season.occurring in the newly formed - xylem
initials just inside the cambium zone and- during the dormant season in the. inner
bark. In addition Aray pull—out' areas are evident in the August 1Q collection.
Shown in Figure 2 is.an example of adhesion in the oaks, again with growing season

adhesion failure in the area of the cambium zone and newly formed xylem initials and

dormant season adhesion failure occurring in the inner. bark. . - . .
~ L . . . [Figures 1 and 2 here].

-There are instances where. the prediction of wood/bark adhesion for previously
little-utilized species is desirable. Through a thorough understanding of bark
morphology, ‘it appears that difficult—to-debark species (high wood/bark adhesion)

can be identified. This requires information on the presence of fibers and scler-

eids and the distribution of these sclerenchyma cells in the inner bark as well as a

measure. of inner bark strength and wood toughness. Several species seem to be excep—-

tions to the rule that fibers increase wood/bark adhesion and sclereids decrease
adhesion. These exceptions are the reason there is a low muitiple correlation,(R2 =
0.41) when only percent fibers and percent sclereids are used to predict wood/bark
adhesion. Explanation of the reason for exceptions.like silver maple andlwhite

birch will require additional examination of the inner bark cell characteristics.

Simple and multiple correlation investigations indicate wood/bark adhesion can
be estimated satisfactorily using information on inner bark strength and wood tough-
ness. 'This suggests there are alternate methods of identifying-difficult-to-debark
species. Presently, at least one organization is utilizing wood/bark adhesion data
to determine drum debarker dimensions. Direct measurement of wood/bark adhesion

appears to be a practical measurement technique and a useful research tool.
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-"TABLE-1. '~ Loéation”gﬁ_sclerenchymaa-Egbhardwoodgbarku .

Tree .type

Fibers

18D

T Sclereids

ogb -

I8

Aspen - = Quaking-
Cottonwood. - Eastern
"~ = Black

iﬁaple, ;{- Sugar
) Silver
Red

‘Sweetgum B

""Birch

White
,éycamore.:

Lﬁ?iellow—pépiar
Tupelo .- Black

. Ash _. - White
. = Green
Beech ;~ — American .
C Hiickory | - Shagbark

<

Willow

Black

'.Qak-whité - Northean
: = Southern
- Post

- = -Southern -

sty R

-‘Black

_.Oak-red - Northern

x fnd

R

XM MM

Lo

- Pin -- X
Alder L LT REd . . SR s i , - IR - -

a8Truye fibers of sclereids.

b1B - inner bark, OB - outer bark.




TABLE 2. —"Between—species comparisons of wood and bark characteristics.

Wood/bark Inner-

Adhesion, kPa bark - Wood Usable Total -
Peeling Dormant strength, toughness,. bark sclereids,
Species season? season kPa J/m? fiber, %P %C

Quaking aspen 628 1118 883 441 10 13.17
Eastern cottomwood * 431 1324 1736 373 9 ©0.25
N. black cottonwood - 1834 1363 294 12 0.70
Black willow ' - 1726 1020 431 21 - 1.29
Sugar maple ' 569 990 137 1177 3 15.88
Silver maple 598 1383 333 : 490 6 17.27
Red maple - 1216 1108 618 12 © - 5.19
White birch 500 1177 157 667 0 22,28
Sycamore - 1451d 598 490 0 0.03
Sweetgum - 1500 794 275 5 2.76
Yellow-poplar - . 1628 1314 - 226 13 0.99
Black tupelo - 1324 941 549 5 - 0.34
White ash — 2334 1961 667 .16 ' 1.02
Green ash - 1706 1236 628 13 4,39
Shagbark hickory 373 3001 2452 1451~ ° 15 © 0.01
American beech : - 912 726 1000 0.2 24.24
Red alder -- - 1275 804 490" -° 0 11.04
Post oak - 1196 667 - 647 . 4 8.30
Pin oak -- 1265 °~ 1030 628 2 10.48
Black oak - 2108 1147 : 843 5 8.91
N. white oak 471 . 765 451 - 608 3 8.56
S. white oak -— 706 461 961 3 22.74
N. red oak 245 824 206 . 912 5 12.61
S. red oak 530 804 353 539 4 17.75

8Dashes mean that adhesion was not measured for those species during the growing
season.

bysable bark fiber is the amount of fiber retained on the 60- and 100-mesh screens
when bark samples were micropulped and screened.

CTotal sclereids is the amount of sclereids found in the total bark sample when
micropulped and screened.

dsamples failed in tensile.




strength (9)

TABLE 3. - Simple correlations between hardwood wood: and bark characteristics?.
Variables () (2) (3 ) Gy D (&) D)

. Wood/bark = . ... . o S S
adhesion (1) 1.0 =-0.09 -0.05 0.59** -0.56** 0.40 0.72** 0.78** 0.83**
Wood specific . ok
gravity (2) . 1.0 0.64** -0.29 0.36 0.73 0.32 -~ 0:.16 -0.11
Bark specific e e P
gravity (3) 1.0 -0.48%  0.50 0.62** 0.26° 0.20 -0.22
/ Bark fibersr .

) : 1.0 -0.60** -0,03 ..0.51% . 0.45% . 0.68%*
% Sclereids | ‘
(5) - 21,00 0,20 ~0.38-. - 0.41% -0.68%*
Wood tough4:} o e L
‘ness (6) i 1.0 0.65** . 0.63** 0.29
Bark tough-= ' I ok "ok
ness (7) 1.0 0.92 0.68
‘Bark LR N *k
strengthb (8) 1.0 0.76
Inner bark

1.0

Y BYalues from 0.404 to 0.515 significant at 0.95 level of probability

greater than 0.515 significant at 0:99 level of probability (**)

: Average of innér -and outer bark- values. .

k#),',vaiﬁes



TABLE 4._— Variables important in estimating. hardwood wood/bark adhesion.

" Standard

Independent variables PRC2 F-testP .R2€
+I. % Fibers . o B : . 0.1534 0.802.°
Wood toughness 0.1301 1,092
Inner bark strength ’ 0.7064 18. 38 = 0.70

Regression equation W/B adheéion = 541 S + 13. 9S(X1) + 0. 239(X2) ¥+ o. 655(X3)

II. Wood toughness e T e . 0.1315 0. 764
Inner bark strength 0.615 46.04 0.69

"..: Regression eqﬁation W/B adhesion = 579.79 + 0.1942(X;) + 0.7615(X2)‘”

III. 7% Fibers 0.1143 0.465 .
Inner bark strength 0.7497 20.66 0.69

‘Regression equation W/B adheé;on = 692.7 + 10.39(X1) + 0.695(X2)

IV. 7% Fibers S 0.659 15.34
Wood toughness 0.228 1.89 0.43

Regression equation W/B adhesion = 715.44 + 59.87(X;) + 0.418(Xp)

a5t andard -partial regression-coefficients feflect the”iélafivencontnibutionfof;the
- several independent variables to the regression equationms. ~
bp-test for significance of regression coefficients;.wvalues greater than 4.3 are

significant at 95% level of probability.
cRZ value greater than 0.36 are highly significant when the number of variables, k =

2; 0.43 values are required when k = 3 (Equation 1).




Figure 1.

Seasonal changes in the location of the zone of failure in sugar maple; A
- May 18 collection, failure in phloem parenchyma and sieve tube area
(PP-ST) just outside the cambium zone (CZ); B -~ June 1 collection,
failure in cambium zone (CZ); C - August 10 collection, failure again in
the PP-ST area, with failure being influenced by the "pulling out” of
phloem rays.




Zones of faillure in northern red oak are illustrated for the growing
season (top) and dormant season (bottom). The growing season failure
zone was located between the cambium zone and the adjacent last—formed
immature xylem cells. Failure during the dormant season occurred in the
inner bark, primarily between the collapsed phloem sieve tubes and the
parenchyma cells adjacent to the more recently formed tangential bands of
phloem fibers close to the cambium. Magnification - 75X.




