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Abstract

A method for photographing and digitizing radial growth on section
rounds from destructively sampled t}ees for stem analysis was developed
and compared in accuracy against hand measurements on those same rounds.
Results indicated a high degree of correlation between photographic
values and hand values when recording radial growth and total number of

rings. Relative merits of this orocedure are discussed.
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Introduction

Traditionally whole tree stem analysis has been carried out either
to develop a height over age relationship for site guality evaluation
(cf. see Curtis, 1964; Monserud, 1975) or to develop growth data essen-—
tial in situations where extensive remeasurements of permanent plots are

not available (see Herman gt al, 1975; Turnbull, 1958).

While the most accurate and direct way of investigating the
development of a tree is by means of stem analysis (Prodran 1951), it
requires intensive labor and is quite expensive, As early as 1926
Reineke 1introduced a planimeter method to aid in reducing the work of
volume determination in the field. Other cost cutting methods include
paper rubbings to take ring impressions on paper by application of gra-
phite (Douglass, 1919}, or use of plastic overlays to record ring count
and growth. Herman et al (1975) selected a representative radius from a
transverse section cut for latter laboratory processing. These methods
all attempt *to reduce the amount of time necessary to take field mea-
surements or to reduce the bulk of material to be transported from the
field to the laboratory. To be effective any alternative field pro-
cedure must still permit the accurate count of the total number of rings
and capture the requisite growth information on section rounds. This
paper presents an alternative methed of recording the data from fLree
section rounds based upon photographing section rounds and digitizing

the ring locations from the resulting photographs.



dethods and Materials

Data available for this study were from an ongoing cooperative
growth and yield project in the mixed conifer region of California com-
bining the efforts of twelve oprivate 1industry cooperateors and the
University of California-Berkeley. A&s part of the overall study trees
on thirty clusters of three one-~fifth acre plots each and eight clusters
of two one-tenth acre plots each were located in Yorthern California for
a stem analysis project. Appreoximately thirty trees were felled per

cluster for a htotal of more than one thousand trees.

A uniform field procedure was selescted to allow for consistent and
accurate measurements and simplicity in application by all companies.l/
Using this procedure, each tree selected for stem analysis was fellad
and section rounds (1-2" thick) wers taken at stump neight (1.5'),
breast height, and at subsequent log intervals (16.5" or 20.5"), Each
section was tagged and photographs were taken for use in further labora-
tory analysis.

Section Preparation

Each cross-section was tagged and cross-lines were drawn in MNorth-
3outh and East-West directions with a lumber c¢rayon or a felt tip
marker. An arrow was drawn toe indicate the North direction. 4 ruler
was included in each photo Lo indicate the scale of the photograph (See
Figure 1). 3ubsequent processing consisted of two components: (A} the

section rounds were photographed and (B} the photographic transparencies

v Tnitial field testing of procedures was completed by Champion

Paper Company in the winter of 1979/80.
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were digitized to record the ring widths on magnetic tape for computer

analysis.

&. Photographic Procedures

The photograpnic procedures wers designed to maximize the resolu-
tion of the photo and the contrast between spring wood and summer wood,
while holding costs to a minimum. The film selected for use was Ekta=-
chrome ASA 54, a readily available, high-contrast 35mm color film. To
further heighten the ring boundary contrasts, photos were taken in
direct sunlight whenever possible. To maintain resclution the minimum
shutter speed used when the camera was hand-held was 1/250th second
(1/60%h second if the camera was mounted on 2z tripod). To maintain a
minimum depth of field the minimum f-stop was 5.6; the recommended

f-stop was 3.0 (or higher}, The type of camera used varied among

egooperators.

The relationship between distance from the camera to the szaction
and the width of the annual rings was found to be a major factor in the
resolution of the rings in the photo. Photos were taken from various
neights above sections from test trees felled on the University's
Blodgett Experimental Forzst. To determine the maximum distance that the
aamera should be from the round, photos were taken at several distances
for rounds with varying numbers of rings per inch, This showed that the
maximum distance at which rings could be distinguished conformed to the

following relationship:

Maximum camera \ = 10 X {Minimum 5 year
distance (feet) increment (inches)
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For example, if the minimum 5 year increment to bDe photographed was .25
inches, the maximum neight of the camera over the section would be 2.5

feet,

Becguse of variations in saw sharpness and the handling of the
rounds prior to the photography, ohotographers were advised to check the

resclution in the view finder and to reduce the distance if necessary.

Depending on the diameter of the sections and the width of the
annual rings, one photo may not include the entire section., Provisions
for dividing a section into two or more photos were devised (refer to
figure 1), A common reference point, marksd on the previously drawn
eross lines, was included in svery pair of photos, Photographs weare
taken from aopropriate heights depending on the area of the section to
be covered in the photo and the width of the annual rings in the area.
Finally a photo of the entire section was taken to help piece the larger
scale pnotos together,

8. Digitizing

The total number of rings and yearly radial inerements were meas-
ured and recorded using the digitizing function of a scanning microden-
sitometer built by the Space 3ciences Laboratory at the University of
California-Berkeley, This machine is capable of manuzally or azutomati-
cally scanning photographic transparencies {up to a %" square image) and
nas a geomebtric resolution of 02,0005 inches. The unit includes an
automatic 35mm film advance mechanism for transporting the film across
the scanning stage. Output from the microdensitometer is to a 9-track

800 bits per inch magnetic tape drive for subsequent data processing.
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In this procedure a photographic frame is projected onto a screen
at a scale of about 20X. 4 cursor is used to locate points along a
straizht line from the pith to the outer edge of the round for each
annual ring. The ecartesian coordinates of these points are then
recorded on magnetic tape. In addition, two points along the scale,
seen in the photo, are used to determine photo scale. This effectively
avolds taking photographs at fixed distances as used in a similar pro-
cedure by Thies and Harvey (1979) 1in estimating area of defect on
rounds.

Comparison with Hand measurement

4. Selection of test rounds

Seventy breast height sections were selzcted for analysis of the
accuracy of Ithe photographic interpretaticon techniques. 3Six classes
Wwere formed to test for differences in ability fte delineate annual rings
dependent upon species and rate of radial growth. These six species
growth rate classes are given in Table 1, The species tested include

ponderosa pine (Pinus ponderosa), Douglas Fir (Psuedotsuga menziesii

(Mirb.) Franco), white fir (Abies concolor (Gord. % Glend.) Lindl.

(Towiana [Gord.1)), red fir (Abies magnifica A. Murr.), sugar pine

(Pinus lambertina Dougl.) and incense cedar {(Libocedrus decurrens

Torr,).
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Species Classes

Table 1. Number of rounds by species and growth classes.

E Growth 5 E 3 i
E Rate E Firs (white,red,Douglas) ; Pines {ponderosa, jeffrey,sugar) % Tncense cedari
—— . ; :
| Slowl/ | 5 : 15 i 10 i

g d
ii Fast2/ I 5 " 15 | B |
! I I l !

1/ . . .
— If any of the six most current five year radial increments were

between 0.15% and 0.5 inches the round was clsssified as slow growing.

2 .
= If all of the six most current five year radial increments were

greater than 0.5 inches the round was classified as fast growing.

Because of the paucity of incense c¢edar rounds growing radially
more than 0.,5" in five years this class was dropped from consideration.
As sections became available in the stem analysis project they were
chosen to fill the remaining 5 classes (see Table 1), The photo posi-
tive transparencies were then visually scanned to ensure that they could
be digitized, 1.e. the rings were visible and distinct in at least onz
quadrant of the photograph delineated every HSO from north (see figure
2). *'

8. Hand measurements

DBH sections selected for this study were measured in one quadrant
of the round of several typically identified as being suitable for digi-

tizing (see figure 2). In the quadrant selected, the disk was sanded
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using a hand-held disk sander primarily to remove mold and debris. The
total number of rings were counted and recorded,. Additionally, five

year radial inerements (RI RI cvey R / inside bark were measured

1
5* 10? Igo)_

to the nearest one=fiftieth of an inch and recorded.

C. Test Procedures

Two sets of measurements were taken -- total number of rings and
current five vyear radial increment for the last six five-year periods,
Tests were undertaken to compare the tree ages and radial increments
using the hand and photographic methods, TIf both methods produce the
same or similar resulis we can conclude that both are accurate. r
there are significant differences we will hold that the hand mea-
surements are the standard by which to judge the accuracy of the photo-
graphic technique. However, the effort expended on obtaining hand mea-
surements is far too great to allow us to measure 3all rounds in this
way.

Analysis

Analysis of the data was undertaken to assess the accuracy of the
photographnic procedures as compared with the hand measurements on the
same rounds. If both methods prove accurats we would expect that a line
representing the relationship between these two measurements would have
an intercept (bo) of zZero and a slope (bT) of one. Subsequently 1% will
be tested whether the regressions can be considered to be through the

origin with slope coefficient near one. S3Since the quality of digitizing

1/ . i , .

— Radial increment is denoted RI. Radial increment between the
current year and five years prior is denoted RI., similarly 3130
denotes the five year radial increment between yegrs 26 and 30,
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and hence accuracy may depend upon species and growth classes bests will
be undertaken to examine whether the regressions are different for the
¢lasses presented in Table 1.

4. Total number of rings Tec 1investigate whether or not the

regression model relating photo to hand measurements for total number of

tree rings goes through the origin two models were postulated:

. : . .. .. 1
HAIJ boj + b]; PAlJ + elJ (1z)

HA. . = b, . PA. . + e, {1b)
1] 1j i] 1j

where HAij is the age as measured by hand for
the ith section and jth class
Pa . is the age as measured by photographic
techniques for the ith section and the
jth class.
To test the significance of the classes in Table 1, Models (la and 1b}
were compared against the following medels:

HA
i

bo + b1 PAi + ey (1e)

=]
HAi b1 AAi + ey (1d3

where HA and PA are defined as in model {(la) except

all classes are combined

If both methods are accurate we would expect an intercept (bo) of
Zero and a slope (b]) of one. Regressions for medel (la and Tc) were
performed and the hypothesis that bO was equal to zero was tested for
both models., For all groups, excluding slow growing firs (Model 1a), we
could not reject the hypothesis {at d = 0.05) that b, was equal to zero.

For slow growing firs bo was computed as 5.83 (3,E = 2.08). S%ven though



b0 is significant for this group the ages of the rounds were %7 £to 83
years, Thus when extrapolating to the origin it is not unexpected that
b.| may not be zero since the sample for this group included no trees at
young Aages, This test was repeated for model (le¢). Similarly for all
classes we could not reject the hypothesis that b0 Wwas equal to zero.
Thus the models (la and l¢) were refit while constraining them to go
through the origin (Model 1b and 1d). The resulting coefficients and
fit statistics are given in table 2a. The coefficients (b]) in table 2a
for each class were all near one with each being greater than 0.97, but
less than 1.00. Therefore it appeared that the ability to count number
of rings was the same for all classes. Hence a test was formulated to
investigate whether the regression coefficients for the individual
classes (Model b)) were significantly different from one another, Table
2b provides the values for the computed F. Based upeon the sample data
we could not reject the hypothesis at € = 0.05 of equality of regres-—
sionLLgl Thus there is no evidence to indicate that there was differen-
tial ability in counting total number of rings based upon the designated
species and growth classes, Therefore as judged overall or by indivi-
dual classes total number of rings measured by hand correlated guite
highly with the number of rings discerned via photographic techniques,
Additionally, all standard errors of regression were less than 2 years

with the exception of incense cedar. For the combined model the stan-

dard error of regression was 1.7 years and coefficient of variation of 3

1/ See, eg., J. Johnson, Econometriec Methods (Hew York: McGraw-
Hill, 1963) pp. 192-207,

2/
= The power of the F-test was greater than .95 for this and all
subsequent F-tests.



percent. Thus for every 2 of 3 measurements we can exceplt an accuracy

of within 3 years for 100 rings.

B. Five year radial growth As for the total number of rings, a

simple linear regression model was postulated and run for each of the
five classes to associate hand wmeasured five vyear radial increment
values with those measured using photographic techniques. First, how-
ever, nand measures required a correction facteor to account for shriak-
age since sections were not stored under controlled conditions., MacLean
(1945) showed that shrinkage of section rounds is due to only radial
shrinkage 1if checking 1is disregarded. In essence the diameter after
seasoning (Da) is equal to diameter before seasoning (Db) Limes a
correction factor. Thig correction factor is: 1—Pr(l - M/30) where Pr
is the unit radial shrinkage for a species and M is the moisture content

to which wood is seasoned,

Thus D
a

Db (1-Pr(1-M/30))

and hence D_ = D_ (1-P_(1-%/30))""
b a r
Values for Pr' which are species dependent, are compiled from Maclean

{(1945) and presented in Table 3, The postulated regression models for

growth were:

LAta)
3G = . PG, .
i ] bOJ * b1JPG1J * 8y (2a)
H6'S) s b PG, + e, (2b)
1] 1j i3 1]
where HG(?) is the 5 year radial growth as

ij

measured by hand and corrected for shrinkage

for the ith section and jth class


http:.+b1.PG

PGij is the 5 year radial growth as
measured by photographic techniques for

the ith section and jth class

Hels) v 4 b.pG. s e, (22)
i o} T 1
Hel® - b, PG, e, (2d)
i 1 i 1
whare HG(C) and PG are defined as in model (2a)

except Lhat zll classes are combined

As for total number of rings if this method of measuring growth is
accurate we would expect an intercept (bo) of zero and a3 slope (b1) of
one. Regressions for model (2a and 2¢) were performed and the
hypothesis that bo was equal to zZero was tested for both models, For
all groups {Model 2a) we could not reject the hypothesis {at & = 0.05)
that bo was equal to zero. This test was repeated for model Z¢ in which
all classes are combined, Similarly we could nct reject the hypothesis
that bo was not different from zero. Thus the models (2a and 2¢) were
refit while constraining them to go through the origin (Models 2b and
24Y. The resulting coefficients and fit statistics are given in table
Ha, The coefficients in table Y4a for each class were all near one with
each being between 0.97 and 0.98 except for slow growing pines which had
a slope coefficient of 1.01, Therefore as was found for total number of
rings it appeared that there was an essentially equal ability Lo measure
radial growth among all five classes. To f%est this hypothesis an
analysis of covariance was undertaken and Table #4b provides the values
of the computed F. Based upon the sample data we could not reject <the

hypothesis of equality of regressions at d = 0,05, This demonstrates an
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equal ability to digitize annual rings Ffor growth between the five
classes. Thus we conclude that the five year radial increments were
measured equally well by hand as those measured by photographic tech-
nigues, Also, all standard errors of regression were less than 0.125
incnes. The standard error of regression for the combined model was
less than 0.10 inches which corresponded to a value of 15% of the mean 5
year g}owth of 0.658 inches.

Evaluation of the digitizing system

The analysis of number of rings and growth indicated that there was
a high degrese of correlation between photegraphic and hand measurement
feehniques and that the photographic technique is essentially unbiased.
To evaluate 1its accuracy several comparisons can be wmade., One com-—
parison is of the photographic techniques against repeated hand mea-
surements on sanded disks which represents the best alternative labora-
tory procedure, Another comparison is against the accuracy of repeated
hand measurements on unsanded disks which more closely approdimates the
original field conditions under which measurements can be taken.

A. Repeated measurements on sanded disks

Forty disks uwers selected for hand measurements to be taken by two
separate technicians in the same 45° quadrant (see figure 2) from north
on sanded disks. A simple linear regression was postulated for each
species and growth class to relate total number of rings as measured by
one technician to total number of rings as recorded by the second tech-
nician, Next the regressicon was run with all classes combined. Simi-
larly regression models were postulated for radial growth. (For model

form see equations la, 1b, 2a and 2b.) As in the prior investigation an



analysis of covariance was undertaken to test the hypothesis of 2quality
of regressions for both total number of rings and radial growth for each
of the five growth and species classes. As previously, no evidence
existed to reject the nypothesis of equality of regressions at d = 0.05.
The regression coefficients and fit statistics are presented in Tables
5a and 5b only for the model with all c¢classes combined. For the regres-
sion of fotal number of rings the standard error of regression was 0.57
years, This compares with a standard error of 1.71 years cbtained when
number of rings via hand measurements is regressed upon number of rings
via photographic techniques., While larger, the standard error for the
photographic technique represents a coefficient of variation of only 3

percent. Thus no further analysis of ring counts was made.

For the regression of radizl increment oa repeated measurements of
sanded rounds (increment measured Sy one observer as a function of
inerement measured by another observer) the standard error of regression
was 0.055 inches with a coefficient of variation of 8%. This compares
Wwith a standard error of regression of 0.099 inches and a coefficient of
variation of 15% for the regression of radial increment as measured by
hand on radial increment as measured photographically. This indicates
that under 1ideal circumstances, i.e. having a sanded disk to measureg,
one could expect a standard error of regression roughly one=half as
large as that obtained using photographic techniques.

B. Repeated measurements on unsanded disks

Te approximate field conditions forty recently cut disks were hand
measured for radial increment by two independent observers in the same

45° quadrant (see figure 2). Disks were brushed to remove debris but
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weres not sanded. As in model 2b, a simple linear regression model for
all species and growth classes combined was postulated to correlate
radial growth as measured by one technician to radial growth as measured
oy the second technician., Regression coefficients and it statistics
are presented in Table 5c¢ for radial increment for all classes combined.
The standard error of the regression was 0.082 inches with a coefficient
of wvarlation of 22.8 percent. This result is quite similar to that
obtained via digitizing %techniques (Sy.x = 0.099; <V = 15%). One would
expect, nowever, that 2 value of 0,082 inches would underestimate the
standard error obtainable in the field since 1in this laboratory test

lighting and other factors were faveorably controlled,

Results and Conclusions

A technique for photographing and digitizing section rounds was
presented as an alternative to tradiftional field measurement techniques
for stem analysis procedures. Five categories of species groups and
growth classes were analyzed for accuracy of measurement of five year
radial increments and total number of rings. Results showed that there
was essentlally an  equal accuracy and precision for digitizing annual

growth and counting rings in all five classes considered.

Total number of rings was accurately estimated by both digitizing
techniques and by hand measurements under laboratory conditions. The
standard errors of regression were 1.7 and 0.6 years, respectively,
This represents a coefficient of variation of 3 percent or less which is

adequate for most applications,
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The digitized values for 5 year radial increments were correlated
with wvalues achieved by sanding and measuring test rounds. A simple
linear model was fitted Lo predict hand measured values as a function of
digitized wvalues. The resulting standard error of regression was 0.099
inches. This is considerably larger than c¢an be obtained with repeated
hand measures on sanded rounds for which a standard error of regression
of 0.055 inches was obtained, However, in an attempt to more closely
approximate field conditions repeated measurements on unsanded rounds
were taken with a resulting standard error of sstimate of 0.082 1inches.
In probability this underestimates the standard error that would be
obtained under actual field conditions. Thus the digitizing procedure
produces 5 year radial increment values similar in precision to those

that could be obtained via field measurement technigues.

Ancillary benefits include dramatic reductions in the time for
field data collectien, elimination of bulk +transfer of wood to the
laboratory and associated problems of shrinkage and molding. Too, the
photographic transparencies provide a long term record that is readily

accessed should the section require reanalysis.

Drawbacks, however, of this procedure include requisite access to a
digitizer and accompanying computer softwars. Additionally, high resc-
lution photographs are necessary to delineate springwood and summerwood
borders, Thus rounds nzed to be retained until the film is developed
and inspected for quality of image to determine whether rephotographing
is mandated. Should a section nesd rephotographing it may require sand-
ing to remove mold and to improve the photographic image. None-the-

less, this method provides z viable alternative to the extensive time
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required to undertake field measurements of number of rings and radial
growth in traditional stem analysis while providing the same data preci-

sion.
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Figure 1. Labelling a section for photographing
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Figure 2. Delineation of quadrant in which the
photograph was digitized
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Table 2b.

q’lt -

Analysis of Covariance for Model [ 1b] and Model [14].

| ! Pines : Firs | Cedar | All Classes|
( ( 1 I [ 1
1 | | ] ] |
! ‘ slow , rapid | slow , rapid | slow | Combined |
i t ! | 1 ' 1 1
' 1 1 1 ] ] 1 |
E residual sum E i i i ! i E
! ! 1 { 1 ) [ [
| of squares | 52,978 ; 33.025; 21.981; 20.299 ; 62.090 |  207.073 !
1 1 ( I | 1 ! !
, Total residual 3S | ! | ! i : |
1 [ ¥ 1 1 1 i !
1 1 1 1 t 1 1 1
' pines, firs, cedar | 194,373 | | | j : :
: I | i i I |
- (207.079 - 194,373) X(p=-1) _ 12.706/8 _ 590
194 373/N=Xp T O194.373/60 T ¢

where N = 70 = toftal number of observations

K =2

P=5

F(8,60,.950) = 2.

number of parameters in model

number of classes

10
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Table 3. Unit radial shrinkage values.

] i
: Species P tlfg
l ’ E
EPonderosa pine } 0.039 ; 14 E

| 1 1
i Sugar pine i 0.029 i 4 1
{ \ 1 ¥
| White fir {0,032 ¢ 14 {
r H 1 1
E Douglas fir E 0.050 i 1 ;
é Incense cedar i 0.033 i 14 :
| : : I

Average value of moisture content level at

storage facilities of the Forest Products Laboratory,

Richmond, California in 1981,
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Table 4b. Analyses of covariance for model [2az] and model [2b].

Pines Firs Cedar A1l Classes ;
: : : : :
1 ] 1 ] Ll
! slow |, rapid | slow , rapid | slow | Combined |
i ! 1 t I ] 1
' 1 ! 1 I ) 1
residual : i i i ) { :
; . i ' i i i
1 1 i +
sums of squares | 0.9914 , 1.3387 i 0.3644 \ 1.1949 1 0.1846 b4, 11407 j

1 ] I 1
1 ' 1 | 1 1 i
total residual 8§ ! ) E | \ \ :
! ) 1 y 1 1 I
1 1 1 1 1 ] I
pines, firs, cedar ! 4,0740 | ; ! ! : !
1 1 i | |
. j . } i i )

r oo (4.11407-4.0740) K(p=t) _ _.OT1/8 o o0
4,11407/8-Kp T4, 062/U08 T T

F(8,408,.950) =

where N = 418
K =2 =
D =5 =

1.96
= total number of observations
number of parameters in the model

number of classes
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a,b,c. Regression coefficients and fit

statistics for all classes combined.

5a

5b

5S¢

Number of rings-

Sanded disks

Growth-

Sanded disks

Growth—

Unsanded disks

: : ! :
: | | :
: ! ! ! :
: ; : { |
Po 0.1752 i 0.0007 | 0.00684 |
I I I I 1
bo, 0.9978 0.9882 1.01400 |
I ] ] ] 1
S 0.5663 | 0.0553 ! 0.082 !
1 b i 1 | 1
bre 0.9982 | 0.9732 | 9.910
] I I I 1
'y 57.256817 | 0.675927 | 5.350837 |
I I 1 I 1
s, 13.2143 | 9.3375 ! 0.2740 |
1 1 1 ] 1
Lo/ 1.0 | 8.2 | 22.81
| | ! ! !
n 39 233 | 230 1
| | | | |

1/ _

- ¥y = Zyil)/n where y§1) = number of rings

on 15t nand measurement for round i

2/

- ¥y = Zyé])/n where yi1) = 5 year radial

growth on 13% nand measurement for round i

Y is as defined in 2/

(Sy.x/g) € 100



