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SUMMARY

A transect line sampling system comprising
sets (grids) of Iines was developed to estimate the inci­
dence, distribution and area of root rot caused by
Phellinus weirii (Murr.) Gilbertson in Douglas-fir
stands. Estimates of total area of root rot were deri­
ved from intersection length and probability of occur­
rence; the latter was also used to estimate area and
number of infection centers by size class. In simula­
ted stands, two methods of measuring infection cen­
ters, radial and linear, gave accuracies of 96-109 and
94-114% of true area, respectively. Double sampling
with regression was used to estimate areas of centers
measured by an approximate (rectangular) method
from those measured by linear or radial methods.
Estimates of center area by regression ranged from
97-101% of true area. In simulated stands, esti­
mates of total root rot area by intersection length
and probability of occurrence methods ranged
from 94-112 and 95-105% of true area, respective­
ly. Systematic location of transect lines within
grids resulted in smaller variation than randomly
located lines.

Field tests of the methods in 17 stands,
3 to 119 ha in area, gave estimates of 0.8 to 41.4% of
stand area ir infection centers. Average estimate of
root rot area by intersection length method was 110%
of that estimated by probabil ity of selection and
variance of estimate was greater. Estimates of root rot
area remained relatively stable as the number of grids
used was increased from 3 to 5. Regressions of
accurately measured infection center area on approx­
imately measured area were highly significant in all
stands.
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RESUME

Un systeme d'echantillonnage par transect
lineaire a ete mis au point pour evaluer I'incidence,
la repartition et I'aire de Phellinus weirii dans les
peuplements de Douglas taxifolie. Les estimations de
I'aire totale du Pourridie ont ete derivees apartir de la
longueur d'intersection et de la probabil ite de selec­
tion; on a utilise cette derniere aussi pour evaluer
I'aire et Ie nombre de centres par categories de
grandeur. Un double echantillonnage avec regression a
ete utilise pour evaluer la superficie des centres
mesures approximativement apartir de ceux mesunis
avec precision. Dans des peuplements simuleS, la
localisation systematique de lignes de transect a I'in­
terieur des grilles a produit de plus petites erreurs
d'echantillonnage que les Iignes aleatoires.

Des essais de la methode sur Ie terrain dans 17
peuplements d'une superficie de 3 a119 ha ont four­
ni des estimations de 0,8 a41,4% de la surface des
peuplements dans les centres ou sevit Ie Pourridii'
Dans deux peuplements ou I'aire du Pourridie avait
ete mesuree par d'autres methodes, les estimations
concordaient. L'estimation moyenne de I'aire du
Pourridie par longueur d'intersection a ete de 110%
de celie evaluee par probabilite de selection. La
regression des centres mesures approximativement sur
les centres mesu res avec precision etait grandement
significative dans tous les peuplements (b = ,710 ­
,829). Cinq organismes et compagnies utilisant cette
methode I'ont favoris{e.



INTRODUCTION

Root rot caused by Phel/inus weirii (Murr.)

Gilbertson is responsible for large volume losses in
second-growth stands and imposes severe Iimitations

on the number of intensive management options
available to managers for infected stands. Although

there is a need to obtain a better estimate of the
overall losses to this disease, the first priority is
to develop a method which provides estimates of
this root rot in stands designated for intensive silvi­

cultural treatment. To choose optimal stand treat­
ments, managers must have a knowledge of the ex­

tent and distribution of P. weirii. Infection of young
trees by P. weirii occurs initially when roots contact
the fungus surviving in the roots and stumps of the
previous stand. Subsequent tree-to-tree spread

occurs where diseased and healthy roots are in
contact. This mode of spread results in aggregation of
infected trees in centers. The distribution of infection
centers in a stand may be random or clumped, partly
depending on the distribution of infected stumps in
the previous stand.

Infect ion centers are most often recogn izab Ie
by the presence of stand openings containing stand­
ing dead trees or wind-thrown trees with characteris­
tic root rot symptoms, i.e., root-balls and laminated
pitted rot, or Iiving trees with crown symptoms, i.e.,
shortening of terminal shoot growth, chlorosis and
distress cone crops (Wallis 1976). Trees in the earlier
stages of infection may show no above-ground
symptoms, thus the disease almost invariably extends
beyond the boundaries of a visible infection center.

Detection and delineation of P. weirii centers

using various remote sensing media has been only
partially successful. Weber and Wear (1970) found

little thermal radiance differences among the various
classes of root rot-infected trees they examined.
Williams and Leaphart (1978) identified well-estab­
lished P. weirii centers in Douglas-fir stands in north­

ern Idaho to a 92% accuracy, using Ektachrome film
at a scale of 1 :4000. Johnson and Wear (1975)
reliably rated large openings in stands in the Cascades
of central Oregon; however, in coastal stands where
ground cover obliterated many details of infection

centers, errors in interpretation ran to 50%. Reliable

estimates of the occurrence and distribution of
small openings in young stands using remote sensing
techniques appear to be somewhere in the future.
Aerial sketch mapping of root rot is unsuited to

quantitative estimates because of these difficulties in
recognition and mapping of root rot centers (Harris,
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pers. comm.).

Various ground sampling systems have been investiga­
ted. Sequential sampling of root rot (caused primarily
by Armillaria mel/ea (Fr.) Kummer) in 15-to-17-year­
old Douglas-fir plantations provided only a broad

classification of incidence (Foster and Johnson
1963). Waters (1978) concluded that without infor­

mation on the mathematical distribution of infected
trees, it was impossible to construct decision bound­

aries for sequential sampling. Random samples using
20-tree quadrats (Foster and Johnson 1963) gave
large coefficients of variation (C. V.), 52-230%, and

required sampling intensities of 4.3 to 46.8% to give
10% precision of estimate. Stratified random samples
reduced this variation only slightly. Waters (1978)
found that prism plot sampling in P. weirii-infected
Douglas-fir stands gave large sampl ing errors. Sam­

pling by belt transect, 33 feet wide, was more accu­
rate than prism plots in estimating the propor­

tion of stand area affected by root rot and provided
estimates of number and average size of infection
centers. However, biased estimates resulted when
centers partially intersected by the transect were
included. Including only those centers wholly within
the transect greatly decreased the number sampled

and resulted in a large variation. Waters inferred that
estimates of center size would be greatly improved
if the survey methodology included a factor for
"probability of encountering" various sized centers.

The highly aggregated distribution of root rot
in stands (Foster and Johnson 1963) is the major
factor responsible for the large variation in sampling
systems which are based on number of diseased
trees in plots. A further contributing factor is the
deterioration and disappearance of root rot-killed
trees over time.

This report describes the derivation and test­
ing of a design for a ground-survey for estimating

incidence, distribution and area of P. weirii infection
centers, taking account of the complexities described
above. Application of the method is described in a

separate report (Bloomberg et al. 1980).

DEVELOPMENT OF SURVEY METHODS

Choice of Survey Method

A ground-survey system for Phellinus weirii
root rot, acceptable to operational managers and
providing the necessary information for treatment

decisions in infected stands, should meet the fol-



lowing criteria.
a) The system should be flexible in allowing

some choice of accuracy relative to the time and
funds available for surveying stands.

b) The system should be applicable over the
range in stand conditions in which the disease is
found.

c) Following a short training period, field
procedures should be understandable by field crews
with a knowledge of volume cruising.

d) The system should be compatible with
stand volume cruise procedures.

e) Data recording, processing and analysis
should be designed to minimize clerical input and
maximize computer application.

Because infection centers continue to enlarge
over many years, during which many of the early­
ki lied trees deteriorate and are lost to the stand,
accurate estimates of disease incidence cannot be
based on number or size of infected trees. The
occurrence of the disease in discrete infection centers
suggested that the frequency and total area of these
centers relative to the area of the stand would be
appropriate estimators of disease incidence and could
be converted to number of stems or volume using
stand tables. Sampl ing methods based on transect
lines have been successfully applied to estimating area
of vegetation types independently of their distribu­
tion (Canfield 1941; Hasel 1941) and are compatible
with methods of volume cruising in forest stands.
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Fig. 1. Location of baseline may be outside (A) or
inside stand (B), but must extend full length
of stand; i.e., between lines at right angles
to baseline and passing through opposite
extreme edges of the stand (C,D).

Intersection Length Method

Theoretical justification for the following
method of estimating root rot area is given in Appen­
dix 1 (Cumberbirch 1976). The total area of root rot
centers within a stand can be estimated by running a
straight transect line through the entire stand, sum­
ming the lengths of the segments of the line which
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Fig. 2. Sampling plan consisting of three grids each containing four transect lines.



PROJECTION LENGTH (P)

fall within centers (intersection lengths) and multi­
plying the total by a constant. This estimate is
unbiased if the transect line passes through a random­
ly selected point on a baseline located so that the
entire stand is exactly contained between perpen­
dicular lines drawn at each end of the baseline (Fig.
1). The constant in this case is the length of the
baseline. Increase in accuracy of an estimate of total
root rot area is obtained by increasing the number of
transect lines and averaging the estimates.
A series of equally spaced lines perpendicular to the
baseline is termed a grid (F ig. 2). The fixed distance
between lines is called the grid interval.
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Unbiased estimates of the total root rot area
from a number of grids can be averaged to obtain a
combined estimate. Random location of grid lines
in a stand results in independent estimates given by
each grid, hence the variance of their means (sample
variance) can be estimated (Cochran 1963). Ideally,
a baseline should be located to minimize differences
in the lengths of transect lines, but this choice will
be constrained by practical considerations.

Sampling variation will be small when root
rot centers are relatively uniform in size and in dis­
tribution within a stand and will be increased by
disparate size or aggregated distribution of centers
because, in the former case, total intersection lengths
of each transect line will tend to equality and, in the
latter case, tend to be unequal (Appendix 1). Choice
of stand boundaries to reduce sampling variation is
desirable, but limited in practice. Experience indi­
cates that forest cover types, or stand types used in
the B.C. Ministry of Forests cover maps, or their
equivalent, are generally satisfactory for root rot
sampling purposes. Combination of markedly differ­
ent cover types in the same sample probably increases
sampling variation and is not recommended.

Probabi lity of Occurrence Method

Accuracy of transect line estimation of root
rot area can be improved by including probabilities
of root rot centers being encountered along a line
(Waters 1978). Probability of encounter is deter­
mined by the ratio of projection length of a center to
the grid interval (Appendix 2). Projection length is
defined as the distance parallel to the baseline be­
tween lines passing through the extremes of a cen­
ter boundary at right angles to the baseline (Appen­
dix 2, Fig. 1). Probability of occurrence of centers in
the entire stand is estimated from their probability of

Fig. 3. Rectangular measurement of infection cen­
ter area is product of mid-length (L) and
projection length (P); (P = sum of left and
right projections).

encounter in the sample. Estimates of centers with
specific characteristics; e.g., size class, are given by
the sum of the areas of such centers multiplied by
their probability of occurrence (Appendix 2).
Probabi lity of encounter can be increased by add ing
width to transect lines.

Rapid, approximate estimates areas of centers
can be derived by measuring two axes at right angles
to each other and multiplying them (rectangular
method, Fig. 3) More accurate estimates can be made
from measuring several parallel intersection lengths at
fixed intervals within the center (linear method,
Fig. 4), or by measuring several radii of a center
subtended at a fixed angle (radial method, Fig. 5).
Mathematical derivation of the linear and radial
methods are given in Appendices 2 and 3, respective­
ly. Double sampling with regression can be used to
improve the accuracy of a rectangular estimate of
area of a center by using regression of Iinear- or
radial-measured on rectangularly measured area
(regression method).

The regression relationship of rectangularly
measured and true area was tested in 60 simulated
infection centers randomly located in a stand. Their
true area was calculated from center coordinates.
The rectangular area of each center was calculated
as the product of the projection length and i) one
intersection length passing at right angles through
the midpoint of the projection length, or ii) the
average of two intersection lengths passing through
points approximately one-third and two-thirds the
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TESTING THE SAMPLING METHOD
IN SIMULATED STANDS

The accuracy of linear or radial measure­
ment of infection centers was tested in 13 to 15
simulated centers of various sizes. The Iinear method
was used on centers which were generally elongated
and the radial method on centers which approxima­
ted rectangular or circular shapes. The results
(Table 2) show a slight trend for accuracy of the
linear method to increase, and variation to decrease,
with increasing number of intersection lengths
measured. Accuracy of the radial method was
not affected practically with increased number of
radii measured (Table 3).

Amount of variation incurred in measuring
real root rot centers was investigated by measuring
centers by the radial, linear, or both methods, in
a 30-year-old Douglas-fir stand. Two estimates
were made for each method, each using 6 radii
or intersection lengths and randomly selected starting
points. Results show coefficient of variation (C.V.)
was practically insignificant in small centers, but
increased in larger centers (Table 4). Differences be­
tween two measurements of one center were attri­
buted to inaccuracy in measurement and irregularity
of center boundaries. Coefficents of variation for
center measurement were of the same general mag­
nitude of those estimated from simulated centers.

regression coefficients. The regression equations were
highly significant (p = .01). They were then applied
to 30 simulated infection centers having different
sizes, shapes and distributions from those used to
develop the regression equations. The results (Table
1) show that both equations gave accurate estimates
of area and measurement, with two intersection
lengths being slightly more accurate.
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Fig. 4. Linear measurement of root rot centers is
based on a line running the full length of the
center and a number of intersection lengths at
right angles to and at equal intervals on the
line.

Fig. 5. Radial measurement of root rot centers is
based on a number of radial measurements
from the approximate mid-point of the
center to the margin at equal angular inter­
vals (8).

distance along the projection length. The regression
equations were A1 = .731 X1 + 2.94 and A2 = .491 X2
+ .59, where A1 and A2 represent estimated true area
(m2 ) based on one or two intersection lengths,

respectively, and X1 and X2 are the corresponding

Total Root Rot Area Estimates by
Intersection Length

Accuracy of total root rot area estimates
by the intersection length method were tested on
approximately 50 simulated 1 ha stands generated
by computer, each containing up to 25 infection
centers, 1 to 500 sq m area. Distribution of centers
in the simulated stands was varied from random to
highly aggregated by allocating centers to one or
more subdivisions of the stand. Shape of centers
was varied from almost circular to almost linear
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Table 1

Accuracy of estimation of simulated infection center area using regression of true area
on rectangular measurement area based on 30 centers.

Simulated True No. of intersection lengths per cen te r
stand no. area 1 2

(sq units)

% of true area estimated by regression
equation

1 10.65 97.9 99.5
2 17.34 97.9 101.4
3 22.70 98.1 96.5

A~. 98.0 99.1

Table 2

Effect on accuracy of estimates of simulated infection center area by linear methoda

based on different numbers of intersection lengths.

Center size class (m2)
No. of intersection 10-25 26-50 50-100 100+ c.v.

lengths (3)b (4}b (3)b (3)b %

% of true area

2 102 114 106 120 10.9
3 104 109 107 110 5.4
4 101 106 94 107 5.0

a
b

See text for explanation.

Number of infection centers.
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Table 3

Effect on accuracy of estimates of simulated infection center area by radial methoda

based on different number of radial measurements.

Center size class (m2)
No. of radial 12-25 26-75 76-150 151+ C.V.
lengths measured (5)b (5)b (3)b (2)b %

% of true area

4 97 101 109 102 16.0
6 96 98 100 102 8.1
8 99 98 104 101 15.1

a See text for explanat ion.

b Number of infection centers.

Table 4

Estimation of sampling error in linear and radial measurements of infection centers
in a 30-year-old Douglas-fir stand.

Center No.

2

3

Measurement
method

Radial

Linear

Radial

Linear

Measurement
no.

1
2

C.V.(%)

1
2

C.V.(%)

1
2

C.V.(%)

1
2

C.V.(%)

Estimated area (m2)

325
334
1.9

4535
3838
11.9

1403
1143
14.5

1364
1074
16.9
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(F ig. 6) by using different ratios of major to minor
area, and orientation of the center axes was varied
with respect to the baseline. Twenty parallel transect
lines per stand, randomly or systematically spaced,
were simulated for each computer run. Total root
rot area was calculated from total intersection length
and compared with true area calculated from the
coord inates of each center.

Estimates of total root rot area ranged from
53 to 153% of true area, averaging 101%. Sixty-two
percent of est imates were between 90 to 110% of the
actual area. Divergence of estimates from true area
was greatest in highly aggregated distributions of
infection centers (Table 5). Average estimate from
systematically positioned transect lines was identical
with that from randomly positioned lines. As expec­
ted, C.V. was greatest in the most aggregated distri­
bution of infection centers; i.e., with all centers
located in one quadrant of the stand, and least in the
least aggregated; i.e., equal numbers of centers in all
quadrants. Systemat ic line locat ion resulted in less
sampling error than random location in all distribu­
tions of root rot. Systematic sampling also has
advantages in that it forces the sample to be more
equally distributed through the stand, and it is
simpler to design and execute (Cochran 1963).

Total Root Rot Area Estimates by
Probability of Occurrence

Accuracy of estimates of total root rot area
was determined by applying the probability of
occurrence method to a simulated stand using three
grids with randomly selected starting points and
transect lines 25 m apart. Areas of individual centers
encountered on transect Iines were estimated by
one or two intersection lengths. From the results
(Table 6), the probability of encounter method
was considered accurate for purposes of the survey.
Accuracy of estimate was not reduced for practical
purposes by measuring one rather than two inter­
section lengths.

CONCLUSIONS FROM SIMULATION
TESTS

The intersection length and probabi Iity of
occurrence methods gave accurate average estimates
of total root rot area. Estimates of root rot area by
intersection length were more variable in accuracy
than those using probability of occurrence, and most
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variable in highly aggregated distributions. Estimates
of individual infection center size by double sam­

pling with regression were considered accurate for
purposes of the survey. Average area estimates of
individual centers by radial or linear methods were
accurate, provided sufficient measurements were
made in relation to center size. Limited testing of
the methods in real situations indicated that variation
in area estimates of small centers was small, and in
large centers was within the range of precision ob­
tained from simulated results.

Therefore, both the intersection length
and the probability of occurrence methods are
recommended for estimates of total area of root
rot within a stand. The intersection length method
should be used when estimates of root rot area
by size class are less important than rapidity in
conducting the survey. The probability of occur­
rence method must be used to obtain estimates
of root rot area by size class. Distributions aggregated
enough to cause unacceptably large variation wi II
probably not be encountered in stands delineated
according to forest cover type map classifications.
If highly aggregated distribution occurs, the stand
should be subdivided and separate samples made in
each subdivision.

TESTING THE SAMPLING METHOD
IN DOUGLAS-FIR STANDS

Field tests were carried out in 17 stands, 3.2
to 118.8 ha in si ze. Est im ates of root rot area ranged
from 0.8 to 41.4% of the stand area by intersection
length method and 0.4 to 21.1% by probability of
occurrence (Table 7). Estimates by intersection
length were 77 to 228% of those by probabi lity of
occurrence, averaging 110%. Eleven of the 17 esti­
mates by intersection length were within 25% of
estimates by probability of occurrence, and all
estimates by the former included those of the latter
in their confidence limits.

Coefficient of variation of estimates of root
rot area by the intersection length method ranged
from 5 to 55%, averaging 23.9% (Table 8). There
appeared to be no relationship between variation
and per cent root rot. Stands with the highest varia­
tion had highly aggregated distribution of infection
centers. Confidence limits at the 95% level ranged
from ±26 to ±129% and ±10 to ±130% of the esti­
mated area by intersection length and probabi­
lity of occurrence methods, respectively, averaging
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Table 5

Accuracy of root rot area estimates by intersection length method based on 50 simulated
forest stands, with 20 transect lines per stand.

Distribution of root rot centers in standa

Type of Estimated

* x+-x *-- x+-sample statistic x x

Systematic Area b 99 100 112 94
location of
transect C.V.c 11 11 12 21
lines

Random Areab 98 103 96 105
location of
transect C.V.c 13 21 30 33
lines

a x indicates simulated infection centers were located in quadrant
of stand; quadrants without an x were void of root rot.

b As average per cent of actual area.

c Based on area estimates.

Table 6

Accuracy of total root rot area estimates by probability of occurrence method using
two methods of individual center measurement and three grids in a simulated stand.

Avg

101

14

101

24

Center measurement Grid no.

methoda 2 3 Avg C.V.
%

% of true area

102 99 105 102 6.5

2 102 95 95 97 5.4

a Methods 1 and 2 used 1 and 2 intersection lengths
per center, respectively.
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Table 7

Estimated root rot area and number of centers using intersection length and probability
of occurrence.

Stand area
(ha)

Estimated root rot area bv
Intersection length (I L) 'Prob. ot occurrence (PO)

(% of Stand area)
IL as%
of PO

Est. no.
centers

3.2
3.6
7.8
7.8
7.8
9.0

10.4
11.7
12.0
14.6
17.8
38.8
40.5
50.8
53.0
89.1

118.8

Avg.

22.6
19.4
0.8
1.3

41.4
10.4
0.6
5.4

12.9
14.4

1.0
3.4
8.3

18.0
11.9
4.9

19.2

16.2
17.6
0.4
0.8

18.1
7.9
0.6
4.5

10.7
13.8

1.3
1.9
6.3

21.1
10.5

5.0
16.8

139
111
200
162
228
115
100
120
121
104

77
179
138
85

113
98

114

110

15
3
5
3
1

72
5
1

45
12
12
19
67

439
241

38
635

±54.8 and ±41.3%. Limits tended to be large in
sampling plans using only two (the minimum num­
ber) grids, since the appropriate Student's-t value was
based on only one degree of freedom. Plans with
three or more grids resulted in smaller confidence
limits than those with two grids.

Comparisons of the effects of using dif­
ferent numbers of grids on estimates of total area and
variation of root rot were made by recalculating the
estimates based on two, three or four arbitrarily
selected grids from surveys which had been conduc­
ted using five grids with four transect lines in two
stands, 67 and 140 ha in size. The results (Table 9)
showed that estimates of total area using intersection
length and probability of occurrence were relatively
stable in both surveys using 4-5 and 3-5 grids, respec­
tively. Estimates of numbers of centers were less
stable. Except for estimates of number of centers
using two grids in the Manson Creek survey, confi­
dence limits decreased with increasing numbers of
grids.

In all surveys, regression of center area mea­
sured by radial and linear measurement on rectangu­
larly measured area were highly significant (p = .01).
Except in one stand, the regression line intercepts
were not significantly different from zero; i.e., it can
be assumed that the regress ion Iines passed through
the origin. Regression coefficients fell within a nar­
row range (.710 to .829).

Problems were encountered in measuring
centers in stands with heavy brush layers and dif­
ficulty in recognizing center boundaries was reo
ported in stands where individual centers had
coalesced into large meandering infection areas.
Measurement by intersection length method only
is recommended for such stands. For field tests,
most centers were measured by rectangular and
radial or linear methods. However, substantial saving
in time can be achieved by selectively measuring
centers to obtain a range of center sizes on which to
base the regress ion equat ion.
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Table 8

Sampling error of estimates of root rot area by intersection length method.

Est imated root rot area
(% of Stand area)

Confidence limit
(95% level)

C.V.a

%

0.6
1.0
3.4
4.9
5.4
8.3

10.4
11.9
12.9
14.4
18.0
19.2
19.4
22.6
41.4

Avg.

a Based on area estimates.

33
100
129
90
26
65
47
48
49
94
33
24
27
40
76

54.8

% of estimated root rot area

5
46
55
42

4
28
21
22
12
47
15
11
5

28
18

23.9

Some differences occurred among the field
crews in diagnosis of infected trees, with resultant
variation in definition of root rot center boundaries.
Only above-ground symptoms should be used to
classify healthy and infected trees (Wallis 1976).
Examination of the root collar or roots for pres­
ence of decay or mycelium of Phellinus weirii not

only greatly slows down survey progress but, for
reasons explained in "Introduction", introduces
much more variation to boundary definition than
crown examination. The latter, therefore, gives
more relatively consistent, though conservative,
results.

FURTHER DEVELOPMENT
OF SURVEY DESIGN

Investigations will be made into correlation of
infection center area measured from crown symptoms

with actual area of infection determined from exami­
nation of root systems. Correlation factors, if signifi­
cant, will be included in the calculations to give esti­
mates of true area of root rot. Also, the possibility of
incorporating root rot survey procedures into volume
cruising procedures will be examined. The possibility
of using large-scale aerial photos to broadly classify
stands by root rot incidence is being investigated,
with the objective of deciding the priority of stands
for ground survey.
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Table 9

Comparison of total root rot area estimates by intersection length and probabi lity of occurrence using different
numbers of grids of 4 lines in two stands.

Intersection length Probability of occurrence Area est imate by
No. grids Area Confidence Area Confidence No. Confidence intersection length

(ha) limit (t)a (ha) limit (t)a centers limit (±)a as % of estimate
(ha) (%) (ha) (%) (no.) (%) by probability of

occurrence

Boulder Creek (67 ha)

2 8.18 5.88 71.9 4.93 3.63 73.6 105 53 50.7 +65.9
3 8.55 4.31 50.4 5.55 2.99 54.0 105 45 43.0 +54.3
4 6.95 3.49 50.2 4.81 2.42 50.3 100 34 44.0 +34.0
5 7.25 3.09 42.6 5.12 2.24 43.8 114 39 34.4 +41.6

Manson Creek (140 hal

2 16.3 19.6 120.2 13.1 12.6 96.2 108 17 15.7 +24.4
3 13.0 12.7 97.7 9.7 8.4 86.6 123 57 46.3 +34.0
4 13.8 9.9 71.7 10.1 6.6 65.3 153 80 52.3 +36.6
5 14.0 8.5 60.7 10.0 5.7 57.0 140 68 48.6 +40.0

a 95% confidence level.

U.S. Forest Service, Forest Insect and Disease Man­
agement, Region 6, Portland, Ore.; W.G. Thies, U.S.
Forest Service, Forest Sciences Laboratory, Corvallis,
Ore.; E.M. Hansen, Department of Botany and Plant
Pathology, Oregon State University, Corvallis, Ore.;
A.J. Waters, MacMillan Bloedel Ltd., Nanaimo, B.C.
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APPENDIX I

1. Estimating Area - a line intersection
method.

A. Theory

Consider the problem of estimating the
area of the region R. (Fig. 1) Note that R can be

defined as the area contained between two curves

f1 (x) and f2(x). i.e. can we write

J h(x)dx

A.

In practice one would obtain a sample of

observations f~om the density g(x) and then use the
sample mean ah(x). That is, one would use

(1 ) where x1, x2,' ..,xn is the sample from g(x).

where A is the area of R and the limits of integration

are from 0 to a. That is, the area of R is just the
area under the curve f1 (x) minus the area under the

curve f2(x). Defining h(x) = f1 (x) - f2(x), expression
(1 ) above becomes

A = ! h(x)dx.

o

Fig. 'I

To estimate A, let x be a random variable
such that x - Uniform (O,a). Then x has density

{

1 fa for 0 < x < a
g(x) =

ootherwise.

An unbiased estimate of A is then given by

A= ah(x)

To see that Ais unbiased, note that

E(A) = ! ah(x)g(x)dx

h(xo)=e+f

Fig. 2

For more irregular shaped regions it wi II generally

be possible to divide these regions into subregions
each of which can be represented as the area between

two continuous functions (Fig. 2). In this case, if
h(xo ) is the sum of the lengths of intersections o!
the line x = X o with the subregions, the estimate A
remains valid.

Note that in the above there was no reason
for the region R to be connected. That is, the same
estimate could also be applied to a number of disjoint
regions as illustrated in Fig. 3. In general we have the
following.

If X1,,,,,Xn are independently distributed
Uniform (O,a) random variables and h(Xo) is the
length of intersection of the line X=Xo with the

region R, then the statistic

is an unbiased estimate of the area of the region R.
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: h(x)=e+f

Fig.3

An unbiased estimate of the variance of A is

Sampling Procedure

(1) Construct a base line L corresponding to
the X-axis of Part A. (Fig. 4) The orientation of the
base line will affect the variance of the area estimate.
Obviously, the optimum orientation is that which
minimizes the variation in h(x) as one moves along
the base line.

(2) Pick a point of origin '0' and a point 'A'
on the base line so that the entire area of interest

is contained between the parallel lines through these
points and at right angles to the line L. The points 0
and A on the line L should be as close together as
possible while still including the entire area of interest
between the lines X=O and X=A.

where

(3) Having established the base line and the
points 0 and A, the next step is to select a sample of
points along the line L between 0 and A. This can be
done as follows.

h = L: h(Xi)/n.

The actual variance of A is given by

Let D be the distance between 0 and A. Then
select n random numbers {rl,... ,rn} between 0 and
1, either using a random number generator on a com­
puter or by selecting the numbers from random num­
ber tables. Define

B. Appl ication

The method described in Part A of estimating
the area of an irregularly shaped region is easily

applied in practice.

The following is a step by step procedure for
taking the sample and obtaining the estimate Aand
an estimate of its variance. In Section C to follow
a method applying A to a systematic sample is

introduced.

; i

~
I

@»
I
I
I
I
I

~
I
I

I I hi = h il +h i2I

~
,
I,
I
I

0 a' L

0 • I,

Fig. 5

(5) Calculate the estimate

(4) Locate the points Xl,' ",Xn between 0 and
A on L. For each point Xi measure the length of
intersection hi of the line X=Xi with the region R.
Note that hi may be the sum of more than one inter­
section i.e. the intersection with more than one
subregion as shown in Fig. 5.

\
\

\
\
\
\
\
\
\
\
\
\
\
\
\
\

\

x=o

x=0
\

\~
\
\
\
\
\
\
\
\
\
\
\

\
\

Fig. 4



and the variance estimate

where

NOTE: In the field, as one travels the line perpen­

dicular to the base line through the point Xi each

length of intersection hi1, hi2, etc. will be recorded

and combined to give hi = hi1 + hi2 + .... (See Fig. 5)

a L
I
I
I
I

: hj=hil+hi2+hj3

I
I
I
I

Fig.6

Another point worth noting is that some of

the subregions may lie on either side of the base line.

In this case we define hi to be the sum of the lengths
of intersections obtained by travelling the line

through the point Xi and perpendicular to L in both
directions, as indicated by Fig. 6.

L
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(j-I loIN joIN

Fig.8

Referring to Fig. 7, divide the base line (a,a)

into N intervals of equal length and consider an

arbitrary interval of length a/N, as in Fig. 8. Denote

the area of Rj by Aj. Then if X is a random variable
from the uniform distribution with parameter 8 = a/N,
we have from Section A,

ja/N

Aj =1 h(x)dx
(j-1 )a/N

and Aj defined by

Aj = (a/N)h(X)

is an unbiased estimate of Aj. To see this note that

E(Aj) = (a/N) f (N/a)h(x)dx

= AJ

where the limits of integration are from (j-1 )a/N to
ja/N.

Now, let X1 - Un iform (O,a/N) and define

Xi = Xi-1 + a/N for i = 2,... ,N. Then the statistics
Adefined by

A= (a/N) l: h(Xi)

o a/N 2a/N (N-I l alN a

Fig.7

C. Estimating the area of R with a systematic
line sample.

is an unbiased estimate of the area of the entire

region R. That this is true is demonstrated below.

a/N
E(A) rJ a h (Xi )dxi

(1) Theory: We shall only consider the

simplest case of estimating the area of the region R

of Fig. 7. The generalization to more complex shaped

regions follows as for the previous estimator based on
a random sample.

a/N a/N

f a h(X1 )dx1 + f a h(X1 + a/N)dx1 + ...

a/N

+ fa h(x1 + a(N - 1)/N)dX1



a/N ja/N
= J 0 h(x1 )dx1 + ... + J h(x1 )dx1

(j-1 )a/N

a

+ ... + J (x1)dx1
(N-1 )a/N

= A1 + ... + Aj + ... + An

=A.

N"ot~ that A = L: Aj and that we will ~ot have "Cov
(Ai,Aj) : 0 in general. ::he" variance of A is Var(A) =
L: Var (Aj) + 2 L: Cov(Aj,Aj). To obtain an estimate

i < j

of the variance of A we can obtain two or more
independent estimates of the area based on inde­

pendent random starts. Let f 1,... ,Jm be m such
estimates obtained by calculating A for each of m
independently chosen Uniform (O,a/N) ran20m
observations. Then the combined estimate T =

L: Tjlm is unbiased and has variance estimate S2
where

The variance of statistics based on systematic
samples is often estimated by assuming certain
distributional properties of the statistic or sampled
population. See Cochran 1963, "Sampling Tech­
niques", p. 224-227.

D. Application of the Systematic Sampling
Method.

(1) Construct the base line Land locate the
points 0 and a as in the steps 1 and 2 of Part B.

(2) Define d = ( distance between 0 and a)/N.

18

x21 = x11 + d, x22 = x12 + d, ... , x2m = xl m + d

xN1 = x(N-1)1 +d, ... , xNm = X(N-1)m +d.

We have thus defined m sets of equally spaced points

{x1 i,x2i, .. ·,xN i} i~1 along the base line. (Fig. 9).

hij =e+f
L

Fig. 10

(4) For each of the points Xij occurring along
the base line obtain the length of intersection with
the region R of the line through Xij and perpendicular
to L. Call this . length hij as illustrated in Fig. 10.

A

A (5) We can now calculate m estimates T 1,''''
T m of the area of the region R. That is, define

ANN N

T1=dL: hj1,T2=dL: hj2, .. ·,T m =dL: hjm'
j=1 j=1 j=1

A m
(6) The final estimate is given by T = L: T 11m

m i=1
and its variance is estimated by V= L: (Ti - T)21

i=1

m(m - 1). Confidence intervals can be based on the
Student t distribution with m-1 degrees of freedom.

NOTE: The first method (i.e. the random selection
method) is a special case of the above when N = 1 and
m = n.

r <" <"

I
I
I

0/3 20~3

Fig.9

In practice, we wilt generally have N much
larger than m (m is usually 1, 2 or 3). If m=1 we

obviously can not estimate the variance of the area
estimate by the above method. In fact, if m = 1 no

unbiased estimate of the variance can be obtained
without making some additional assumptions. (Coch·
ran 1963)

(3) Select m random numbers {r1, r2,· .. ,rm}
between 0 and 1. Define The systematic sampling method has the

obvious advantage of ease of sampling (ie. locating
sampling lines) and forces the sample to be repre-



sentative of the whole area. In practice one would
expect a slightly smaller variance by the systematic
procedure but this is not always the case. A d isad­

vantage of the systematic method is that the variance
estimate will usually have a small number of degrees
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of freedom. For example, if m = 2 the variance

estimate will have 1 degree of freedom and conse­

quently be fairly unstable. As a result, the confi­
dence intervals constructed using the Student t

distribution with m-1 d. f. will generally be long.

APPENDIX 2

Investigating the Distribution of the Sizes
of the Individual Infection Centres

Then if we define

Theory

~
W' -d-
~

proj.

Fig. 1

Lo

~. (x) ={1 L inter~ects Ci
I 0 otherwise

we have the expected value of ~ i(x) given by

d
J ~i(x) dx
o -d-

J 1/d dx

{x( ~i(x)) = 1}

Consider a set, L, of parallel lines spaced a

distance d apart and completely covering an area of
interest. The probability that one of the lines of L
will intersect with an infection centre is given by
p = proj/d, where proj = the projection of the centre
onto a line running perpendicular to the lines of L.
(Fig. 1).

Prob (that a line will intersect C1) = proj/d;
proj 2: d, prob = 1.0. In the above it was assumed that
the centre C1 was randomly located, or equivalently,
the system of lines L was randomly located. By
randomly located we mean randomly located with

the restriction that the orientation of the centre to
Lo be unchanged. i.e. the projection onto Lo remains
constant.

Given an area containing a number of infec­
tion centres, construct a base line Lo . Then randomly
locate the system of paral:el lines L, and subject to

the constraint that L be perpendicular to Lo . Let wi
be the projection of the ith centre onto Lo . The

probability, Pi, of intersection of the ith centre and L

is given by Pi = wi/d.

Let Xo be an arbitrary point on Lo and let
x be the distance from Xo to the nearest line of L
to the right of xo' Now suppose x ~ uniform (O,d).

p.
I

Estimating Totals

Let f(Ci) be some characteristic of the centre

N
Cj. We wish to estimate L f(Ci), the total over all

i=1

centres. To accomplish this let Xi be an observation

A N
from Uniform (O,d), then T = ~ ~ i (xi) f(Ci) is an

1=1 p.
I

N
unbiased estimate of the total T = L f(Cj). Note that

i=1
A A

T can also be written as T = L n f(Ci)/Pj, where
L n indicates the sum is over all centres which

intersect L.

To show that T is an unbiased estimate of
T we take the expectation with respect to X i.e.

Ex 6') = Ex~~ ~ i(x)f(Ci )/P~
U=1 J



In this case we haveN
= 2: f(ell Ex [ ~i(x)]

i=l Pi

N
= L; f(C') Pi

. 1 ~
1= Pi

N
= 2: f(C·).

i=l I
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N
Max of Var x{1') = 2: f j2(1-P j) +

i=l

22: 2: fi fj (l-max (Pj,Pj).
j j max (Pi,Pj)

(2)

A

We shall now obtain the variance of T. First

note that
The minimum variance will occur when Pij = 0 in
which case

A N
Min. of Varx(T) = 2: f?(1-P j) - 2 L; fifj.

i=l ~ i<j

(3)

p. _ p.2
I I

If the population of centers is assumed to be

randomly scattered about an area then it is not

unreasonable to assume that Covx (~i(x), ~j(x))=O

i.e. that

which can be written as

N
• 2: f j2 (l-Pi).

approx. i=l ~

(4)

Covx ( ~i(x), ~j(x)) = Pij - PiPj, where
Pij is the probability that L intersects both q and Cj.
Therefore,

Note that (4) qn be estimated by replacing f(Cj) in

the formula for T by the expression fi 2 (1-Pj).

Pi
An Application to Size Class Estimation.

where 2: n"ind icates the sum is over all centres which

intersect L and belong to the size class Ck. (x is
chosen randomly between 0 and d.)

Consider the problem of estimating the num­

ber of infection centres which fall into each of a

number of size classes. Let Ci, Cm be the size classes

and define fk(Ci) = 1 if Ci belongs to size class Ck
= 0 otherwise.

Then we can estimate the total number of centres
falling in size class Ck by

A N
Varx(T) = Varx [ 2: ~j (x)f(Ci)]

i=l

N
= l:: f~(Ci) Varx( ~ i(x)) +

i=l Pj2
N

22: 2: f(Cj)f(Cj) Covx ( ~ i(x),~ .(x))
kJ' p.p. J

I J
N

= l:: f2(Ci)(1-Pj)+

i=l Pi
N

2 2: 2:f(Gi)f(Cj) (Pij - PiPj)
kj PiPj

For notational convenjence define f(Cj) = fi so that

A N
Nk = 2: ~i(X) fk(Ci)

i=l Pj

= 2: n"l fp·
I

(5)

N
2: f·2(1 - p.) +

I .:-..:..J
i=l Pi

A

The variance of Nk can be obtained from (1).
If K =1= J, then

(1 )2 ~ 2:.!l!i (Pjj-PiPj)
I<Jp.p.

I J

Assuming that fj~, the maximum variance of f
occurs when Pij is maximum i.e. when Pij = min Pi,Pj).
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Note that if we assume that the centres are randomly
locat~d \hen Cov (t,:j(x), t,:j(x)) = 0 which yields
Cov(Nk, Nj) = O.

A

Let Fj be an unbiased estimate of Fi and
suppose Cov(~i, ~j) =0 for ifj. Then

If we are interested in the total area of infec­
tion for each size class, we merely define our func­
tions fk(Cj) by

{

a i . the area of the jth centre if it be longs
fk(Ci) = to Ck

o- Otherwise

is an unbiased estimate of T = L F j.

A

To find the variance of T we use the identity

Var(f(x,y) = Var[E(f(x,y) / y)] + E[Var(f(x,y)/ y)]

Then the estimate of the total area for class Ck is where x and yare random vectors.

" N A

Now E(T / F) = L Fi
i=l

(6)

= L n' a./P.
I I and

where L n ind icates the sum is over all centres which
intersect L and belong to size class Ck'

A A N A

Var (T I F) = L F·2(1_p.) +
I I

i=l Pi
(7)

(8)

N N
The variance of (6) is Var( L Fi) = L 0fi2where

i=l i=l

CoVX (Ak,Aj) = L a i a j Cov(t,: j(x), t,: j(x)),
i,j p:p:-

I J

where the sum is over all pairs (i,j) of centres such
that one centre is chosen from each of the classes
Ck and Cj.

An estimate of the average size of the centres
within a class Ct<:, say, can be obtained by using the
ratio

The expected value of (7) is given by

A A N
E(Var(T I F)) = L (0 fi 2 + Fi2)( 1-P j) +

i=l Pi

This estimate, however, is not unbiased.

Note that when we have a single size class
C1, the estimates N1 and A1 are estimates of the
total number of centres and their totaJ area, respec­
tively.

A

Therefore Var (T) is

A N
Var(o) = L o2f·/p· + L F·2(1-P,) +

I I I I

i=l i=l Pi

Estimating Variance

The case when f(Ci) must be estimated.

In practice the measuring of the area of an
infection centre is itself an estimation problem.
For notational convenience let Fi = f(Cj) be the
value of the characteristic of interest associated
with the ith centre (i.e. area).

2L L ~j (Pij - PiPj).
i <j PiPj

Note that the increased variability which
results from having to estimate the function f(Ci)
is the first term on the right hand side of equation
(8).

It may be reasonable to assume that 0" fi 2{
Fi2 = K2, that is, the coefficient of variation is the



same for each centre. In this case (8) becomes

A N
Var(T) = E Fi 2 (1 + K2 - Pi) + (9)

i=1 Pi
N

2 E E FiFj(Pij - PiPj)'

i <j PiPj

It is apparent from (9) that if the coefficient of

variation K is reasonably small (S 20% say) the

Var (f) is inflated very little. This is because 1+K2­

Pi = (1-Pi) + K2 where 1-Pi ::: 1 i.e.

K2
(1-Pj) ::: K2 ( ~.04)).

An Alternative Variance Estimate
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Note that we can increase the probabi Iity

of selection substantially by the method, and leave

travelling distance practically unchanged.

~d-I

Fig. 2

Consider the diagram of an infection centre

given in Fig. 2.

Define

A

If two or more independent estimates Ti,--,

Tn of the total can be obtained then the variance
can be estimated by the usual sample variance

n
S2 = L CTi - -h 2/(n - 1),

i=1

X·I to be the distance of the left-most point of

the infection centre from the centre line
of the intersecting strip with the convention

that distances to the right of the centre line
be recorded as negat ive and those on the

left be recorded as positive. In the diagram

Xi will be negative.

A n A

where T = E Tiln is the sample mean.
i=1

Var (T) = S2/n.

A A

The independent estimates T 1, --, Tn can
be obtained by randomly selecting n observations

Xi, --, xn from the uniform (O,d) distribution

and calculating Yi = T(xj), i.e. by calculating the

estimates which result from each of n random starts.

Increasing the Probability of Selection

We have seen that the probability of selecting

a centre Ci is given by Pi = Wild, where Wi is the
projection of Ci onto the base line Lo . An obvious

method of increasing Pi is to decrease d, the distance

between the lines L. An alternative method is to

consider a set of strips Lr where the width of the

strip is r and the distance from the centre of a strip

to that of its nearest neighbour is d.

Then the probabi lity of selecting Ci (i.e. the proba­

bility that Ci intersects L) is Pi = (Wi + did. (Wi S
d-r)

Yi to be the distance of the right-most point
of the infection centre from the centre line

of the intersecting strip with the convention

that distances to the left of the centre line be
recorded as negative and those on the right

be recorded as positive. In the diagram Yi

is positive.

NOTE :The length of the projection of the centre

onto the base line Lo is given by Wi = Xi +

Yi
r to be the width of the strip
d to be the distance between centres of the

strips.
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APPENDIX 3

Estimating Area - a radial sampling method

~r(e)

_-+ -----,~L.>.....>.-->.L.:'-'--"-.>.....>.....;~-~Fboseline
Fig. 2

Assuming 8"" Uniform (0,00 ) we can calculate As

__ exterior

where L + indicates that the sum is over all functions
ri( 8) which comprise the exterior border and L ­
indicates that the sum is over all functions ri(8)
which comprise the interior border.

We can now express the area As of Rs for the general
case as

Fig. 3

C~>.....>.....>o.+-----,>..,-- _

80 2
= % ! (r1(8) + r~( 8) - r~( 8) d 8'

o
Define the exterior border of the region Rs as that
portion of the border for which the interior of
Rs lies on the same side of the border as the point
C. The interior border can then be defined as that
portion of the border that is not an exterior border
(Fig.3l.

8=80 r=r(8)
A = f ! rd rd 8 = ! [ ! rd r) d 8

s Rs 8 =0 r=o
8 =; 8 0

! r2 (8) d8.
8= 0 2

E(h(8) =!h(8) xf(8)dtl, wheref(8) is the
density function
of the uniform
distribution on

80 (0, 80 ).

= ! 8 0
r2 (8) x.!- d8

o 2 80

80
! r2( 8) d 8
o 2

Fig. 1

Now, suppose 8 is a Uniform (0,80) random variable.
Then the function h(8) = 8 or2 (8 )/2 has expected

value As. That is h (8) provides an unbiased estimate
of As. To see that this is true we write

A. Theory:

If we define r( 8) to be the distance from C to
the boundary of R along the line through C at an

angle of 8 to the base line, the the area, As, of Rs is
given by

Consider the problem of estimating the area
of a region R contained within a sector (0 < e <80 ),

(Fig. 1)

Consider the following situation (Fig. 2)

If we define hi( 8) = 80r?( 8) and

~
h(8) = L + hi( 8) - L- hi( 8), then the expected
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value of h (e ) is

Estimation of As by systematic sampling

Let a == Go/R and let X - Uniform (0, a).
Then let x1 be an observation from the distribution
of X and define

x2==x1 +a x3==x2+ a ,'" ,xn ==xn-1 + a

Define hj(xj) == a r?(xj)/2
J

h(x') == L:+ h(x') - L - h· (x·)
I . I . J I

J J

Then

E(h(xj)) == 12:. [L:+ r~(xi) - L - r~(j<i)] 1 dXi
2 j J j J a

Ai (the area of the region R, contained
in the jth sector.)

From the above, it is easi Iy verified that

" n
As == L h(xi)

i==1

is an unbiased estimate of As (== L:Ai).
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"
We can write As in an alternative form as

n k
As == a 12 L: L: ~j (xi) r? (xi);

i==1 j==1 J

where ~ j (xi) == 1 if rj comprises part of the exterior
boundary

== -1 if rj comprises part of the interior
boundary

and K == the number of functions rj-

NOTE: K will usually be equal to 1 - always true
for convex regions.

Comments

The radial method is most easi Iy applied to
regions of fairly regular shape (circle). With the point
of origin, C, located roughly in the centre of the
region and Go == 3600 the resulting estimate As is
an estimate of the area of the whole region R.

By choosing two or more random starts an
estimate of variance can be obtained as for the
systematic line sampling method. (Fig. 4)

~
a

... eta If base line L
-- --- - ------c

Fig. 4
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