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attended to the bulk of the computation
required, while KiLkk1r put a great deal of
effort into regression analysis and efficiency
calculations. NyvssONEN was in charge of
the work in the planning, field work and
analysis stages, and wrote the manuscript.
Discussion between the authors was an essen-
tial factor in giving form to this paper.

Helsinki, January 1971.

CONTENTS

Introduction
. Sample size calculations

e

21, Tost mBLePIANS . o« viiie s vinrs vojelunioibisiioy viaids ale
22. Simulation of systematic sampling ..........

23. Comparison between some forms of systematic and random sampling ..................
24. Regression equations for standard error in systematic sampling ........................

241, Pl Sampling al A n. LN 7 AR ELr

242, Strip sampling
25. Sample size in plot sampling
3. Time studies

31. Factors affecting total costs . ..... o0 conavise
32, Tree TRILY.", i Sl e els s+ Ua s o o Teiimiabaty e TChaly
321, Measurements made .............c000..
322. Discussion of the results ..............

33. Additional factors of total time

40 Efficlency COmMPATISONS . . ..« « o wvsleise ovoniisle otaisiss

41. Uniform plot sampling
42. Non-uniform plot sampling

43. Strips and variable plots as opposed to circular plots .........coieeniiiiiiiiviinieans 22

5. Summary and conclusions
References
Seloste



1. INTRODUCTION

This paper represents a continuation of an
earlier study made in the Department of
Forest Mensuration and Management, Uni-
versity of Helsinki (NyyssONEN, KiLkkr and
Mikkora 1967). That study gave growing
stock variation data based upon four test
areas in Finland, and one in Mexico, along
with comparisons drawn between different
sampling methods. Further, the problem of
estimation of the precision in systematic
sampling was discussed, and in conclusion
regression equations were presented for the
determination of sample size.

Since the main results of the above study
were based on one test area only, it was
considered necessary that additional material

be measured to permit of the estimation of
sample sizes in a way which would be more
generally applicable. Simultaneously, it seem-
ed helpful to embark upon a more detailed
study of, for instance, those combinations of
fixed-area plots in which large trees are tallied
upon a larger area than are small ones.
However, the main reason for continued stu-
dies was the aim of evaluating the relative
efficiency of different alternatives. Conse-
quently, attention had to be paid to inventory
costs arrived at by the analysis of time stu-
dies; earlier, publication has been limited to
some preliminary results in respect of effi-
ciency (cf. NYyssONEN 1966).

2. SAMPLE SIZE CALCULATIONS

21. Test materials

The principal test area, Evo (Area 1),
described in the paper by NyvssoNEN, KILKKI
and MikkoLaA (1967), and comprising 100 hec-
tares of land, is also one of the two areas
analyzed in the present study. Another area
of the same size is Toivala, which in part
overlaps Area 2 of the earlier paper, and
has similar general features.

Measurements were made in Toivala very
much on the same lines as in Evo earlier.
It is essential that information on the grow-
ing stock can be computed by squares of
100 square metres, 10 000 in total. For this
purpose, the D.B.H. of all trees of not less
than 10 cm. was measured, and that of smaller
trees on 20 or 25 sq.m. in each square.
Variable plots, with the application of BAF
4 for sq.m./ha. (equals 17.424 for sq.f./acre),
and in general 30 m. apart, were measured,
1 092 in total. The number of sample trees
for volume calculations was 2 914. The stand

characteristics classified, and the average
size of stands, were the same as in Evo.

In the following set-up, figures are indi-
cated in respect of the volume of the growing
stock and number of stems:

Evo Toivala
Volume, cu.m./ha. incl. bark
BORAL ..« inioirsr v Shesiebmeis: brdis 151 131
D.B.H. more than 20 cm. 120 95
Stem number/ha
O L T e o gt o Lt B e 686 1141
D.B.H. between 2 and
» Voo, ivie deie vy 295 674
» between 10 and
UL < TSR S 204 289
» more than 20 cm. 187 178

Since the volume percentages of the trees
of a D.B.H. exceeding 20 cm., are 80 and
73, respectively, and in the eastern half of
Southern Finland commonly 55 to 60 (Kuu-
SELA and SALovAARA 1968, p. 48), the trees
on test areas are relatively large in size.
Moreover, the growing stock volumes are
rather high in these areas.



No. 1 No. 3

ig. 1. Mosaic maps of the growing stock volumes

in Evo. Nos. 1 to 3 explained on p. 6. Higher

volumes are indicated by darker dots; black ones

refer to the 100 sq.m. plots with a volume more

than 300 cu.m./ha. (The deviation from the square
is due to the form of printer output.)
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Fig. 2, Maps of the growing stock volumes in Toi-
vala. Cf. Fig. 1.



Table 1. Area percentages, mean volumes and
standard deviations of different size plots, by treat-
ment classes and in total in Toivala.

Plots size in 100 sq.m.
Treat- | Area | Mean
ment | per- |Volume 1 | 2 | 4 | 9
class [centage Standard deviation
cu.m./ha.
0 7.4 0 0 0 0 0
1 7.5 60.4 | 54.9| 50.6| 48.0( 42.2
1y 11.7 86.7 | 77.6| 59.8| 53.2( 45.8
2 7.5 /171565 | 91.0| 74.6] 60.,7] 52.8
3 42,2 | 169.1 | 87.0| 69.5| 56.5| 48.5
4 17.0 | 177.7 | 86.4| 65.6| 52.0| 43.5
5 2.8 87.6 | 63.8| 57.9| 39.2| 31.9
6 4.4 56.6 | 53.8| 46.5| 46.8| 40.5
Total | 100 | 131.2 | 97.4| 83.6] 75.6| 69.1

Figs. 1 and 2 provide a general impression
of the distribution of growing stock volumes
in both areas. Furthermore, the Toivala data,
like the Evo data, are available on punched
cards at the Department of Forest Mensura-
tion and Management of the University of
Helsinki.

Table 1 includes further information from
Toivala; corresponding figures from Evo were
given in the earlier paper by NYYSSONEN,
KiLkkr and Mikkora (1967). The treatment
classes were also explained there (p. 6).
Coefficients of variation on the total area,
calculable from Table 1, are very similar to
those in Evo (p. 19). In the results of single
treatment classes, some effect of the small
size and irregular shape of stands is dis-
cernible.

22. Simulation of systematic sampling

No general formulae are available for cal-
culation of the standard error of sample mean
in systematic sampling. However, in the
present studies it has been possible to make
an empirical calculation of this error, by
virtue of the total tally of two test areas,
using the subdivision of each area into 10 000
squares of 100 sq.m. A number of systematic
sampling simulation runs were thus made,
to form a basis for the calculation of sample
size in different cases. The following plot
types were used both in Evo and Toivala:

A. Simple plots. All trees with a D.B.H.

5

exceeding 2 cm. were assumed to have been
calipered on the whole plot. (As mentioned
previously, trees with a D.B.H. less than
10 cm. were tallied on the 1/4 or 1/5 of the
area; however, the inherent error is very
small.) The plot sizes were as follows:

No.1.10 x 10 m. = 100 sq.m.
No. 2.10 x 20 m. = 200 sq.m. The meanresults of
the rectangles of
that size in both
directions were
applied

0.3.20 x 400 sq.m.
0.4.30 X 900 sq.m.

Z7,

9 =
3 -

0 m.
0 m.

B. Combination plots. Trees with a D.B.H.
between 2 and 10 cm. are calipered on the
area of 25 sq.m., those between 10 and 20 cm.
on 100 sq.m., and those exceeding 20 cm.
on the whole plot. All the plot sizes men-
tioned above were used, viz.

No. 5. 10 x 20 m. = 200 sq.m.
No. 6. 20 x 20 m. = 400 sq.m.
No. 7. 30 x 30 m. = 900 sq.m.

In the efficiency comparisons to be made
later, it will be assumed that the various size
trees are tallied from concentric circles, al-
though sample size data are not exact for
such plots; they are based upon square or
rectangle plots, and information in respect of
trees of less than 20 cm. comes from 100 sq.m.
at one end of 200 sq.m. plots, and one corner
of 400 sq.m. plots. In 900 sq.m. plots, the
small trees have been tallied around the plot
centre.

For each of the seven plot types mentioned
above, systematic samples with equidistant
plots in both directions were taken in Evo
and Toivala as follows.

1. In the total area, the distances between
plots increasing by 10 m. intervals from 60 to
240 m., and then at 20 m. intervals up to
320 m.; in total, this made 24 plot distances
and 7 x 24 = 168 sample types. For 100 and
200 sq.m. plots, the distance 40 m. was also
used.

2. In each of the quarter areas, 6 distances
were used: 60, 70, 80, 90, 100, and 120 m.
This again produced 7 x 4 x 6 = 168 sam-
ple types.

With the sample types explained above in
use, all the possible samples were taken with
a computer in approximately the way de-



6

scribed by NyvyssoNEN, KiLkkr and MiKKoLA
(1967, p. 26—28). However, when successive
samples were taken, the starting point was
moved by only 10 m. for plots larger than
100 sq.m., which resulted in an equal number
of samples irrespective of plot size; weighting
problems were consequently avoided in
regression calculations.

The computations concerned with strat-
ified and strip sampling were similar to those
explained in the previous paper (s. 29—30).
Non-uniform sampling is described below.

In addition to the calculations made from
the original data of both test areas, two lower
levels of growing stock were formed, to guar-
antee a larger variation for regression analyses
of simple uniform systematic plot sampling
(Chapter 24). This was accomplished by giv-
ing a value of zero to the growing stock vol-
ume of stands falling in certain treatment
classes. The following set-up indicates the
mean volumes and forest percentages (i.e.
relative tree-bearing areas) in three different
cases in Evo and Toivala. Case 1 presents
original data. In Case 2, treatment classes
3 and 5 were zeroed in Evo, but all the other
classes except 3 and 4 in Toivala. In No. 3
case, only class 4 in Evo, and class 3 in Toi-
vala, were left to grow.

Mean volume,

cu.m. /ha. Forest percentage

Evo Toivala Evo Toivala
No. 1.4, 151 131 98 93
No. 2 106 102 73 60
No. 3 86 74 42 43

The above manipulation resulted in an even
larger variation on quarter areas: the mean
volumes varied in Evo from 26 to 199, and
in Toivala from 38 to 155 cu.m./ha., and the
forest percentages between 16 and 100 in Evo,
and 29 and 100 in Toivala.

A general picture of the growing stock in
these different cases is indicated in Figs. 1
and 2. In particular there is observable the
location of tree-bearing and treeless areas.

23. Comparison between some forms
of systematic and random sampling

The primary task of this paper is that of
presenting the results in respect of systematic
sampling. In part, the research task could be

1.0
AN

1.0
- 8
b
"1.0
be

& /
-6
A ;

50 10 b 250 300

PLOT NUMBER
576256 100 64 36 25 o A oo

Fig. 3. Ratio of standard errors in estimation of
the growing stock volume in Toivala by different
plot sampling methods. The values for simple
random sampling are equal to 1.0.

Curve 1: stratified random

»  2: simple systematic

»  3: stratified systematic, strata-areas from
map

» 4 stratified systematic, strata-areas from

line measurement.

limited in this way, on the foundation of com-
parisons of different sampling methods made
in the previous study (NyyssONEN, KILKKI
and Mikkora 1967, p. 30—37). Although
such comparisons can not here attain corre-
sponding importance, there might be reason




Sy SY9/Sx RAN. E-w

k ’ :

- 6 | A 4"/ X 2 el 5 " \

¢ ' " L , \ . / \_% WL DO

\ i/ \ raty ‘\ o I’ R-s

- LR Y 4 \ / N
/\k I /

F .2 b 3

A\

1
!
!
/
’/‘~, 1

-

|
‘ /

7 s~

7 T
AN y
éLQ’\_) SIRIP DISTANCE ,METRES .
0 100 150 200 250 300

N

267996712 K10 18 L. 7it0p

'ﬁfﬁ‘ﬁTF’ww o i -

STRIP NUMBER

b 4 3

Fig. 4. Standard error in systematic strip sampling (sx sys), and ratio of that and the error of the corre-
sponding random sampling (sX sys/SX ran) in Toivala.

to emphasize a couple of additional features
which are of practical importance.

Fig. 3 indicates the results obtained from
the original Toivala data in regard to various
plot sampling methods. Each plot size is
comparable as a funetion of the number of
plots, and simultaneously as a function of
the distance between plots in uniform system-
atic surveys. It might be of interest to notice
that the relative standard error of different
forms of systematic sampling is least in
stratified sampling in which strata-areas are

obtained free of error from a map. This is
followed by the case in which the strata-
areas are based upon measurements on sur-
vey lines, whereas simple systematic survey
gives errors which are somewhat higher. This
is, of course, in accordance with the extent
of information needed in different cases, and
also provides hints on the utilization of ad-
ditional information in practical inventories.

‘When plot numbers common in practice
are used, the standard error of simple system-
atic surveys seems rather close to that of
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Fig. 5. Mean volumes on different strips in Toivala.



stratified random surveys. This might pro-
vide one opportunity of estimating the pre-
cision of systematic surveys from a sample.
Another possibility is that of calculating the
variance of plot volumes, and employing the
average ratios between systematic and
simple random sampling, obtainable from
the figure and other sources.

The ratio between a systematic strip sur-
vey and a corresponding random survey is
indicated by Fig. 4, which further includes
the relative standard errors that arise in
strip surveys. It appears that the distance
210 m. in E-W direction is rather unfavour-
able, and refers to some periodicity in the
material. This phenomenon is in fact discern-
ible in Fig. 5, which illustrates the mean
volumes on different strips. Furthermore, the
results of systematic plot sampling, with
plots located at distances of 100 and 200 m.
(Fig. 3), fit into the same system.

24. Regression equations for standard
error in systematic sampling

241. Plot sampling

Regression equations giving the standard
error for plot sampling were computed from
the material described in Chapter 22. First,
this was carried out separately for both Evo
and Toivala. Some differences existed be-
tween these two groups, but as the main fea-
tures were the same, the material was com-
bined.

The following list denotes the wvariables
used:

Dependent variable:

y = standard error as a percentage of volume
of growing stock

Independent variables:

X, = size of sample plot in 100 sq. metres,
simple plots

x’, = size of sample plot in 100 sq. metres for
trees with D.B.H. exceeding 20 cm.,
combination plots (on these plots, trees
D.B.H. less than 10 cm. are always sup-
posed to be tallied on an area of 25 sq.m.,
and trees of D.B.H. between 10 and
20 em. on a 100 sq.m. area)

x, = distance of sample plots, m. — square
root of the plot size in sq.m.

X; = area of survey unit, hectares

X, = mean volume on forest ( = tree-bearing)
area, cu.m./ha

X; = forest percentage (= percentage of tree-
bearing area of xj)

xg = coefficient of variation of the plot vol-
umes in forest area, per cent.

As compared with the previous paper
(NvyyssoNEN, KiLkkr and MikkorA 1967,
p. 48), in which the independent wvariables
resembled those applied by MATERN (1961),
variables x; and x4 are new, and x, refers to
the mean volume in the tree-bearing area,
instead of the total area.

In what follows, two equations are given
in succession, one for simple, and the other
for combination plots. First, the equations
with the highest values of multiple correlation
coefficient (= R) are:

logy = — 0.7784 — 0.06522 log x, —+
1.0595 log x, — 0.5389 log x; —
0.3142 log x, + 1.7677 log x; —
0.7569 (log x;5)* + 0.3845 log x4, (1)

logy = — 0.4331 — 0.03774 log xX’; +
1.0397 log x, — 0.5335 log x; —
0.3527 log x, + 1.5418 log x; —
0.6880 (log x;)* + 0.3563 log x; (2)

In Eq. (1), R is equal to 0.971, and the
t-values of the regression coefficients in the
order listed above as follows: 8, 121, 64, 8, 8,
12, and 12. In Eq. (2), R = 0.970; t-values
5, 117, 67, 9, 8, 12, and 12,

If it is assumed that the plot size (x, or
x’,) is unknown, the equations are:

logy = —1.399 + 1.0639 log x, — 0.5472
log x; — 0.1283 log x, + 1.6934
log x; — 0.7396 (log x;)? + 0.5398
log x4 (3)

logy = — 0.8075 -+ 1.0431 log x, —
0.5382 log x, — 0.2386 log X, -+
1.4928 log x; — 0.6763 (log x;)?
+ 0.4477 log X, (4)

For Eq. (3), R = 0.969; t-values 118, 64,
4, 7, 11, and 21; for Eq. (4), R = 0.969;
t-values 117, 67, 7, 7, 12, and 17.

If the standard deviation of the plot
volumes is excluded, the equations take the
following forms:
log y = 0.6688 — 0.1269 log x, + 1.0596

log x, — 0.5209 log x; — 0.6377
log x, + 1.6534 log x; — 0.7182
(log x;)? (5)



logy = 0.9532 — 0.08460 log x’; -+
1.0396 log x, — 0.5185 log x; —
0.6615 log x, + 1.4169 log x5 —
0.6486 (log x;)* (6)

For Eq. (5), R = 0.967; t-values 18, 114,
59, 20, 7, and 11; for Eq. (6), R = 0.967;
t-values 14, 111, 62, 23, 7, and 11.

In regard to the regression coefficients in
the equations presented above, these ob-
servations may be made:

The coefficient of the variable of plot size
X, in Eq. (5) which is closest to the Eq. (8)
from the Evo data presented in the earlier
study (NyyssONEN, KiLkki and MIKKOLA
1967, p. 49), is now smaller; i.e., the ratio
between the numbers of small and large plots
required in a given case is here less.

In all the equations, the coefficient of x,,
the variable that represents plot intervals, is
rather similar, being a little more than 1 in
value. It should be noticed, that x, means the
distance between plot edges. The precision
of sampling accordingly changes more rapidly
than in relation to the square root of the plot
number.

The coefficient of x,, the area to be sur-
veyed, is always about the same, or 0.5.
This is in accordance with the findings of
LANGSAETER (1932) and OstLiND (1932).

The importance of x,, the mean volume of
tree-bearing area, is much higher if the varia-
tion of plot volumes, X,, is excluded, than is
the case with the last-mentioned variable;
cf. Eq. (3) and Eq. (5).

The similarity of the regression coefficients
of Eq. (3) and Eq. (4) suggests that these
equations are applicable even when the plot
type differs from those used in this study,
on the supposition that the variable x; is
known.

For lack of empirical studies in this par-
ticular field, little possibility exists of com-
parison between the present results and
others. Nevertheless, MATERN’s (1961) paper
can be discussed here. With OsTLIND’s (1932)
study in mind, MATERN presented (p. 17)
»an especially home-made» formula for the
standard error of line-plot survey; the inde-
pendent variables were forest land area, mean
volume, plot size, and line and plot intervals.
The results obtained from MATERN’s equa-
tion, and those given by Eq. (5) for the case

of 100 plots of 200 sq.m. on 100 hectares,
with the forest percentage assumed to be 100,
are as follows:

Mean volume, cu.m./ha, 100 150
Standard error, per cent
b, B - R SR R RGN S S B 6.28 5.34
LT 1) I e A e 6.58 5.08

In these cases, the level of error is quite
similar; only the effect exerted by the mean
volume on the error is less in MATERN’s for-
mula and may in this respect better represent
average conditions than do the present data.
However, it should be remarked that the
mean volume does not refer to the same area
in both cases. Another feature of interest in
comparison is that MATERN’s equation might
underestimate the standard error in cases
where the forest includes treeless areas, with-
out exact information on their area. For
example, if in the above example other
factors remain the same, but the percentage
of tree-bearing area is 50, and, corresponding-
ly, the mean volume in this area is 200 cu.m./
ha, MATERN’s equation still gives a standard
error of 6.28 per cent, but Eq. (5) 8.48 per
cent.

For study of the possible systematic de-
viations of the new equations, a computer
program connected with the regression ana-
lysis was prepared, to facilitate visual inspec-
tion of the residual deviations. This program
makes it possible to get the residual of each
observation printed in conformity with any
measured or calculated variable. In addition,
the program gives the autocorrelation coeffi-
cient between the residuals.

Figs. 6, 7, and 8 illustrate some examples
of the printer output, indicating the residuals
when Eq. (1) is used. Material in respect of
Evo and Toivala is given separately for the
dependent variable y, and two important in-
dependent variables x, and x;. In Fig. 6,
the residuals have been plotted against the
fitted values, i.e., the values given by Eq. (1),
while in Figs. 7 and 8 the plot is against the
original values of the corresponding independ-
ent variables (cf. DRAPER-SMmiTH 1966, p. 90
—91). In addition, the scale on the x-axis in
Fig. 6 is in logarithmic form, but in arithmetic
form in Figs. 7 and 8.

It is apparent from Fig. 6 that systematic






