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1. Introduction

One important goal in making a forest inventory is classification of the divi-
sion of a forest area into different strata. The information obtained in respect
of these strata can then be of value also in more precise estimation of the total
growing stock, for instance through stratified sampling. However, this strati-
fication presupposes that the area of the strata can be estimated to an adequate
degree of accuracy.

As a rule, the greatest accuracy in determining the stratum-areas is achieved
when these are delineated on a map and measured with the planimeter. As this
is a time-consuming task, it is frequently necessary to determine the areas on
the basis of samples taken in the field, or from aerial photographs. Systematic
sampling is commonly used for the purpose. Thus, the distribution of sample
plots among strata can be employed; these plots are often placed at equal
distances in both directions, as in uniform systematic plot sampling. Further-
more, a very common method applied in estimation of the stratum-areas has
been that of measuring the lengths of parallel survey lines belonging in dif-
ferent strata. This transect method can naturally also be applied by measuring
survey tracts instead of parallel lines (cf. HAGBERG 1957).

It should be remarked that no general equation is available for calculation
of the standard error in systematic sampling. Assessment of the precision ac-
cordingly presents a problem. The methods developed for random sampling have
been commonly applied to systematic plot sampling (cf. WiLsoN 1949; Bick-
FORD 1952; LoeTscH and HALLER 1964). Then again, some studies have been
concerned with the precision of sampling with equidistant lines to determine
the area. OsBORNE (1942) used the correlation between lines as one factor in
his equation. The method is correct in theory, although in practice it calls for
a great deal of work without an assurance that the estimate of correlation is
accurately determinable. With equations presented by MATERN (1960), and
based upon distance correlation, SEip (1964) compiled a table which indicated
the standard error in line sampling. He also prepared a table for plot sampling
on the basis of binomial distribution.

It seems that the problem of determining the areas through systematic plot
or line sampling is far from satisfactory solution. Since research work is con-
sequently urgently needed, the aim of the present study is that of developing
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methods suitable for calculation of the reliability of results obtained with regard
to the stratum-areas by uniform systematic plot sampling and sampling with
equidistant lines (strip survey). Assessment of the factors which influence the
standard error of the stratum-areas obtained by the sampling methods men-
tioned has been attempted here mainly by means of regression analysis. Through-
out the whole study, it has been assumed that the total area is known.

2. Test materials

The investigation was carried out in two experimental areas, one located in
southern, and the other in northern Finland. In addition, a third area in the
central part of the country was available to test the results arrived at. In all
of these areas, stands were delineated on a map, and information on the distri-
bution of strata was available.

Of the two study areas proper, the smaller one is located in the Evo for-
estry district (61° 15’ N.lat., 25° 10’ E.long.), and is 100 hectares in size. Fig. 1
is a stand map of the area. The following list gives the percentages of different
strata, and shows the strata to which the different stand figures belong. So-
called treatment classes were used as strata; the non-forest areas were com-
bined in one stratum.

Stratum 1: 2 per cent, No. 12, 63, 95
» 2: 12 » » » 08, 16, 21, 27, 43, 49,
56, 58, 64, 68, 96
» 3 T » » » 10, 22, 23, 24, 25, 3l,
44, 50, 57, 175, 93, 98
» 4: 24 » » » o1, 03, 05, 06, 09, 14,
20, 35, 39, 41, 42, 45,
46, 48, 52, 54, 55, 65,
70, 71, 72, 176, 80, 82,
83, 84, 85
» 50 40 » » » 04, 07, 11, 15, 26, 28,
29, 33, 36, 37, 38, 47,
53, 60, 62, 66, 67, 69,
73, 74, 178, 81, 88, 89,

94, 97, 99
» 6: 2 » » » 40, 87, 90
» 7: 1 » » » 17, 51
» 8& 2 » » » 13, 19, 32
» 9: 10 » » » 02, 18, 77, 179
» 10: 0 » » » 91, 92

The area comprises 10 000 squares, each measuring 100 square metres; the
stands have been formed by combining such squares.
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Fig. 1. Evo area. Scale about 1: 10 000.

The area was sampled by both uniform systematic plot sampling and sam-
pling with equidistant lines, using samples of varying size.

The total number of 10000 squares formed the population in the plot
sampling. When a certain plot distance was used, the number of samples ob-
tained was K this can be solved by the equation K = N/n, in which N =
the size of the population, and n = the size of the sample. In order to make
K an integer, N was often less than 10 000.

In each sample there was counted the number of plots in each stratum. On
the basis of sample means relating to a certain type of sample, the standard
error of the mean of plot number (spy) in each stratum was calculated by the
equation

K
(& piny?

z (piny — =
Spn=V - Ps K (1)
K
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Fig. 2. Meltaus area. Scale 1: 30 000.

Group 0 = Strata 7, 8 and 9 combined
» 1 = Stratum 1
» 2 = Strata 2 and 6 combined
» 3 = Strata 3, 4 and 5 combined.

where p; = relative size of stratum p in sample i, and n = size of the sample.
The result represents one »observation» employed in making a regression analysis.
K was used instead of K-1, since the samples together formed the population.
The number of plots in one sample ranged from 16 to 625.
The population of survey lines comprised 100 strips 10 metres wide. The
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Table 1. Strata percentages in the Meltaus area.

Stratum
Total
Sub-area 1 2 3 4 5 6 7 8 9

Percentage of the area
I 5 1 37 18 5 5 13 9 7 100
11 17 13 22 — 17 16 12 3 100
111 7 12 24 7 — 10 15 19 6 100
v 1 2 4 16 2 13 34 23 5 100

number of samples in the line sampling was solved in the same manner as in
the plot sampling. The number of survey lines per sample ranged from 2 to 25.
K was an integer also in this case. By replacing n in Equation (1) by the line
length in the sample, the result indicates the standard error of the mean length
of the lines in stratum p. The same procedure was applied in the following
area as well.

The larger area (about 900 hectares) is called Meltaus (67° N.lat., 25° 20’
E.long.). The area is rectangular in form, with the longer side 1.7 times the
shorter one. The natural orientation of the long axis of the stands in the area
is clearly from north to south, as is discernible in Fig. 2, where nine primary
strata have been combined in four groups.

The original stand map of the Meltaus area available had a scale of 1: 15 000.
On this map, the area was divided by north to south lines into four sub-areas
of equal size. Table 1 shows the division of these sub-areas into the strata. In
each sub-area, lines at intervals of one millimetre, thus representing a 15-metre
wide strip, were located in both directions. In this way, two line systems cover-
ing the area were obtained. The distribution of the lines on different strata
was measured to an accuracy of one millimetre. In all, 264 N-S lines and 153
E-W lines were measured.

In treatment of the material, eight different areas were formed from the
four sub-areas as follows:

Area 1: Sub-area I
» 2 » II
» 3 » 111
» 4 » 1A%
» 5: Sub-areas I and II
» 6: » III and IV
» T » I, 11, and III
» 8 » I, II, III, and IV.

As in Evo, systematic samples were taken on different areas from the line
systems measured. In order to make K an integer, the areas with the N-S lines
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were so reduced that the number of lines crossing them was divisible by 64;
150 of the E-W lines were used in the study. The number of lines in one
sample ranged between 2 and 50. Strata 1 and 2, along with 3 and 4 on the
N-S lines were combined, in view of the limited capacity of the electronic
computer.

On both of the test areas, the data relevant to the distribution of the plots
and lines in different strata were punched on cards. A program was worked
out for the computer, which was capable of selecting and handling the data
needed in surveys with different line and plot distances. The calculations were
mainly effected on the IBM 1620 computer at the Computing Centre of the
Department of Mathematics, University of Helsinki.

The results of the first stage of calculation consisted of data on the standard
error and other characteristics of the samples. The examination of these data
was based upon regression analysis.

In analyses of the data from plot sampling, there were discarded those cases
in which the number of plots or stratum areas was so small that it completely
failed to appear in at least 10 samples. By this means, an attempt was made
to avoid skewness in the distribution of the p;-values which might possibly
be caused by 0O-samples. The final number of observations was 81. In line
sampling, again, all the cases including O-samples were rejected. Thus, for
regression analyses, there were 90 observations available from Evo; 43 on N-S
lines and 47 on E-W lines. In Meltaus, each of the eight areas formed provided
80 to 98 observations (23 to 34 on N-S lines and 53 to 70 on E-W lines), or in
total 730 observations (217 on N-S and 513 on E-W lines).

3. Calculation of regression equations

31. Uniform systematic plot sampling

If it is assumed that the area of a given stratum is to be determined by
random sampling, i.e., with plots located randomly in the field, on maps, or
on aerial photographs, the standard error of the number of plots falling on the
stratum (Sp,) can be calculated by the equation (cf. CocHRAN 1963):

(N — n) pgn®
Spn=AN (n—T7)N )

where N = size of the population,
n = size of the sample,
p = relative size of the stratum,

g=1—p
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When the size of sample increases, n—1 can be replaced by n without
reducing the reliability of the result. The equation takes the form:

(N — n) pgn
Spn = ~/ N ®3)

—n

When, in addition, the size of the population increases, N approaches

one, and there will be the form
Spn = 4/ pqn

The standard error of the number of plots in a stratum can also be estimated
by means of the above equations in the case when uniform systematic plot
sampling is employed, if it is assumed that the stratum is randomly distributed
in an area. Although this assumption as such is hardly ever valid, it may be
presumed that the standard error in uniform systematic plot sampling depends
on the same variables as in random sampling. Moreover, it can be assumed
that the dependence of the standard error on these variables is approximately
of the same type in both cases.

Equation (3) can also be written in the following form:

Spn = 1(pg)2n s (1 — n/N) " @

When the constants in the equations are replaced by terms a, b, ¢, and d,
and the logarithms are taken on both sides, there is obtained the following
function model applicable in the regression analyses:

log spn = log a + blog (pg) + clog n + dlog (1 — n/N) )

In the regression analyses carried out on the basis of the Evo data of the
precision of uniform systematic plot sampling, use was made solely of the
variables occurring in Equation (5).

Table 2 presents the results of the regression analyses made. The correlation

Table 2. Dependent variable log s,, as explained by different combinations of independent
variables in plot sampling in Evo.

Independent variable
R S as
log (pq) log n log (1 — n/N) percentage
- - - 0 83.4
X = — 0.796 50.8
N X = 0.908 36.
X X X 0.900 35.4




12 Aarne Nyyssonen and Pekka Kilkki 8l.3

coefficient (R) and the standard error of estimate (S) provide information on
the mutual relationships of the different equations, and not directly on the
final precision of the results. Since log n and log (1 — n/N) are in a relatively
strong negative correlation (r = — 0.893), the addition of log (1 —n/N) as
an independent variable improves the result no more than slightly. The last
equation takes the following form:

log spn = 0.0433 + 0.419 log (pg) + 0.348 log n + 5.23 log (1 — n/N)  (6)

For regression coefficients, the t-values are 20.1, 6.3, and 2.0.

32. Sampling with equidistant lines

As it can be assumed that the survey lines are formed by sample plots placed
one after another, it seems possible also to characterize the precision of sampling
with equidistant lines, on the basis of the same function models as in uniform
systematic plot sampling. Then sp, expresses the standard error of the total
length of lines in stratum p, and n the total length of lines in the sample.

e The additional variables used here were log N, and some characteristics
meant to describe the distribution of the strata in the area. First, the charac-
teristic sp; refers to the standard deviation of the length of lines in stratum
p (cf. Fig. 3). Since the standard error of the line length in random sampling
is directly proportional to sp;, it can be assumed that the accuracy of stratum-

mefres
1000,

800

600

00 99 —>

Fig. 3. Amount of treatment class 4 on 100 N-S strips in Evo, with mean (z) and standard
deviation (sp1).
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areas obtained by sampling with equidistant lines can be significantly depend-
ent on sp. Secondly, the average number of lines crossing the strata, and the
effective number of lines, as recommended by KuuseLa (1960), may be applied.
The symbol my will be used for the former, and the latter has here been cal-
culated by the equation

pn

pn
— + Sm
mp

| =

In other sampling studies carried out simultaneously with the present in-
vestigation, the hypothesis that the variance of a systematic sample provides
in general a rather good estimate of the population variance, has been proved
true. This finding makes it possible to use sp;, calculated for the population,
as a variance for individual samples in the regression analyses.

Regression analyses of the Evo data were made for both the lines of different
directions separately, and for the total material. In this connection, attempts
were made to test different combinations of independent variables, although
log N was excluded.

The principal results of the regression analyses of the Evo material are pres-
ented in Table 3. The characteristic of the relative size of stratum, log (pg),
bears a marked correlation with the dependent variable. The characteristics
of the distribution of stratum-areas, log (mp), log [ and log sp;, improve the
results to some extent, but good results, from a relative standpoint, were
derived by means of the function in the last row:

log Spn = 1.483 + 0.441 log (pq) + 2.17 log (1 — n/N) )

The t-values of the regression coefficients are 12.4 and 4.9.
The regression equations from the Meltaus material were initially calculated

Table 3. Dependent variable log s,, as explained by different combinations of independent
variables in strip sampling in Evo.

Independent variable = § a8
log (pq) logn 1 _loﬁ /N) log mp logl log Spl Dercentage
— — — — — — 0 425
X — — — — — 0.818 24.7
X X X X — -— 0.861 224
X X X — X —_ 0.882 22.0
X X X — — X 0.864 2l.9
X e X —_ — — 0.860 2l.9
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Table 4. Dependent variable log spy as explained by different combinations of independent
variables in strip sampling in Meltaus.

Independent variable S as
Tog R percent-
log (pq) logn (1 — n/N) log my logl log Spl log N age

— - - — — — — 0 29.9
X X — == —_ — X 0.719 20.8
X X X — — — X 0.720 20.8
X X X X e — X 0.733 20.4
X X X — X = X 0.746 20.0
X X X —_ — X X 0.759 19.5
X X = - — X X 0.759 19.5

separately for different line directions and for each of the eight areas, but it
seemed evident that the whole material could be handled as one unit without
losing much of the explanatory ability of the equations. This offered the con-
siderable advantage of increased range of variation.

Table 4 indicates the results of the regression analyses made for the whole
material. In choosing the equations for this table, attention was paid to the
predicting strength of different variables.

Among the equations calculated, that in the last row of Table 4 has the fol-
lowing form:

log $pn = — 0.479 + 0.231 log (pg) — 0.617 log n + 0.518 log sp
+ 0.412 log N 8)

The coefficients of the independent variables used in Equation (8) differ
from zero to a highly significant degree, as their f-values range from 6.6
to 10.0.

Log m, and log [ also proved to be significant variables when log sy
was not included. It appears, however, that log s,; alone is capable of com-
pensating for both of them.

As the Meltaus material includes eight different areas, within each of which
the sampling was done in two directions, the range of variation of the charac-
teristics describing the distribution of strata is considerably larger than that
of the Evo material. As a consequence, the significance of these characteristics
as independent variables is brought out more clearly than in the Evo ma-
terial, which comprises one area alone. In the regression analyses calcula-
ted for the Meltaus area, one important independent variable is the size
of the area, which could not be analysed at all on the basis of the Evo
material.
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4. Estimation of the precision of stratum-area determination
41. Sampling with random plots

In plot sampling, the standard error of a stratum-area (s,4) is derived by
multiplying the standard error of the number of plots falling in that stratum
by A/n, where A is the total area. Thus, if the plots are distributed randomly,
Equation (9) is derived from Equation (2), p. 10:

_ J (N-m)pg_ 4
(n—1) N ©
If the sampling unit is conceived as a point, with the consequence that an

infinite number of them can be placed in the area being estimated, the follow-
ing equation is applicable:
Ssa = ng- A
n

42. Uniform systematic plot sampling

The degree of precision of estimation of an area by uniform systematic plot
sampling is obtained, for an area 100 hectares in size, by multiplying the stand-
ard error of the plot number of a certain stratum (Equation 6, p. 12) by .192
When furthermore the addition required by the logarithmic transformatlon
(cf. JEFFERrs 1960) is made, the following equation is obtained:

Ssa = 1.13 (pg) 0419  0.348 (] — 100

) 5.23

10000

In this equation, n can be replaced by ]0002000

, in which v indicates the plot

distance in metres. The equation takes the shape:

Ssa = 0.0139 (pg) 0419 p 130 (1 — 11?0) 5.2 (10)

By way of reservation, it can be assumed that the precision of plot sampling
changes in the same proportion as that of line sampling with changing total
area. Some equations calculated from the Meltaus data allow of derivation of
the effect of the change in area on the precision of line sampling. These equa-
tions give the result that when the area changes k-fold, the standard error of
the stratum-area changes k%4%-fold, if the line distance remains unchanged.
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Table 5. Standard error of a stratum-area in uniform systematic plot sampling, based on
Equation (11).

Relative size of stratum, per cent

_Plot 10 20 30 40 10 20 30 40
distance, 90 80 70 60 il 90 80 70 60 30

Standard error, hectares

Total area 100 hectares Total area 200 hectares

50 & .8 .9 l.o l.o .9 1.2 1.3 l.a |
100 1. 2.4 2.8 3.0 3.0 2.8 3.5 KX 44 4.2
150 3.4 4.3 4.8 51 5.2 4.8 6.0 6.8 7a 7.3
200 5.0 6.3 Ta 1.5 7.6 6.9 8.9 10.0 10.5 10.7
250 6.7 8.6 9.6 101 10.3 9.4 119 13.2 14.2 14.4

Total area 500 hectares Total area 1000 hectares

100 4.3 5.4 6.0 6.4 6.5 6.0 7.6 8.5 9.0 9.2
200 10.9 14.0 15.6 16.5 16.7 15.3 19.6 218 23.2 23.6
300 18.7 238 26.6 28.2 28.7 26.2 33.4 37.4 39.6 40.2
400 27.2 34.7 38.9 414 41.8 38.2 48.7 54.6 57.¢ 58.6
500 36.5 46.4 52.0 55.1 56.0 51.2 65.2 73.0 7.2 78.5

When the size of the area is A hectares, the standard error of the stratum-
A
area is obtained by multiplying Equation (10) by (m) 0.488 When the equa-

tion obtained in this way is further simplified, it takes the form:

100

Ssa = 0.00146 (pq) 0419 p 1.30 (] — 7) 5.23 A 0.488 (11)

Table 5 presents figures calculated on the basis of Equation (11).

43. Sampling with equidistant lines

For areas 100 hectares in size, the standard error of a stratum can be esti-
mated in line sampling on the basis of Equation (7) p. 13, derived from the
Evo material. This equation is based upon a more exact map than is, for in-
stance, the corresponding equation of the Meltaus material. Only the relative
size of the stratum of the total area needs to be known, along with the total
length of the survey line. In Equation (7), the length of the sampling line is

replaced by _1_0__01?99 where v = the line distance expressed in metres; more-

over, Equation (7) is converted into a form which gives the error in hectares.
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Table 6. Standard error of a stratum-area in strip sampling, based on Equation (13).

Relative size of stratum, per cent
g Line 10 20 30 40 10 20 30 40
ke 90 80 70 60 o 90 80 70 60 30
Standard error, hectares
Total area 100 hectares Total area 200 hectares
50 3 4 5 .5 .6 .5 .6 <8 .8 .8
100 .9 1.2 1.3 la l.a 1.3 l.e 18 1.9 1.9
150 1.5 1o 2.2 2.3 2.3 21 2.7 3.0 3a 3.2
200 2a 2.6 2.9 3a 3.2 2.8 3.7 4.1 4.4 4.4
250 2.8 3.4 3.8 4.0 41 3.7 4.8 5.3 5.6 5.7
Total area 500 hectares Total area 1000 hectares
100 1. 2.6 2.9 3.0 3a 2.8 3.8 4.0 4.3 4.3
200 4.4 5.7 6.5 6.9 7.0 6.3 8.4 9.1 9.6 9.8
300 6.9 9.0 101 10.7 10.9 9.7 125 14.2 15.0 15.4
400 9.4 12.2 13.6 14.6 14.s 13.3 171 191 20.4 20.8
500 119 15.4 17.3 18.4 18.7 16.8 216 243 25.8 26.3

When the addition required by the logarithmic transformation is made, the
following equation is obtained:

Sea — 0.0329 (pg) *41 (1 — ?) 217 (12)

If estimation of the standard error of the stratum-area is desired in areas
other than 100 hectares in size, the result obtained from Equation (12) has to
be multiplied by a correction coefficient in the same manner as in uniform
systematic plot sampling. This gives the following equation:

Ssa = 0.00347 (pg) 041 (1 — ?) 217 ) A0.488 (13)

Table 6 presents the results of calculation by this equation.

According to the above equations, the standard error of a stratum-area can
be estimated in forest areas approximating the Evo area in form and pattern.
Even in cases when the area differs considerably from that at Evo, these equa-
tions can probably give a concept of the effect of the relative size of a stratum,
the line distance, and the size of the total area on the standard error of the
stratum-area.

If, moreover, it is wished to use the characteristics of the individual pattern
and form of each area in a study of the precision of line sampling, the equations

2
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Table 7a. Standard error of a stratum-area in strip sampling of 100 hectares, based on
Equation (15).

Relative size of stratum, per cent

4 Line 10 20 30 40 10 20 30 40
istance, 5
ey 90 80 70 60 . 90 80 70 60 50

Standard error, hectares

Spi; = 100 Spi; = 200
50 4 4 .5 .5 .5 .6 7 3 .8 a8
100 .9 1o 1a la 1a l.s l.a 1.5 l.s 1.
150 1.5 1.7 1.8 1.8 1.9 21 2.4 2.5 2. 2.7
200 2.0 23 255 2. 2. 2.9 3.3 3.5 3.6 3.8
250 2.6 3.0 3.2 3.3 3.3 3.8 4.3 4.6 4.8 4.8

calculated for the whole Meltaus material need to be employed; the best of
them is probably No. (8), p. 14. With a view to making this equation simpler
in application, the characteristics can be so converted that they correspond
to measurements in the field instead of map measurements. As the scale of
the map was 1: 15000, the dimensions measured in metres in the field have
to be multiplied by 0.06667 to provide the variables needed for the equation.

The total length of the line can be replaced by the line distance. This gives
the following equations:

__666.7 A
14

Sp1 = 0.06667 s,

n

N=444A

in which sy, indicates the distribution of the length (in metres) of stratum p
on the lines. When the new variables thus obtained are inserted in Equation (8),
the antilogarithms are taken, and the correction required by the logarithmic
transformation is introduced, the following equation is obtained:

Spn = 0.146 (pq) 0.231 1 0.167 Sgn 0.518 A0.245 (14)
This equation gives the standard error of the portion of the sampling line

which falls on stratum p. The standard error of the corresponding stratum-
area can be calculated by the equation:

- S_fr’lﬁ A = 0.0015 v s,
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Table 7b. Standard error of a stratum in strip sampling of 1000 hectares, based on
Equation (15).

Relative size of stratum, per cent
Line 10 20 30 40 10 20 30 40 50
distance, 90 80 70 60 a0 90 80 70 60
Standard error, hectares

Spiy= 100 Spiy = 200
100 15 1. 2.0 2.0 2.0 2.3 2.7 2.8 2.9 2.9
200 3 41 4.3 4.4 4.5 B 5.9 6.2 6.4 6.5
300 5a 6.6 7.0 T.2 1.3 8.3 9.4 101 10.4 10.5
400 8.1 9.2 9.8 10.2 10.3 11.6 13.2 14.0 146 14.7
500 10.5 119 12,7 13.2 133 15.0 174 18.2 18.8 19.0

Spi; = 300 Spi; = 400
100 2.9 3.2 3.4 K KX 3.3 3.8 4.0 4. 4.2
200 6.3 T.2 T3 8.0 8.1 1.3 8.3 8.8 9.2 9.3
300 10.3 11.6 125 128 12,9 118 135 14.4 14.s 14.9
400 14.4 16.4 17.4 18.0 18.1 16.6 19.0 20.2 20.8 21.0
500 18.5 21a 226 23.2 23.4 215 246 26.1 27.0 27.2

When sp, in this formula is replaced by its value in Equation (14), the fol-
lowing equation, is obtained:

Ssa = 0'000219 (pq) 0.231 v 1.17 Spll 0.518 A 0.245 (15)

Tables 7a and 7b present the results of calculations by the application of
this equation. The exponent of A in this equation differs from that in Equation
(13); this is attributable to a part of the effect of the total area being brought
forth by the exponent of sy;.

5. Reliability of the results

The material obtained from the Evo area is well adapted for a comparison
of line sampling and plot sampling. A weakness of this material is the relatively
small size of the area (100 hectares). Nevertheless, the Meltaus material offers
a considerably larger range of variation. In line sampling, the regression equa-
tions calculated for the whole Meltaus material are based upon 730 observa-
tions. The size and the form of the sub-areas measured there varied appre-
ciably. .

Some concept of the reliability of the regression models used is procurable
by comparison of the results of different materials. Table 8 shows an example:
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Table 8. Comparison of standard errors of a stratum-area in strip sampling, based on the
Evo and Meltaus materials. Total area 100 hectares; sp; = 100.

Relative size of stratum, per cent

e 10 20 30 40
o 90 80 70 60 50

Standard error, hectares

Evo
50 .37 44 .48 .50 .50
100 .95 las l.23 1.29 131
150 1.5 1.86 2.01 2.0 213
200 215 257 2.80 2.92 2.95
250 2.76 3.28 3.57 3.72 3.77
Meltaus
50 .40 .45 .49 .51 .51
100 .91 l.oa In laa las
150 1.6 1.69 1.78 1.84 1.87
200 2.04 2.33 2.s8 2.55 2.59
250 2.61 2.99 3.6 3.27 3.32

Difference as percentage of the
Meltaus results

50 —8 —2 —2 —2 —2
100 4 9 11 13 14
150 7 10 13 14 14
200 5 10 13 14 14
250 6 10 13 14 14

the standard error of stratum-areas at varying line distance, calculated on the
basis of Equation (8) of the Meltaus material, and of the corresponding equa-
tion of the Evo material. The size of the area is assumed to be 100 hectares,
and the characteristic sy, for distribution of the stand figures, 100 metres.
When the large differences between these two areas are borne in mind, the dif-
ferences between the results arrived at from the two equations are surprisingly
small in this example. Even the largest differences do not exceed 15 per cent.

Another means of comparing the reliability of the results achieved in line
sampling is given by the stand map in-Fig. 4. This was available on a scale
of 1: 10 000 as regards the area 326.7 hectares in size located in the Viitasaari
forestry district, central Finland. Survey lines were measured at 1-millimetre
distances in both NE-SW and NW-SE directions; the stands were classified in
four strata, and their lengths on lines were measured to an accuracy of 1-mil-
limetre (10 metres on the ground).
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| 1
i
f

Fig. 4. Viitasaari area. Scale 1: 20 000.

For different line distances, three results were calculated in respect of each
stratum:

1. the true standard deviations of the sample means;

2. the results given by Equation (13) p. 17, the independent variables being
the relative size of stratum (p), the line distance (v) and the size of the total

area (A);
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Fig. 5. Standard errors of stratum-areas from NE-SW lines in the Viitasaari area.

Curve No. 1: true standard deviations of sample means
» » 2: standard errors estimated by Equation (13)
» » 3: standard errors estimated by Equation (15).
Stratum 1 8.0 hectares, 2.5 per cent

» 2 475 » 14.5 »
» 3 170.8 » 21.7 »
» 4 200.4 » 61.3 »
Total area 326.7 » 100 »

3. the results given by Equation (15) p. 19, with the standard deviation of
the length of lines (sp;) as an independent variable in addition to those mention-
ed above.

Fig. 5 indicates the results obtained from NE-SW lines, giving the regres-
sion of the standard error of the stratum-area on line distance. There are some
features typical of systematic sampling in the course of the »true» standard
errors, but as a whole the estimates of standard error given by Equations (13)
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and (15) seem rather satisfactory; furthermore they are about the same at least
as far as Strata 2 and 3 are concerned. Possibly, Equation (13) has given the
best results for Stratum 4, and Equation (15) those for Stratum 1.

6. Discussion

The results derived from the Evo material permit of comparison being made
between different sampling methods. Fig. 6 provides an example of such a
comparison. For estimation of the standard error of stratum-areas, Equation
(9) p. 15 was applied for random plot sampling, Equation (10) p. 15 for uniform
systematic plot sampling, and Equation (12) p. 17 for sampling with equidistant
lines. There are two scales on the abscissa of the figure. When systematic plot
and line sampling are compared, the »distance» means plot or line distance. In
comparing sampling with random or systematic plots, use can be made of
the lower scale showing the number of plots.

Systematic plot sampling is superior to sampling with random plots. The
relative merits of the former diminish as the number of plots is reduced. Cal-
culation of the standard error of a stratum-area in systematic plot sampling,
by application of the methods for random sampling, entails substantial over-
estimation of the error.

With an increase in the line distance, the advantages of line sampling become
more obvious than those of uniform systematic plot sampling. This means that
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Fig. 6. Standard errors of a stratum on application of different sampling methods. Total
area 100 ha., stratum-area one half of this.
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Fig. 7. Standard errors of stratum-areas on application of different sampling methods.
Total area 100 ha.

Curve No. 1: sampling with 100 random plots
» » 2: uniform systematic plot sampling (100 plots)
» » 3: sampling with 10 equidistant lines

the larger the survey line interval in line-plot survey, the more advantageous
it is to study the division of the area into strata by measuring the distribution
of the lines into these strata, and not only by means of the sample plots located
on the lines. In practice, however, the differences between the two methods
concerned need not be so pronounced as here, since in line-plot survey the plot
interval is often less than the line interval.

Fig. 7, based on the same functions as Fig. 6, describes the relationships of
three sampling methods in another dimension, as a function of the relative size
of a stratum.

The equations derived in the present study for estimation of the standard
error of stratum areas can in the main be applied in two different ways: to
determine the precision in a survey already made, and to predetermine the size
of a sample in a survey to be made. In the former, the estimates of such charac-
teristics as the relative sizes of the strata, the size of the sample, and even the
distribution of the strata, are available in addition to the total area. The devia-
tion of these estimates from their correct values reduces the reliability of the
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Fig. 8. Estimation of a line distance for a given precision: an example. Total area 500 ha.,
relative size of stratum 60 per cent, and allowable error 5 per cent, or 15 ha.
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estimation of the standard error of the stratum-area. The greatest discrepancies
in estimation of the standard errors occur when the size of the stratum is close
to 0 or 100 per cent; under these conditions even a slight deviation from the
correct size of the stratum-area induces a considerable deviation in the estimation
of the error (cf. Fig. 7).

If one wishes to ascertain the size of the sample which will give the area of
a stratum of stated size to a given degree of precision, those equations which
do not call for information on the distribution of the stratum are often useful.
Different sampling methods may be considered. Sampling with random plots
has been described by LoetscH and HALLER (1964, pp. 329—330). In uniform
systematic plot sampling, and sampling with equidistant lines, the equations
presented in the present paper may be applied. However, the use of Tables 5
and 6 may be found easier. For greater precision, graphic interpolation can be
introduced.

An example of the estimation of the line distance required for a definite
degree of precision is presented in Fig. 8, drawn from Table 6. The total area
is 500 ha., the relative size of stratum 60 per cent, and the allowable error
(AE) 5 per cent, equivalent to 15 ha. The standard error of the stratum was
estimated for three confidence levels:
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1. 68 per cent confidence
Ssa = AE = 15.0 ha.; v = 410 m.
(v = distance between lines, from Fig. 8)

2. 95 per cent confidence
Ssa = AE[1.96 = 7.7 ha.; v = 220 m.

3. 99 per cent confidence
Ssqa = AE/2.58 = 5.8 ha.; v = 170 m.

The methods of estimating confidence limits in the example give results which
are almost correct when the p;-values obtained from different materials are
normally distributed. Both theoretically and experimentally, it could be con-
cluded that the distribution of p;-values is rather close to normal distribution,
except when p approaches 0 or 1, or when a sample is very small.

7. Summary and conclusions

The highest degree of precision in determining the areas of different strata
in forest survey is achieved when these are measured from a map by means
of a planimeter. However, in practice the stratum-areas usually need to be
determined on the basis of samples taken in the field, or from aerial photo-
graphs. The goal of the present investigation has been determination of the
precision in stratum-area estimation on the application of different sampling
methods.

The objects of study comprised three sampling methods: 1. sampling with
random plots, 2. uniform systematic plot sampling, and 3. sampling with equi-
distant lines. Determination of the precision of sampling with random plots
was based upon equation originating in binomial distribution. In the study of
uniform systematic plot sampling, use was made of an accurate stand map of
a 100-hectare forest. Emphasis was laid upon sampling with equidistant lines,
in which another map, covering 900 hectares, was also used. In addition, the
third map was available for comparative purposes.

The dependence of the standard error of stratum-areas in systematic line
and plot sampling was examined by regression analysis; the models for regres-
sion equations were derived from random sampling formulae. It appeared that
the characteristics of these formulae were applicable as variables in the regres-
sion equations for systematic samples. In addition, there were found some
characteristics of the distribution of the stratum which seem to influence the
error in sampling with equidistant lines.

The principal results of the study are presented in the regression equations,
and in some tables compiled by means of these equations. The results as regards
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uniform systematic plot sampling indicate that the use of random sampling
formulae, so far commonly practised, leads to considerable over-estimation of
the standard error. Nonetheless, unless relatively short intervals between sample
plots are used in the forest survey made on the ground, it is of advantage to
study the division of the area into strata by measuring the distribution of the
survey lines in these strata.

The results achieved can principally be used in two ways: for estimation
of the precision in a survey already made, or to predetermine the sample size
in a survey to be made. The results may be applicable to areas ranging from
100 to 1000 hectares in size, but to much larger areas as well if the pattern of
configuration is of the type of stand maps in test areas. It is apparent, however,
that tests in respect of larger areas are urgently needed. Moreover, in future
studies attention should be paid to the correlation between survey lines.
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List of symbols used

total area

constants

allowable error

number of samples
effective number of lines

log x means log,, x

average number of lines crossing stratum p

size of the population

size of the sample

relative size of stratum

relative size of the stratum p in sample i

1—p

correlation coefficient

standard error of estimate

standard error of the stratum-area

standard deviation of the length of lines in stratum p
Sp1 in metres

standard error of the number of plots or the lengths of lines in stratum p
distance between plots or lines

arithmetic mean



