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The evaluation of forest inventory designs using

correlation functions
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TIIVISTELMA: KORRELAATIOFUNKTIOT METSANINVENTOINNIN OTANNAN TEHOKKUUDEN

VERTAILEMISESSA

Korhonen, K.T. & Maltamo, M. 1991. The evaluation of forest inventory
designs using correlation functions. Tiivistelmi: Korrelaatiofunktiot metsin-
inventoinnin otannan tehokkuuden vertailemisessa. Silva Fennica 25(2): 77—
83.

Correlation functions of the mean volume, land use class and soil class were
estimated using the data of the Finnish National Forest Inventory. Estimated
functions were used for approximating the standard error of e.g. the mean
volume of a cluster of plots. Standard error estimates can be used for comparing
different inventory designs.

Tutkimuksessa esitetdin valtakunnan metsien inventoinnin aineistosta lasketut
keskitilavuuden, metsimaan osuuden ja maaluokkien osuuden korrelogrammit.
Korrelogrammeihin sovitetttiin yhtilot epilineaarisella regressiolla. Sovitetut
yhtdlot antavat estimaatin korrelaatiolle koealojen vilisen etdisyyden funktiona
mainituille muuttujille. Korrelaatiofunktioiden avulla laskettiin mm. lohkon
keskitilavuuden estimaatin keskivirheitd erilaisilla lohkomuodoilla. Esitetyn
menetelmén avulla voidaan vertailla erilaisten ja erikokoisten lohkojen tehok-
kuutta maastotietoon perustuvassa inventoinnissa.
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1 Introduction

Systematic sampling designs are widely used in
large area forest inventories. Gathering plots
into clusters (often called tracts) has been found
to be the most efficient method in most forest
populations. Choosing the optimal size of sam-
ple plots, optimal distance between plots, and
optimal shape and size of clusters requires in-
formation on

1) the time consumption of different working phas-

es, and
2) the variation of the population.
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The first goal of this paper is to study the
"long distance’ variation of the Finnish forests.
The variation is described with correlation
functions. The second goal of this study is to
use these functions for comparing the relative
reliability of results obtained with different
sampling designs. The methods used and de-
scribed in this paper are similar to those used in
Sweden when the new national forest survey
was planned (see e.g. Ranneby et al. 1987).
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2 Material

Sample plots measured in the seventh National
Forest Inventory of Finland (later called NFI7
in this paper) are used to study the variation of
some variables in the Finnish forests. Sample
plots are located on clusters, in the shape of a
half-square. The distance between plots (= rela-
scope points) within a cluster is 200 m and the
distance between clusters is 8 km. Each cluster
consists of 21 sample plots (see Fig. 1) (Kuu-
sela and Salminen 1969).

Several characteristics describing the site and
growing stock on the plots are registered. A
relascope (factor 2) is used for choosing the
trees to be measured. In addition to these 21 so-
called tally plots there are 20 so-called stump
plots in each cluster. In the ’stump plots’ only
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Figure 1. The tract scheme of the Finnish NFI.

stumps and some stand characteristics are regis-
tered. These plots were not used in the study.
In Lapland, the NFI7 was based on both aerial
photographs and ground data. For this reason,
fewer field sample plots were measured in Lap-
land than in southern Finland. Thus, sample
plots measured in Lapland were not used in this
study. The study area is presented in Fig. 2.
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Figure 2. The study area.

3 Methods

3.1 Estimation of correlograms and correla-
tion functions

Correlograms were calculated for mean volume
on forest land, land use class (forest/non forest
land) and soil class (mineral soil/peatland). Mean
volumes (m’/ha) were estimated for each plot
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by summing the volumes per hectare of the
measured trees. The land use class (forest or
non-forest) and soil class (mineral soil or peat-
land) of the plot were determined according to
it’s middle point.

Correlograms were estimated by calculating
the variances (6?) and variograms for above-
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mentioned variables. Variograms were calculat-
ed with the following formula (see e.g. Ran-
neby 1981).

n

V() = 2 (X(si+ u) - X(s)? 1)

i=1

value of variable x at point s;,
distance, and
number of points (= sample plots).

where X(s;)
u

n

The correlation of, e.g., the mean volumes of
plots as a function of distance between plots
was estimated using formula (2).

c(u) =1 -v(u)/s?, (2)

where s? estimates ¢2.

The observed correlations were smoothed into
continuous functions with non-linear regression
analysis.

3.2 Estimation of sampling error with
correlation functions

When the correlation between clusters is zero
(= clusters are far from each other) the relative
reliability of an inventory design can be as-
sessed by the error variance of a cluster mean
(Matern 1960). Estimated correlation functions
were used for estimating the error variance, e.g.,
for the mean volume estimate obtained with one
cluster.

The cluster mean is calculated with formula:

M=

X=1/n-Y x 3)

I
—

The formula for estimating the error variance is:

var(X) = 1/n?- var f,l X;

I/n-var(x) +2/n? - ¥ cov(x,x).  (4)

1#]

In order to use formula (4) we need

1) the variance of variable x on plot i, and

2) ‘the covariance of values of variable x as a func-
tion of the distance between plots.

The expected value for the variance is assumed
to be equal on every plot and was estimated
from the NFI7 data. The standard deviations of
mean volumes of regions I, II, and III were
91.3, 97.4, and 72.1 m/ha, respectively. The
standard deviations of percentage of forest land
were 0.48, 0.39, and 0.46, respectively.

The covariances were obtained from correla-
tion functions (see chapter 31) using the follow-
ing formula.

cov(y1,y2) = s(y1) - s(y2) - corr(yy,y»), )]
where  s(y;) = standard deviation of varia-
ble y;, and
corr(y,,y,) = correlation of variables y, and
Yo

In this case s(y,) = s(y,) = s(x). Thus, we obtain:

Cov(x;,X;) = var(x) - corr(x;,x;), i,j = 1,n. (6)

4 Results

4.1 Correlograms

At first, correlograms were calculated for each
National Board district. Correlograms were also
calculated separately for North-South -direction
and East-West -directions.

We observed that the variation was almost
isotropic, i.e. the correlations calculated in the
North-South -direction were about equal to those
calculated in the East-West -direction. Thus, the
final correlograms were calculated for combined
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data. Furthermore, data from different National
Board districts were combined: Finland was di-
vided into three separate groups of National
Board districts according to the pattern of varia-
tion. The groups were (see Fig. 2):

I = South-east and South-west Finland (National
Board districts 1-6 and 8)

II = Central and Eastern Finland (districts 7, 9-12),
and
IIT = Ostrobothnia (districts 13-17).
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Figure 3. Estimated correlations of (1) mean volume,
(2) land use class, and (3) soil class. Region 1.
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Figure 5. Estimated correlations of (1) mean volume,
(2) 1and use class, and (3) soil class. Region III.

Correlograms for different regions and for dif-
ferent variables are presented in Figs. 3-5. Cor-
relations from 200 m to 2 km were calculated
using plots on the same side of the half-square
cluster. Correlations at the distance of 2.3 km
were calculated using plots numbered 3 and 37
or 5 and 39 (see Fig. 2). At the distance of 2.7
km plots 3 and 41 or 1 and 39 were used.
Correlograms (Figs. 3—-5) show, e.g., that the
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Figure 4. Estimated correlations of (1) mean volume,
(2) land use class, and (3) soil class. Region II.
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Figure 6. Estimated correlation function for the mean
volume of region 1.

mean volume of sample plots in region III is
correlated at longer distances than in the other
two regions. The land use class in region I has a
spatially greater correlation than in the other
regions. This is probably due to the fact that
there are larger agricultural fields in the south-
ern Finland than in the other parts of the coun-

try.

Kari T. Korhonen & Matti Maltamo

4.2 Correlation functions

Non-linear regression was applied to fit func-
tions into the correlograms of the mean volume
and land use class. Several functions, e.g. loga-
rithmic, exponential and power functions, were
tested. In regions I and II the best function for
describing the mean volume correlogram was
found to be:

c(u) =a,- €1, 7

where a, and a, are parameters, and
u = distance between plots in kilometers.

The best fit for the mean volume correlogram in
region I1I and the correlograms of land use class
in all regions was obtained with function (8).

cu)=a,-u L. (8)

Figure 6 gives an example of a fitted correlation
function. Parameter estimates for different re-
gions and different variables are presented in
Table 1.

It would be logical that the estimated correla-
tion functions would give estimate 1 for dis-
tance 0. However, this logical constraint was
ignored for two reasons:

1) in the applications correlation estimates are not
needed for distances less than 100 meters, and

2) in the applications most accurate estimates for
correlations are needed for distances higher than
200 m.

4.3 Comparison of different sampling
designs

A Fortran-program was written to calculate error
variances of the estimates obtained using clusters
of different sizes and shapes. The program uses
formulas (6), (7), and (8) to estimate the co-
variances between plots within a cluster. The
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Table 1. Parameter estimates for the correlation func-
tions of mean volume and land use class.

Region Variable Function ay a,

I mean volume (7) 0.352 2.406
II mean volume (7) 0.250 1.316
I mean volume (8) 0.141  0.460
I landuseclass (8) 0.189  0.540
I landuseclass (8) 0.108 0.670
I landuse class (8) 0.145  0.649

error variances of the mean volume and forest
land percentage estimates are estimated with
formula (4).

Table 2 shows some results obtained with
half-square clusters of different sizes and vary-
ing distances between plots. In Table 2 the
number of plots per cluster varies from 17 to 25
and the distance between plots from 100 m to
400 m. The cluster of 21 plots with the distance
of 200 m (6th line in Table 2) is the cluster
pattern used e.g. in the 7th and 8th National
Forest Inventory of Finland. Table 2 shows, as
expected, that the error variances decrease when
the distance between plots increases. It might
seem somewhat surprising that the error vari-
ance of the mean volume estimates is higher at
region II than at region III even though the
mean volumes are more correlated in the latter
region. This is explained by the fact that the
variance of the mean volume is lowest at region
III.

Table 3 shows results obtained with square-
shaped clusters. Comparison of Tables 2 and 3
shows that with equal distance between plots
and about equal number of plot per cluster the
half-square shaped clusters give lower error
variances than square shaped clusters. This is
due to the fact that in square shaped clusters the
average distance between plots is lower than in
half-square shaped clusters (see e.g. Matern
1960).
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Table 2. Error variances of mean volume (m?/ha) and forest land percentage

estimates obtained with different half-square clusters. Notation: Dist. =
distance between plots, No = number of sample plots/cluster, Volume =
mean volume, Forest % = percentage of forest land.

Error variances

Region I Region I Region 111
Dist No Volume Forest % Volume Forest % Volume  Forest %
100 17 865.5 0.040 1047.7  0.020 723.1  0.033
200 17 641.0 0.032 834.1 0.016 609.2  0.026
300 17  563.1 0.028 7233 0.014 557.6  0.023
400 17 531.0 0.026 6629 0.013 5264 0.021
100 21 7014 0.036 8920 0.018 642.8 0.029
200 21 5034 0.028 671.8 0.014 5349 0.022
300 21 4457 0.025 573.0 0.012 486.1 0.019
400 21 4238 0.023 5248 0.011 456.5 0.018
100 25 5799 0.032 770.2  0.015 583.2 0.026
200 25 4112  0.025 5549 0.012 480.8  0.020
300 25 368.1 0.022 470.1 0.011 4344 0.017
400 25 3524 0.020 4323  0.009 406.3 0.016

Table 3. Error variances of mean volume (m?ha) and forest land percent-
age estimates obtained with different square clusters. Notation: Dist. =
distance between plots, No = number of sample plots/cluster, Volume
= mean volume, Forest % = percentage of forest land.

Error variances

Region I Region 11 Region ITI
Dist No  Volume  Forest % Volume Forest % Volume  Forest %
100 16 971.2 0.042 1090.7  0.022 742.0 0.036
200 16 759.6 0.033 934.7 0.017 628.2  0.028
300 16 6574 0.029 833.1 0.016 576.6  0.024
400 16 6044 0.027 765.7 0.015 545.4  0.022
100 20 8543 0.040 1006.2  0.020 7046 0.034
200 20 613.0 0.031 800.5 0.016 583.2  0.025
300 20 5173 0.027 682.6 0.014 528.2  0.022
400 20 4744 0.025 6129 0.013 495.0 0.020
100 24 7476 0.038 927.1  0.019 671.8 0.031
200 24 503.0 0.029 688.7 0.014 547.6  0.023
300 24 421.1  0.025 567.7 0.013 491.3  0.020
400 24 3882 0.023 503.2 0.011 4572  0.018
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5 Discussion

The methods presented in this paper can be used
to compare the precision of different inventory
designs. In order to compare the efficiency, the
cost of the inventory is also needed (see e.g. Ek
et al. 1984). If measurements on a plot and data
processing costs are assumed to be fixed, the
cost of a field inventory can be determined ac-
cording to the time consumption of the field
work.

It is believed that in Finnish conditions the
most efficient way, by far, is to use such clusters
that can be measured during one working day.
If this assumption is true the effect of the dis-
tance between plots and the shape of a cluster
on the efficiency of an inventory can be studied
simply by comparing only those clusters that
can be measured during one working day. If the
distance between plots is e.g. 200 m, more plots
can be located on a cluster than with a distance
of 300 m between plots. Measuring square

shaped clusters takes less time than measuring
half-square shaped clusters (see e.g. Matern
1960). Thus, more sample plots can be located
on square clusters than on half-square clusters.

The correlograms and correlation functions
presented in this paper are based on plots meas-
ured with a relascope with basal area factor two.
If larger sample plots are used, the results in this
paper are no longer valid.

This paper presents results concerning the es-
timation of mean volume and land use class
only. Usually, these are not the only goals of a
forest inventory — we might be interested as
well in the health or recreational values of the
forests. Thus, when the inventory design is cho-
sen, several variables should be taken into con-
sideration. This can be laborious, but it is
better to have imperfect information to support
the decisions than no information at all.
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