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Sammanfattning

Detta examensarbete har haft som syfte att undersdka om skogsbruksplanerings-
metoden “Avdelningsfritt skogsbruk” kan tillimpas med tillfredsstillande resultat 1
s6dra Sverige. Studien utférdes pa Asa skogsvardsgérd dgd av skogsvérdsstyrelsen i
Kronobergs lin. Fastigheten dr beldgen strax s6der om Asa ca 30 km norr om V&xjo.
En pilotstudie har tidigare utf6rts i Vilhelmina (Holmgren & Thuresson 1995, 1996).

Vid skogsbruksplanering &r det viktigt att ha bra data om skogen att basera beslut pa.
Lika viktigt dr dock att veta noggrannheten hos de skattningar som gjorts for olika
skogsbruksplaneringsvariabler. Dessutom &r heltdckande data en forutséttning for
skogsbruksplanering. Pa grund av kostnaden for insamling av objektiva data har
skogsbruksplanering hittills baserats pa subjektiva skattningar pa bestdndsniva,
mdjligen kalibrerade med hjdlp av objektivt provytematerial. Lamplig skotsel av dessa
bestand bestdms ocksd subjektivt. Dessa bestdnd anses vara homogena avseende
viktiga variabler for skogsbruksplanering, t ex volym, stdndortsindex mm och
forvéntas besté for lang tid. Detta &r en forenkling av verkligheten.

Med hjélp av kriging och Geografiska Informations System (GIS) kan man gora
heltdckande skattningar av viktiga skogsbruksplaneringsvariabler fran objektiva
skattningar pa provytor. Dessa skattningar &tf6ljs dessutom av virden for dessa
skattningars noggrannhet, ndgot som saknas vid subjektiva skattningar.

Kriging &r en geostatistisk metod utvecklad fran bérjan inom gruvindustrin, men fullt
mojlig att tillimpa pé alla variabler som uppvisar spatial autokorrelation, d v s
variabler vars vérde for en viss punkt uppvisar likheter med vérden for punkter som
ligger ndra geografiskt. Metoden utnyttjar information (semivariogram) om hur
korrelerade vérden, for en viss variabel, dr pé olika avstand. Informationen anvéands
till att med hjélp av ett vigt medelvirde skatta varden for punkter utan information.
Vikterna for de olika observationerna bestdms sé att variansen for skattningen
minimeras.

D4 fastigheten i undersdkningen, som de flesta fastigheter i sodra Sverige, &r intensivt
skott har den ett fragmenterat utseende med sma bestand. Detta ér ett problem vid
kriging eftersom skarpa grinser utjamnas, t.ex. blir det ingen skarp gréns i volym mot
en hyggeskant. For att komma till rdtta med detta problem indelades skogen i fyra
stratum efter alder enligt befintlig skogsbruksplan. De olika stratumen var: under 10
ar; 10 - 30 ar; 30 - 70 &r; 70 ar och uppét. En annan anledning till stratumindelningen
var att man i dldre bestand forlorar mer pengar (nuvérde) pa ett felaktigt beslut.
Dessutom tillf6r en flygbild betydligt mer information i yngre bestand. Av dessa
anledningar varierades provytetitheten sé att provytorna lades titare 1 dldre stratum.

For att undersoka vilka variabler som kan skattas med hjélp av kriging, framstélldes
semivariogram for olika variabler. Det visade sig att flera variabler uppvisade spatial
autokorrelation och kan alltsd skattas med hjilp av kriging. Négra av dessa variabler
var: totalvolym/ha, stdndortsindex, grundytevdgd medeldiameter (dgv),
inoptimalforlust vid slutavverkning och volymtillvéxt. Tyvérr uppvisade inga



16vtradsvariabler tillrdcklig autokorrelation. Detta kan forklaras av den 1aga andelen
16vtrad pé fastigheten. Forekomsten av 16vtrad upplevdes dessutom splittrad.

En utvérdering av krigingresultatet m h a korsvalidering visade pé en liten
underskattning av volymen. Denna underskattning var dock s liten att den inte
bevisar att skattningen 4r belastad av bias. Utvdrderingen visade ocks4, som véntat, att
védrdena fran krigingskattningen dr utjimnade jimfort med vérdena i
ursprungsmaterialet (variansen betydligt l4gre). De hogsta volymerna underskattas
och de lagsta Gverskattas.

Ménga variabler uppvisade de egenskaper som krévs for att kunna skattas med
kriging. Egenskapen att skattningarna atf6ljs med felskattningar gor att de kan
anvandas till att skapa kombinationsestimat, t ex med skattningar fran flygbilder.
Precisionen i dessa kombinerade skattningar skulle pa detta sétt bli battre dn
skattningar med enbart kriging eller flygbilder.
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ABSTRACT

Forest management planning aims at fulfilling the overall goals for the forest owner. The
economic optimal scheduling of treatments in spatially discrete forest stands, the time
dimension, has been thoroughly investigated in research. The spatial dimension is less
investigated. Normally, spatially discrete stands are defined as treatment units. These are
inventoried using subjective methods with unknown precision. As an alternative to this
conventional way to describe the forest, the present investigation used kriging for
estimating forest characteristics spatially continuously using georeferenced sample plots.
Using stratification by age, several variables interesting for forest management planning
displayed spatial autocorrelation, even though the estate was thoroughly managed. No

hardwood variables displayed the autocorrelation necessary for using kriging.



INTRODUCTION

The objective of forestry is often expressed as maximal monetary net present value of
the forest, given certain sustained-yield and nature conservation constraints (Jonsson et
al. 1993). High precision and accurate complete-cover information about the forest is
vital to achieve this goal (Newton & Bower 1989, Baskent & Jordan 1991, Elston &
Buckland 1993, Holmgren 1995, Thuresson 1995). To be able to get a good result from
the information it is of utmost importance to have well defined and measurable
objectives for the forest. Not only the estimated values, but also knowledge about the
precision is worthy in forestry planning operations (Newton & Bower 1989, Elston &
Buckland 1993, Holmgren 1995). Today almost all forestry planning is based on discrete
treatment units, stands. They are most often subjectively delineated, to represent units
that are homogeneous with respect to planning variables. Stand borders are presupposed
to remain unchanged far into the future. However, natural factors will probably, at least
after a while, lead to increasing heterogeneity in stands. For example, the annual growth
varies within a stand and parts of a stand can, e.g., be damaged by strong winds or
insects. The allocation of optimal treatment units may also be affected by external

features, such as changes in wood prices.

The use of stands as description units have a long history. Already af Strém (1829)
described how the forest, on the map, should be divided into areas, homogeneous with
respect to variables such as age, volumes (m’ ha™ ), etc. Stand data were described as
mean values per description unit, and handled as such in the planning process. Until

recent days, this way of treating spatial data were the only way to administrate the forest.



With the introduction of computers, the stand concept might be outdated as suggested by
Holmgren (1995). As the forest vary both spatially and temporally it might be effective
to treat it as such. That is to introduce the concept of spatially and temporally dynamic

description and treatment units.

One way to approach this is to describe the forest in grids, much smaller than the
smallest thinkable treatment unit. For each grid of, e.g., 15 x 15 m size, important forest
management planning variables can be described and stored. Considering this complete
spatial description of forest characteristics, it is possible to cluster the grid cells into the
treatment units that best satisfies overall objectives, given assumptions about prices,
costs and environmental considerations. However, this requires that such a close to

continuous description of the forest is possible to accomplish without too high costs.

It is possible to estimate forest planning variables continuously over a forest holding by
using different inventory techniques as described by, e.g., Newton & Bower (1989),
Ding & Fotheringham (1992), Elston & Buckland (1993) and Holmgren & Thuresson
(1996). Obviously, it would be too expensive to inventory all parts of a forest
objectively. However, sample plots can be inventoried and by using a method called

kriging a continuum can be created, for variables like volume per ha, site index or age.

The kriging method is an estimation procedure for regionalized variables. Regionalized
variables is a concept in geostatistics, meaning a variable that has continuity from point
to point, i.e. shows autocorrelation (Davis 1986, Ding & Fotheringham 1992,

Czaplewski et al. 1994). By the kriging method an estimate of the value of a variable is



obtained at unrecorded places without bias and with a minimum variance. The variance
is also possible to estimate. The method utilizes information about the spatial

autocorrelation from semi-variograms.

One of the basic concepts in geostatistics is the semi-variance (Matheron 1963). It is a
measure of the spatial dependence between values for two points at a certain distance
(Burgess and Webster 1980, Samra et al. 1989, Hock et al. 1993). In a semi-variogram
the semi-variance is plotted against distance. At distance zero the semi-variance is by
definition zero. However, the semi-variance is in many cases discontinuous at zero, due
to a pure random component (white noise). In addition measurement errors can
strengthen this effect. The discontinuity is in geostatistical applications called the
“nugget”. For increasing distance the semi-variance is typically non-decreasing. It
converges towards an asymptote, called the sill, which equals the population variance.
The sill is usually reached for some finite distance, called the range of the regionalized
variable. It defines the maximum distance within which point values have non-zero

correlation coefficient.

The semi-variogram estimates at discrete distances (h) can be combined with regression
technique to estimate the semi-variogram for all h. More often, distance classes are used
for the estimator y,, and the value 7y, obtained is considered as the semi-variogram value

for the average distance of the plots within the class.

Kriging was first used in the mining industry to estimate the dispersion of valuable

minerals. However, the method is applicable to any variable displaying spatial



autocorrelation (Matheron 1963). The method has for instance been used in many
investigations of soil properties (Burgess & Webster 1980, Ponce-Hernandez & Beckett
1989). Hock et al. (1993) used the method to estimate site index for Pinus radiata,
Czaplewski et al (1994) estimated the growth of pine stands and Samra et al (1989)
estimated height of Dharek (Melia azedarach). These investigations were carried out
within stands and did not consider the possibility to increase spatial resolution by

abandoning the stand concept.

Holmgren & Thuresson (1996) used kriging to create spatially continuous estimations of
four foréstry planning variables to enable the formation of dynamic treatment units.
Another way to achieve spatially continuous estimations of different planning variables
is by using aerial photographs or satellite pictures. Holmgren & Thuresson (1996) used
both methods to create combined estimates. An objective circular plot inventory
combined with remote sensing and geostatistics, thus formed the basis for the forest
management planning. The continuous data were used to allocate treatment units
according to present market conditions. One of the weaknesses in Holmgren &
Thuresson (1996) was that the estate was not representative for average Swedish forest

conditions, since it was only partially cut and thus did not display any sharp stand

boundaries.

In managed forests, there are sharp edges between old and young forests that cause
discontinuities in forest management planning variables. If not considered this might

cause kriging problems. The present study highlights if and how kriging can be applied



on an intensively managed forests having those sharp edges between old and young

forest.

It was also investigated if the standard error estimations from kriging is reliable in forest

applications.



MATERIALS AND METHODS

Study area and reference data

The study was carried out on a forest estate owned by the county board of forestry in
Kronoberg. The 400 ha estate is located at Asa, in southern Sweden (57°10°N, 14°50°E).
The forest is, for Swedish conditions, intensively managed, with a mean stand size of
2.8 ha. It is situated on sites with an average annual growth of 7.4 m’sk ha year™
according to the objective circular plot inventory that was carried out in August 1995
within this study. According to the existing forest management plan, the average
stocking was 144 m’sk ha” in 1994. The objective inventory 1995 gave, by coincidence,
the same value. In this the species composition by volume was: Pine (Pinus sylvestris)

44 %, Spruce (Picea abies) 52 % and deciduous trees 4 %.

Inventory method

A problem when using kriging is, as mentioned in the introduction, sharp edges
between, e.g., young and old forests. One way of reducing the problem with discrete
jumps is to divide the forest into different strata. Then the field survey can also be
emphasized on stands where high present net value (PNV) losses can be the result of
wrong decisions. In this respect, information about old, well stocked stands are normally

more important than information about younger ones. In this study the forest was



divided into 4 different areal strata by age according to the (subjective) stand database.
The four strata were: stands younger than 10 years; 10 - 30 years; 30 - 70 years; and
stands older than 70 years. In each stratum clusters of three sample plots, each with a
radius of 10 m, were laid out in a systematic grid. The intensity of the inventory was
highest in older parts. Within the clusters the plots were arranged in an “L”-shape with
the lengths 30 and 40 m respectively on the two axis (N/S and E/W). Each cluster was
randomly rotated in steps of 90° and the two lengths (30 and 40m) were randomly given
to the two axis (Fig. 1). In this way a distribution of pair-wise distances between plots

was achieved, facilitating a study of spatial autocorrelation.

Figure 1. Map showing an example of the arrangement of sample plots in this study. Plots

from more than one strata included in the Figure.

The positions of the plots were determined using Global positioning system (GPS)
equipment with differential correction. A total of 40 positions over a period of 10
minutes were registered for each cluster. Each sample plot was inventoried using the
Forest Management Planning Package (FMPP) (Jonsson et al. 1993) basic method. In

short, all trees on the plots were calipered. Sample trees were sampled PPS to basal area,



and variables such as height, living crown height, age, quality, etc., were measured. Site

data such as site index, soil type and moisture class were also registered for each plot.

Strategic plan

The strategic plan were based on FMPP optimization without sustainability constraints
using an interest rate of 3 %. Estimations of different forestry planning variables at each
sample plot were made. Also the economic optimal treatments were estimated at plot
level. Besides more or less measured variables such as volumes (m® ha), ages, mean
diameter, etc., calculated PNV figures such as inoptimality losses (IL) in Swedish
crowns (SEK) ha could, thus be estimated. These figures was further used in the

autocorrelation studies.

Spatial autocorrelation, semi-variance and semi-variograms

The equation for computing the semi-variance based on sample data is:

1 M(h)

=3 & (2 =2+m) (M

where vy, is the estimated semi-variance at distance h, z(x;) is the value of a regionalized
variable at location x; and z(x;,,) the value for the same variable at distance h away. M(h)

is the number of pairs of observations at distance h.



When constructing semi-variograms, semi-variance data at distance classes (h) were

fitted to a spherical model:

3
y(h)y=c¢c,+c iﬁ—l(ﬁ) for0<h<a
2a 2\a

y(h)y=c, +c forh> a.

where c, is the sum of the nugget variance, ¢, + ¢ is the population variance, h is the

distance and a is the range (Burgess & Webster 1980).

Kriging

The information from the semi-variogram is used to make minimum variance linear
estimates for all locations by a weighted sum of observations within the neighborhood of
the location for the estimated value (Matheron 1963, Burgess & Webster 1980, Samra et

al 1989, Elston & Buckland 1993, Hock et al 1993).

In this study semi-variograms for several inventoried forest variables were constructed
to test to which extent these variables display spatial autocorrelation. This was
considered important as few investigations have been carried out on this subject and it is

crucial for the usefulness of the kriging method.

10



To investigate if the autocorrelation was isothropic with respect to inclination, semi-

variograms were constructed with difference in height above sea level included.

Punctual ordinary kriging without trend were used to create estimations for a raster
consisting of 18x18m squares. The size of the squares were chosen to be approximately
the same as the size of the sample plots. A mask was created using the existing forest

map, to exclude cells outside the estate or outside productive forest land.

To evaluate the result from the punctual kriging a jack-knife cross-validation approach
was chosen. All sample plots were excluded one by one from the data set and estimated
with kriging using the remaining sample plots. Measured and estimated values were then
compared to evaluate the kriging results (Hock et al. 1993). The mean of the estimated
standard deviations for the estimation at each plot was computed. This figure can be
compared with the variance for the difference between estimated and measured values.

The analysis were carried out separately for (a) strata 1 and 2 and (b) for strata 3 and 4.

11



RESULTS

Semi-variograms

Semi-variograms were constructed for a broad variety of forest management planning

variables. For variables that displayed spatial autocorrelation, models of the semi-

variance were fitted. For all variables spherical models (Burgess and Webster 1980)

were chosen. The results are summarized in Table 1. In Fig. 2 semi-variograms for six

different variables are plotted, one of them (Hardwood volume) with no or little spatial

autocorrelation.

Table 1. Subjectively fitted semi-variances based on sample plot data. (* Variable that show no or very

little autocorrelation.)

variable Jnugget  irange Jvariance {mean
Total volume (m’sk ha™), strata 1-4 54.8 150 127 174
Total volume (m’sk ha ), strata 1 and 2 0 180 69.7 515
Total volume (m’sk ha ™), strata 3 and 4 83.7 250 110; 224
Pine volume (Pinus sylvestris)(m’sk ha™), strata 1-4 41.2 125 87.8 67.1
Pine volume (Pinus sylvestris)(m3sk ha™), strata 3 and 4 44.7 100 93.4 89.6
Spruce volume (Picea abies)(m3sk ha™), strata 1-4 74.2 80 107 97.0
Hardwood volume (m’sk ha™' year') -* - -

Total age (years), strata 1-4 0 200 352 526
Total age (years), strata 1 and 2 0 250 11.0 17.7
Total age (years), strata 3 and 4 13.4 150 31.5 66.8
IL Final felling (1000 SEK), strata 3 and 4 7.1 800 13.6 12,4
Total volume increment (m’sk ha"' year ), strata 1-4 1.6 250 4.46 7.36
Total volume increment (m’sk ha™' year ), strata 1 and 2 0 200 5.86;  6.77
Total volume increment (m’sk ha™ year'), strata 3 and 4 1.9 700 3.72 7.60
SI Pine (Pinus sylvestris)(m), strata 1-4 ; 0.55 200 1.06 274
SI Pine (Pinus sylvestris)(m), strata 3 and 4 0.67 200 1.17 27.3
SI Spruce (Picea abies)(m), strata 1-4 14 180 2.34 30.3
SI Spruce (Picea abies)(m), strata 3 and 4 1.7 170 2.53 30.1
Dgyv all species (cm), strata 1-4 0 200 11.0 20.3
Dgyv all species (cm), strata 1 and 2 0 300 6.4 9.20

12
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Figure 2.

Semi-variograms based on sample plot data. Dotted lines represents the chosen model of the

semi-variance for each variable. The hardwood volume is an example of a variable that

shows no or little useful spatial autocorrelation.
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Kriging results

Punctual kriging for the forest estate, using the fitted semi-variogram models fitted
(table 1) were applied for different planning variables useful for planning purposes. The
result is displayed in the form of maps for total volume (m’ ha™), site index (m) for Picea

abies and the inoptimal loss for final felling (SEK ha™) (Fig. 3 - 5).

500 m3sk ha!

B 140m*ha?

. 105 m® ha™!
B 70 m® ha™!

400 m?sk ha!

300 m%k ha!
200 m3sk ha!

100 m?sk ha!
0 m%k ha'!

Figure 3. Maps showing the result from the kriging estimation of total volume/ha (m® ha™, left), and
the standard errors of the estimates (m® ha™, right). The estimation were done separately for

(a) strata 1 and 2 and (b) for strata 3 and 4. The volume ranges from 0 (white) to 590 (black)

m? hal.
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Figure 4. Maps showing the result from the kriging estimation of SI for spruce (Picea abies) (m, left)
and the estimated value of the standard errors of the estimates (m, right). The estimations
were made for strata 1-4. The SI ranges from 18.0 (white) to 36.6 (black) m. Note the pattern

of lower errors closer to the sample plots.

+
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Figure 5. Map showing the result from the kriging estimation of IL final felling (SEK ha™, left) and
the corresponding figures for the standard errors of the estimates (SEK ha™, right). The IL
ranges from -22000 (white) to 60000 (black) SEK ha™'. The calculations were done for strata

3 and 4 only.
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Evaluation of the kriging estimations

The result from the jack-knife cross validation show, as expected, that the kriging
estimations have a smaller variance than the measured data. Larger values is
underestimated and lower is overestimated. The mean of the estimated standard
deviation was 98.7 m® ha™, the corresponding figure for the observed differences was

85.4 m?® ha'l.

16



Table 2. Comparison of the measured total volume (m® ha™) and the estimation of the same variable
using kriging at the sample plots. The kriging estimation was carried out for each sample plot,

with the estimated plot excluded from the material.

Measured total volume ha” (m® ha™') |Estimated total volume ha™ (m® ha™)
Mean 173.8 172.5
Variance 16167 12512
Minimum 0 0
Maximum 607 501
600

Figure 6. Comparison between estimated and measured total volume (m® ha*). The data from the jack-
knifing analysis of the material. Number of observations = 372. The line in the figure shows the result

from linear regression: estimated value = 70.6 + 0.59 * measured value. (R? = 0.44)

17



DISCUSSION

Spatially continuous estimations of forest management planning variables, using
kriging, may have several advantages compared to subjectively delineated fixed stands.
The standard errors of the predictions are possible to estimate and the description of the
forest is not restricted to predefined stands. Also, since the standard errors of the
predictions can be estimated, the kriging prediction can be combined with other data
sources, such as, e.g., aerial photographs (Holmgren et al. 1995). If the estimations are
based on sample plots, the possibilities to forecast forest planning variables may be
better than for subjectively surveyed stands. Planning algorithms that utilize spatially
continuous data (e.g., Hof et al. 1996) can be developed for a more efficient forest

management.

A lot of very sophisticated analyses are today based on old and not very accurate
information. The result of such an analysis has no better precision than the information
used - a fact often neglected. This article is investigating one method to possibly

improve the information for forest management planning.

In this investigation circular sample plots were arranged in clusters of three at positions
30, 40 and 50 m apart, to be able to make good estimates of semi-variances at short
distances and to study properties of the semi-variograms. For genuine planning purposes
the optimal allocation of plots is probably another. The general precision properties are
determined by the average distances from positions to the nearest sample plots. Thus,

arranging the sample plots in clusters of two plots would bring about shorter distances

18



between the clusters for the same cost and with better prediction possibilities. The two
plots within a cluster could be arranged with varying distances and directions. This
would give a denser grid of observations which should result in lower standard errors for
a lot of pixels, still giving the necessary information to create the semi-variograms. If
larger forest areas (more circular plots) are to be inventoried portions of the “clusters”
could be single observations, still giving the same possibilities to estimate the semi-

variograms well at short distances.

The stratification of the forest seams necessary to handle the sharp gradients in a
managed forest. In this study the strata were created using an existing forest map.
Alternatively, recent aerial photographs can be used. It may be enough with two strata,
one consisting of young forests with low volumes and one with older forest and high

volumes.

The evaluation of the result from the kriging process shows, as expected, that the kriging
estimates are smoothed compared to the measured values. Small values are often
overestimated and large values underestimated. The nugget in the semi-variograms
causes a big deal of this effect. The slight underestimation of the total volume per
hectare (Table 2), estimated with kriging, is not a significant bias. The comparison
between estimated standard errors of the kriging estimations and observed errors show
that the error estimate is not misleading. The estimated mean standard error is a little
higher than the observed. However, the arrangement of the plots in groups of three
means that almost every plot in the jack-knife evaluation has two measured plots at short

distances. The result indicates that the method works properly, but the result is valid

19



only for shorter distances. On the other hand the mean error of the jack-knifing
evaluation is higher than the true one, since the best information, i.e. the nearest
observation, is removed from the material. The standard error is high, when calculated
for one pixel, but when pixels are added together to form treatment units the mean

standard error for the treatment unit will be much lower (Holmgren et al. 1995).

The results of this study looks promising. They indicate that kriging methods may be
used on managed estates to create spatial continuous estimations for variables important
to forest management planning. Variables such as total volume (m*ha™), age and total
annual volume increment (m’ ha year™), showed the necessary spatial autocorrelation
for using kriging. However, some variables did not display any spatial autocorrelation,
e.g., all the hardwood variables. The reason is probably that the proportion of deciduous
trees is low (4%) and also appear in a scattered distribution over the estate. Remote

sensing may be a better method to estimate such non-continuous variables.

The estate is typical for many private estates in southern Sweden. The promising results
of the study thus indicate that the kriging method could be generally successful also for
intensively managed forests. Much research remain, however, before spatially

continuous descriptions of forests can be applied in practice.
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Bilaga 1. Krigingresultat, totalvolym / ha
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Bilaga 3. Krigingresultat, inoptimalforlust vid slutavverkning
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Bilaga 4. Krigingresultat, totalalder alla tridslag
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