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Multi-Source Inventory of 
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Bureau, Heilongjiang, China
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A multi-source forest inventory method is applied to the estimation of forest resources 
in the area of the Hebei Forest Bureau in Heilongjiang province in North-East China. 
A stratifi ed systematic cluster sampling design was utilised in fi eld measurements. The 
design was constructed on the basis of information from earlier stand-level inventories, 
aerial orthophotographs, experiences from other sampling inventories and the available 
budget. Sample tree volumes were estimated by means of existing models. New models 
were constructed and their parameters estimated for tallied tree volumes and volume 
increments. The estimates for the area of the Bureau were computed from fi eld measure-
ments, and for the areas of the forest farms estimated from fi eld measurements and 
satellite images. A k-nearest neighbour method was utilised. This method employing 
satellite image data makes it possible to estimate all variables, particularly for smaller 
areas than that possible using fi eld measurements only. The methods presented, or their 
modifi cations, could also be applied to the planning and realisation of forest inventories 
elsewhere in Temperate or Boreal zones. The inventory in question gave an estimate 
of 114 m3/ha (the multi-source inventory 119 m3/ha) instead of 72 m3/ha as previously 
estimated from available information. Totally nineteen tree species, genera of species or 
tree species groups were identifi ed (Appendix 1). The forests were relatively young, 60% 
of them younger than 40 years and 85% younger than 60 years.
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1 Introduction

The Hebei Forest Bureau is one of the forestry 
enterprises owned by the Chinese government. It 
is located in North-Eastern China, in the province 
of Heilongjiang, which is the most important 
wood production province of the country. The 
development of forestry and the forest industries 
of the Hebei Forest Bureau is one of key national 
projects. The total land area managed by the 
Hebei Forest Bureau is 382 401 hectares. For-
ests are located between longitudes 129.39E and 
130.47E and latitudes 47.32N and 48.24N (east 
of the Xiao Xingan Ling mountains). The ter-
rain is hilly but not mountainous. The climate 
is continental with very cold winters (minimum 
temperature lower than –30˚C) and warm sum-
mers. The average volume of the growing stock 
on forest land, according to previously available 
information, was 72 m3/ha.

The area managed by the Bureau is divided into 
19 forest farms, which are the basic production 
units. At present, the forest resources are mainly 
utilised by one sawmill located in the town of 
Hebei in the southernmost part of the area. Plans 
have been made to establish a papermill.

This study aimed to develop and test a multi-
source inventory system for application in the 
forests of Heilongjiang. The topics addressed in 
this study are: planning of the sampling design, 
collection of data, and the computation of results. 
The estimates of areas, volumes and increment 
by computation unit (forest farms) and by refer-
ence unit (such as forest type, tree species, size 
class, etc.) are required for estimating the future 
cutting possibilities. However, the establishment 
of a forest management plan was not included in 
the scope of this study.

2 Data Collection

2.1 Selection of Sampling Design

The goal was to develop a sampling design to 
support a multi-source forest inventory. The forest 
statistics for the whole area should be computable 
using fi eld plot measurements only. The fi eld 

data should also serve as training data in satellite 
image analyses when computing the estimates by 
forest farms. Other limitations were:
1) the relative standard error of the estimates of the 

main parameters for the whole area must be ≤ 5% 
and

2) the number of the fi eld plots ≤ 1500,

the latter due to the available budget.
Systematic sampling has proved to be effi cient 

in forest inventories and is always more effi cient 
than random sampling, if the variables of inter-
est have positive spatial autocorrelation (Matérn 
1960). For practical reasons, cluster sampling 
must be applied, usually in such a way that meas-
uring the fi eld plots of one cluster is one day’s 
work for a fi eld crew. Sampling designs have 
been extensively studied in the context of national 
forest inventories (see e.g. Päivinen 1987, Ran-
neby et al. 1987, Korhonen and Maltamo 1991, 
Schreuder et al. 1993, Study ... 1997, Tomppo et 
al. 1997, Tomppo et al. 1998).

The advantage of cluster sampling is that the 
required time per fi eld plot is minimised. A sparse 
road network also supports a cluster size of one 
working day, rather than, e.g., half a working day. 
The disadvantage of cluster sampling, compared 
to a completely regular layout of the plots, is a 
possible spatial correlation of variables between 
the neighbouring plots. This disadvantage can 
be reduced by increasing the within cluster plot 
distance. This also increases the time required, 
so a compromise is usually necessary (Ranneby 
et al. 1987, Tomppo et al. 1998). The sampling 
design of the present Chinese National Resource 
inventory is a pure systematic sampling without 
clusters. The travelling cost per fi eld plot has 
proved to be very high.

Farm-level forest statistics and aerial ortho-
photographs were available when planning the 
sampling design. The statistics were based on 
an earlier management inventory. On the basis 
of the mean volumes, tree species composition, 
age structure and the variables to be measured, 
eleven fi eld plots per cluster were estimated to 
be acceptable. It was not possible to estimate the 
covariance function of the target variables due to 
the lack of preliminary information. An L-shaped 
cluster (Fig. 2a, b) was selected in order to reduce 
the autocorrelation of the forest variables within 
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clusters. The distance between consecutive plots 
in a cluster was set at 200 m. This was based 
on the assumption that the range of the spatial 
autocorrelation is not essentially larger than in 
Finnish and Swedish forests.

In order to arrive at a more effi cient layout 
of the fi eld plots, the 19 farms of the Bureau 
were classifi ed into three strata according to the 
mean volume of the growing stock, as estimated 
in the earlier stand level management inventory. 
Different sampling intensities were then applied 
in each stratum. The distances between clusters 
of sample plots were 8 km by 8 km in stratum I 
(lowest mean volume); 6 km by 6 km in stratum 
II; and 4 km by 4 km in stratum III (highest 
mean volume) (Fig. 1). In this way, the above 
limitations could be met, the standard error of 
the mean volume being estimated on the basis of 
other inventories.

2.2 Field Data

The sample plots were located in the fi eld with the 
help of forest maps and aerial orthophotographs 

provided by the Chinese Ministry of Forestry. 
They were measured as angle gauge (Bitterlich 
relascope) plots with a basal area factor of 1.5 
and a maximum radius of 15 m (Fig. 2c). The 
factor 1.5 was based on the existing information 
concerning the mean volume. The derived mean 
volume estimate showed that a larger factor, e.g. 
2, might have been small enough. The use of a 
maximum radius decreases the measuring error 
caused by unobserved trees belonging to the plot 
and reduces the amount of fi eld work, but does 
not essentially increase the standard error of the 
estimates (Lappi 1991). Tree species and diameter 
at breast height were registered for each tallied 
tree (called tally trees). Every seventh tally tree 
(counted by the fi eld crew and from the beginning 
of the inventory work) was measured as a sample 
tree. Height, bark thickness and the diameter 
increment of the previous fi ve-year period were 
measured for the sample trees. Age and diameter 
increments were measured in a laboratory from 
increment cores taken by the fi eld crews. One 
core in a random direction was taken for each 
sample tree as recommended by Loetsch, Zöhrer 
and Haller (1973).

Fig. 2. Sampling design and the shape of fi eld plot in 
the Hebei Forest Bureau. a) Location of clusters; b) 
Location of sample plots on a cluster; c) Restricted 
relascope sample plot.

Fig. 1. Boundaries of the Hebei Forest Bureau and 
Forest Farms with locations of fi eld plot clusters.
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Selected forest characteristics, such as soil 
type, site fertility, silvicultural measures and 
mean characteristics of the growing stock were 
recorded for the stands intersecting a sample plot. 
Silvicultural and harvesting measures were pro-
posed for the coming ten-year period. A detailed 
description of the measurements is given in 
the Field Instructions (Korhonen and Yli-Kojola 
1993).

A total of 1235 plots on 115 clusters were 
measured in autumn 1993. Due to the systematic 
layout, some of the clusters lay partly outside the 
area of the Bureau. The plots on forestry land 
numbered 1205. Altogether, 12 936 trees were 
measured, of which 1828 were sample trees.

2.3 Multi-Source Data

Estimates based on the fi eld data were only suffi -
ciently reliable for the area of the Forestry Bureau 
as a whole. For smaller areas, such as individual 
forest farms, the standard errors of the estimates 
were large, due to the sparse sampling design. 
Multi-source data, satellite images, and digital 
boundary data of the farms were applied together 
with the fi eld data to decrease the farm-level 
standard errors. New area weights for the fi eld 
sample were estimated, which made it possible 
to compute estimates for an arbitrary variable 
and for an arbitrary area. The applied method 
also produced thematic maps, from an arbitrary 
inventory variable, see Section 3.2.

2.3.1 Satellite Images

Two Landsat 5 TM images, 118-31 and 118-30, 
from September 9, 1993 were employed for com-
puting the results for the forest farms. The images 
were received at Beijing receiving station. The 
images were of good quality. No atmospheric cor-
rection was needed because the images were from 
a same date and successive rows. Images were 
geometrically rectifi ed for the applied coordinate 
system. This was done by modelling the relation-
ship between the image coordinates, (u,v), and 
the map coordinates, (x,y), by linear regression

u a b x c y

v a b x c y
l l l l

c c c c

= + + +
= + + +

ε
ε  (1)

where a, b and c are parameters to be estimated 
from the data concerning objects which are 
clearly identifi able on both the image and the 
map, and where the ε’s denote the model residu-
als. The intensity value for each pixel of the 
rectifi ed image was determined by the nearest 
neighbour method. Resampling to a 25 m × 25 m 
pixel size was applied. The average absolute 
residuals were rather high, 50 m in east-west and 
60 m in south-north directions. This indicated 
relatively large errors in the base map.

2.3.2 Administrative Boundaries and Land 
Use Data

The boundaries of the area of Hebei Forestry 
Bureau, as well as the boundaries of forest farms, 
were digitised from a 1:100 000 map. The map 
was provided by the Chinese Ministry of Forestry. 
Large agricultural areas found on the map were 
also digitised with a digitizer board.

The satellite images were geometrically recti-
fi ed on the digitised map. Roads, gold-mining 
areas and parts of built areas were classifi ed 
with the spectral properties of satellite images of 
those land use classes. The pixel-wise class prob-
abilities, i.e., the probabilities of an arbitrary pixel 
p belonging to group k, were computed using 
discriminant functions based on the generalised 
quadratic distances:

D y

y m S y m S q

k p

p k k p k k k

2

1 2
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( ) ( ) ln ln( )

=

− ′ − + −−
 (2)

where
yp is the vector of intensity values at pixel p,
mk is an estimate of the vector of the expected inten-
sities in group k,
Sk is an estimate of the covariance matrix of the 
intensities in group k, and
qk is the prior probability of group k.

The value of qk was same for each class and was 
the inverse of the number of classes.

The posterior probability of observation yp 
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belonging to the class k is, under the multivariate 
normal assumption, obtained from (2) by:

p k y
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where n is the number of classes.

The class with the highest posterior probability 
was attached to the pixel p.

2.3.3 Water Areas

Water areas were separated from the forestry 
land using information from the satellite images. 
Thresholding of channels 4 and 7 of the Landsat 
TM images was employed. That is, pixel p was 
classifi ed as water W by the rule:

p W f p k f p k∈ ≤ ≤if  and4 4 7 7( ) ( )  (4)

The threshold parameters k4 and k7 were chosen 
by inspecting the histograms of channels 4 and 7 
and the colour composition of the satellite images 
displayed on a computer screen.

2.3.4 Ground Truth Data File

The multi-source estimation method needs a 
ground truth fi le consisting of fi eld data and 
image data. The fi eld data record (vector) of a 
fi eld plot was utilised as such, except that tree 
level volumes were changed into volumes per 
hectare by tree species, see Section 3. It was 
assumed that these estimates could be used as 
volume estimates for the pixel corresponding to 
the fi eld plot, i.e., the pixel containing the centre 
point of the fi eld plot.

The geographical locations of the fi eld plots 
were checked visually by displaying the locations 
of the plots on a colour composition of the image 
and utilising the forest and terrain information 
recorded in the fi eld. The whole fi eld plot cluster 
was shifted (with respect to the satellite image) 
if there was clear evidence that the cluster was 
incorrectly located. The coordinates of all fi eld 
plots in a cluster were changed by a same amount. 

The purpose of this exercise was to reduce the 
effect of the dislocation of fi eld plots, especially 
the dislocation of the starting point for line meas-
urement. The refl ectance values of the pixel con-
taining the centre point of the plot were added to 
the end of the fi eld data record of the plot.

3 Data Processing and 
Estimation Methods

3.1 Processing of Field Data

The inventory results for the whole Bureau area 
were calculated using the fi eld data only. The fi eld 
data, the digitised map, and the satellite images 
were employed when calculating the results for 
individual forest farms.

The estimation procedure based on the fi eld 
data only consisted of the following steps.
1. Checking and input of data.
2. Estimation of volumes and volume increments for 

sample trees.
3. Estimation of volumes and volume increments for 

tally trees.
4. Summing area, volume and growth estimates over 

the sampling strata by reference unit.

3.1.1 Estimation of Volumes for Sample Trees

The volumes of the sample trees were estimated 
using volume functions provided by the General 
Bureau of Forest Industry of Heilongjiang Prov-
ince. Diameter at breast height and tree height 
were the explanatory variables in these functions. 
The form of the volume functions is

v a d ha a= +0
1 2 ε  (5)

where
v = volume of a sample tree,
d = diameter at breast height,
h = height,
aj, j = 0,1,2, are the (given) parameters of the model, 
and
ε = N(0,σ 2) – distributed error term.

The parameter values by tree species are listed 
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in Appendix 2. The reliability of the models was 
not known.

3.1.2 Estimation of Volume Increments for 
Sample Trees

The volume increment of the previous 5-year 
period was estimated for each sample tree as 
the difference of the present volume and the 
volume 5 years ago (Svensson 1988). Volume 
functions by tree species using the diameter as the 
only explanatory variable were necessary when 
estimating the volumes at the beginning of the 
previous 5-year period. These functions were 
estimated using the measured sample tree data. 
The quadratic model

v

d
a a d a d2 0 1 2

2= + + + ε  (6)

was applied, with notation as in equation (5). The 
volumes were divided by the squared diameter in 
order to reduce heteroscedasticity (Cunia 1987). 
The parameter estimates by tree species are listed 
in Appendix 2.

Bark thickness and diameter increment of the 
previous 5-year period were applied when com-
puting diameters 5 years ago. A fi ve-year incre-
ment period was applied instead of a one-year 
period to reduce the effects of any annual vari-
ation of increment and measuring errors. The 
diameter under bark 5 years ago was calculated 
by subtracting the bark and diameter increment 
from the present above bark diameter. The above 
bark diameter 5 years ago was calculated assum-
ing that the ratio diameter inside bark/diameter 
outside bark had remained unchanged for each 
tree during the previous 5 years (Kujala 1980). 
The present volume and volume 5 years ago 
were estimated by means of function (6) using 
the measured present diameter and diameter 5 
years ago as respective explanatory variables. The 
estimate of volume increment was obtained as 
the difference of these two volume estimates.

3.1.3 Estimation of Volumes and Volume 
Increments for Tally Trees

Volume and volume increment were estimated 
for tally trees by means of regression analysis. 
The estimated sample tree volumes and model 
(6) (with d as the explanatory variable) were 
employed for estimating volumes for tally trees. 
The estimated volume increments of the sample 
trees and model (7) were utilised for estimating 
the volume increments for the tally trees,

i

d
ea a d a d

2
0 1 2= + + ( )+ln ε  (7)

where
i = volume increment of previous 5 years,
d = the present diameter,
aj, j = 0,1,2, are the parameters of the model, and
ε = N(0,σ 2) distributed error term.

Normalising by squared diameter was again 
applied to reduce heteroscedasticity. The param-
eter estimates by tree species are listed in Appen-
dix 2.

3.1.4 Computation of Area and Volume
Estimates

Area estimates of the reference units i (e.g. age-
class) were obtained by

a
n

N
Ai

i j

jj
j=

=
∑ ,

1

3
 (8)

where
ni,j = number of sample plots in sampling stratum j 
and reference unit i,
Nj = number of sample plots in sampling stratum j 
(j = 1,...,3), and
Aj = land area of sampling stratum j.

Volumes were estimated as follows. The mean 
volumes per hectare (m3/ha) represented by each 
tally tree were fi rst computed. For trees with a 
diameter less than 36.74 cm, the radius from 
which the tree was measured depended on the 
diameter of the tree (due to Bitterlich sampling). 
Larger trees can be considered to have been meas-
ured from circular plots of fi xed radius 15 m. 
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(The diameter limit follows from the relascopic 
factor (q) of 1.5 and the maximum radius of the 
fi eld plot 15 m.) The mean volume per hectare 
va represented by a tally tree of volume v and 
radius d was thus

v v q d

v

a =
=

40000

400 9

2( ),

( ),

π
π

if d <  36.74

otherwise.
 (9)

The mean volume increment per hectare and 5 
years were obtained in a similar way. The 5 years 
interval was applied in order to decrease the effect 
of measurement error and annual growth variation 
on the estimates. The annual increments reported 
in the results section are simply the estimated 
5-year increments divided by 5.

The mean volume estimates by reference units 
were derived from the mean volumes represented 
by the tally trees of that unit by taking into 
account the stratifi ed sampling design:

v w

v

N

w
u
a

j
j

u j k
a

u jk

n

j
j

u j

=
=

=

=

∑
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∑1

3
1

1

3

, ,

,

,

 (10)

where
vu j k

a
, ,  = mean volume (m3/ha) represented by tally 

tree k in computation unit u and sampling stratum j,
nu,j = number of tally trees in unit u and stratum j,
Nu,j= number of centre points of fi eld sample plots in 
unit u and stratum j, and
wj = area of productive forestry land in sampling 
stratum j.

The volume increment estimates (m3/ha/5a) of 
survivor trees were obtained in a similar way, 
i.e. replacing volumes v by volume increments. 
The total volume and total increment estimates 
for different reference units were obtained by 
respectively multiplying the mean volume and 
mean increment estimates by the area estimate.

The area, mean volume and increment estima-
tors are ratio estimators and therefore biased. 
The bias converges asymptotically to zero as 
the number of observation increases and it is 
negligible compared to the standard error, see 
Section 3.3.

3.2 Estimation of Parameters by Means of 
Multi-Source Data

A non-parametric k-nearest-neighbour (k-nn) 
method was employed for estimating the values 
of forest parameters. The method produces both 
estimates for computation units and thematic 
maps. It is a multivariate version of the k-nn 
estimation method suggested by many authors 
(see e.g. Cover and Hart 1967 and Cover 1968). 
A similar 1-nn method has been earlier employed 
in the Finnish National Forest Inventory (NFI) by 
means of visual interpretation with aerial pho-
tographs (Poso 1972, Poso and Kujala 1978). 
Kilkki and Päivinen (1987) suggested the use of 
this 1-nn estimation method for forest inventories 
with satellite images. A distance-weighted ver-
sion of the k-nn estimation method has been 
applied in an operative way in the Finnish NFI 
since 1990 (Tomppo 1996, cf. Dudani 1976). This 
method was adapted for the current task.

Four input fi les were produced for the clas-
sifi cation. The fi les were:
1) ground truth fi le (a text fi le),
2) rectifi ed satellite image fi le, bands 1,..,5 and 7 

from the applied Landsat TM images,
3) digital land use data and computation unit fi le, 

and
4) cloud and cloud shadow mask fi le produced manu-

ally using the displayed satellite image.

The image processing utility written at the Finn-
ish Forest Research Institute for the Finnish 
National Forest Inventory was adapted for the 
present fi les and forest parameters. The utility 
searches for each pixel of the image k nearest 
(in the feature space) pixels with known ground 
truth data (= pixels with sample plots). The 
whole ground data vectors from these k plots 
are attached to the pixel. The ground data vec-
tors are weighted inversely proportionally to the 
squared distance in the feature space. An essential 
property of the process is that all inventory vari-
ables (parameters) can be estimated for the pixel 
at the same time. The idea of using k fi eld plots 
instead of one is to reduce the random variation 
caused by, e.g., image noise, within-stand vari-
ation of the forest parameters, and dislocation 
of the fi eld plots (compared to the image coordi-
nates). Let us call the method a k-nearest-neigh-
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bour classifi cation method. For the utilisation of 
the cloud mask fi le, see formula (16).

The procedure can be described more formally 
as follows. The Euclidean distance, dpi,p, is com-
puted in the feature space from pixel p to be 
classifi ed to each pixel pi, whose ground truth 
is known (to pixel with sample plot i), and data 
from the k plots, i1(p),…,ik(p), with the shortest 
distances are employed in the analysis of pixel p. 
A maximum distance in the geographical space 
(usually 50 to 100 km in the horizontal direction) 
is set from the pixel p to the sample plots applied 
in order to avoid utilising sample plots from very 
different vegetation zones. A maximum distance 
is also set vertically, usually 50 to 200 m, in 
order to take into account the vegetation varia-
tions caused by elevation, provided that a digital 
terrain model is available. In this study, only the 
horizontal maximum distance was applied due to 
the absence of a reliable digital terrain model. 
The feasible set of nearest neighbours for pixel 
p is thus { | },

( , )
max
( , )p d di p p

x y x y
i

≤ where dp p
x y
i ,

( , )  is the 
geographical horizontal distance from pixel p to 
pixel pi and d x y

max
( , )  its maximum allowed value.

The weight of the ground data vector of plot i 
to pixel p is then defi ned by

w
d

d

i i p i pi p
p p

p pj i p i p

k
i

jk

,
,

,{ ( ), , ( )}

, { ( ), , ( )}

, .

= ∈

=
∈

∑

1

1

0

2

2

1

1 K

Kif

otherwise

 (11)

Sums of weights, wi,p are calculated by computa-
tion units (for example by forest farms) in the 
image analysis process. The weight of plot i to 
computation unit U is then:

c wi u i p
p u

, ,=
∈
∑  (12)

Estimates of some (optional) forest variables are 
written in the form of a digital map during the 
procedure. The estimates are written after each 
processed line in the form of a multi-channel 
raster image. The land use classes outside forestry 
land are transferred directly from the digital map 
fi le. Within forestry land, the variables entered 
by the operator are estimated by the weighted 
averages of the k nearest neighbours (see Tomppo 
1991, 1996)

ˆ ,
{ ( ), , ( )}

m w mp j p j
j i p i pk

=
∈

∑
1 K

 (13)

where
m̂p  = the multi-source estimator of the value of vari-
able M at pixel p, and
mj = the measured value of variable M at fi eld plot j.

Mode value is used instead of the mean for vari-
ables of nominal or ordinal scales. Examples of 
the map themes are growing stock volumes by 
tree species, dominant tree species or tree species 
groups, e.g., on the basis of the tree stem volume 
(Fig. 3), increments by tree species, site fertility, 
and mean age of the growing stock.

3.2.1 Compilation of Tables and Map
Production

The inventory statistics by computation units 
were obtained by means of digital boundary maps 
and the weight coeffi cients (12). The area of 
water and non-forestry land cover classes were 
estimated by computation units from the digital 
maps produced by multiplying the number of 
pixels classifi ed in the land cover class by the 
size of the pixel:

A p p c p u ac u, # ( ) ,= ∈ ∈| ,  (14)

where
c = land cover class,
u = computation unit, and
a = area of one pixel.

The non-forestry land area located under a pos-
sible cloud mask can be estimated in a similar 
way if the land cover class estimates outside 
forestry land are based purely on map data. We 
assumed that the proportion of non-forestry land 
under the cloud mask was the same as that outside 
the cloud mask, because land cover classes were 
estimated from satellite images. The total non-
forestry land area (14) was multiplied by total 
area of a bureau / area outside cloud mask and 
used as a fi nal estimate of non-forestry land area, 
cf. also the formula (16).

The estimates of the areas of the forestry 
land reference units, by computation units, were 
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obtained from the estimated plot weights employ-
ing the equation

A a cs u i u
i Is

, , ,=
∈
∑  (15)

where
S = forestry land reference unit (e.g. forest type),
IS = set of sample plots belonging to the reference 
unit, and
u = computation unit (here a forest farm).

Reduced weight sums ci u
r
,  are obtained from the 

formula (12), if clouds or their shadows cover a 
part of the area of the computation unit u. The 
real weight sum for plot i is estimated by means 
of the formula

c c
A

Ai u i u
r s u

s u
r, ,
,

,

=  (16)

where
As u,  = area of the forestry land of unit u, and
As u

r
,  = area of the forestry land of unit u not covered 

by the cloud mask.

It is thus assumed that the forestry land covered 
by clouds per computation units is, on average, 
similar to the rest of the forestry land with respect 
to the forest variables. The proportion of non-
forestry land covered by clouds is estimated as 
given above.

The volume estimates are computed by com-
putation and reference units in the following way. 

Fig. 3. An example of a thematic map, dominant tree species group.
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Mean volumes are estimated by the formula:

v
c v

c
i I i u i t

i I i u

s

s

= ∈

∈

∑
∑

, ,

,

 (17)

where vi,t is the estimated volume per hectare 
of timber assortment (log product) t for plot i. 
The corresponding total volumes are obtained by 
replacing the denominator in formula (17) by 1. 
Mean and total volume increments are similarly 
estimated.

3.3 Estimation of Standard Errors

Estimators (8) and (10) are based on pure fi eld 
data and are ratio estimators. More generally, the 
goal is to estimate a parameter of the form

M
X

Y
=  (18)

where X and Y are expectations of two random 
variables, x and y. Let xi and yi be their observed 
values on sample plot i, then the ratio estimator 
of M is

m
x

y

x

y
ii

n

ii

n= ==

=

∑
∑

1

1  (19)

where n is the number of sample plots in the 
inventory area. When n is large,

Em
Ex

Y

X

Y
M≈ = =  (20)

that is, m is approximately unbiased. The estima-
tion of its standard error is also complicated by 
the spatial autocorrelation and possible trend-like 
changes of the target variables. Matérn (1947, 
1960) suggested the quantity E(m – M)2 , the 
error variance, as a measure of reliability of the 
estimator and also proposed an estimator of the 
error variance. Consider the cluster-wise residuals

zr = xr – myr, where x xr ii r
= ∈∑  and y yr ii r

= ∈∑
with r a cluster of fi eld plots i, and assume that 
the residuals form a realisation of a second order 
stationary (weakly stationary) stochastic process. 
The variance of the process can be estimated by 
means of quadratic forms T c z zrs r ssr

= ∑∑ ,

where c c crs sr rssr
= =∑∑, 0  and crrr∑ = 1.

It can be shown that any estimator of this form is 
unbiased if the process z is spatially uncorrelated, 
and conservative if the process is positively cor-
related (Matérn 1960). The method is applied by 
sampling strata as follows. Within each stratum, 
groups g of four fi eld plot clusters

r3 r4

r1 r2

are composed in such a way that each cluster 
belongs to four different groups (with necessary 
boundary modifi cations). Deviance of the cluster 
mean yr  from the stratum mean y  is computed 
for each cluster j. Denote

z y y nr r r= −( )  (21)

where nr is the number of relevant sample points 
in cluster r. The weights crs are chosen in perhaps 
the most obvious way, c c c cr r r r1 4 2 3

1 2= = = =– – . 
This choice has also been employed in the Swed-
ish and Finnish inventories (cf. Ranneby 1981, 
Salminen 1985). The quadratic forms can then be 
expressed as T z z z zg r r r r= − − +( ) /1 2 3 4

2 4 , and 
the implied standard error estimators (the square 
root of the error variance estimator) for each stra-
tum are

s

k T

y

l
l

i
i

=
∑

∑
 (22)

where
l refers to the groups of clusters in the stratum,
i refers to the relevant sample plots in the stratum, 
and
k indicates how many clusters each cluster group 
represents (in our case, k =1).

The standard error estimators for the whole 
Bureau area were obtained by combining the 
stratum-specifi c estimators with the usual formula 
for stratifi ed sampling (e.g. Cochran 1977).
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4 Examples of Forest Resource 
Estimates

Forest resource estimates and the standard errors 
of the area estimates were computed for the whole 
area of Hebei Forest Bureau using fi eld measure-
ments only. The estimates were computed by 
forest farms using satellite images, in addition to 
fi eld measurements. The estimation parameters, 
the value of k and the maximum distance from 
the pixel to be analysed to the potential nearest 
neighbours were judged using a pixel level cross-
validation technique. The chosen value of k was 
3 and the maximum distance 30 km. Complete 
tables of the results are given in Tomppo et al. 
(1994). Only few examples are given here. Fig. 
3 shows an example of a thematic map produced 
by means of the multi-source technique.

4.1 Land Area Estimates

The total area of the Bureau is 382 401 ha, accord-
ing to the statistics provided by the Hebei Forestry 
Bureau. The area of forestry land was, accord-
ing to the fi eld inventory, 373 700 ha, of which 
1900 ha was classifi ed as non-productive forestry 
land. Thus, the area of productive forestry land 
was 371 800 ha (Table 1). The other land use 
classes and their proportions were: agricultural 
land 0.8%, pasture land 0.5%, built-up land 0.6%, 
and water 0.5%. The productive forestry land was 
also classifi ed on the basis of the actual growing 
stock: 87.4% of the land was classifi ed as forest 
land (canopy closure at least 30% or on young 
planted stands with a density of living trees more 
than 85% of reasonable planting density), 7.0% 
as sparse tree land, 0.9% as sapling tree land, and 
4.7% as open land.

Table 1 shows the estimates obtained for the 
whole area when employing the fi eld inventory 

Table 1. Area of the of the forestry land subclasses by forest farms based on the multi-source inventory, and 
for the whole area based on the fi eld inventory, together with the standard errors of the fi eld inventory 
estimates.

Forest farm   Subclass   Total
 Forest land Sparse Sapling tree land Open land Non
  tree land   productive
   1000 ha and %

Lianying 17.0 90.7 1.0 5.2 0.1 0.6 0.5 2.8 0.1 0.7 18.7 100.0
Jinkuang 21.5 85.9 2.1 8.2 0.3 1.1 0.9 3.7 0.2 1.0 25.0 100.0
Shuguang 17.5 85.8 1.4 6.7 0.4 2.1 1.0 4.7 0.2 0.7 20.3 100.0
Zhongxing 21.5 90.3 1.2 5.1 0.3 1.1 0.7 2.9 0.2 0.7 23.8 100.0
Qinglin 14.7 80.1 1.7 9.2 0.3 1.4 1.5 8.0 0.2 1.4 18.3 100.0
Nongxing 14.7 89.9 1.2 7.1 0.0 0.2 0.3 1.9 0.1 0.9 16.3 100.0
Xianjin 23.0 87.4 1.9 7.3 0.2 0.6 0.9 3.6 0.3 1.1 26.3 100.0
Yuefeng 17.5 95.0 0.6 3.4 0.0 0.3 0.2 1.0 0.1 0.3 18.5 100.0
Gaofeng 17.6 94.7 0.7 3.8 0.0 0.0 0.1 0.7 0.2 0.9 18.6 100.0
Weidong 17.5 86.5 1.3 6.4 0.2 1.2 0.9 4.6 0.3 1.4 20.3 100.0
Xiwutong 13.9 91.7 0.8 5.1 0.1 0.4 0.3 2.1 0.1 0.7 15.2 100.0
Yuejing 20.4 83.6 2.5 10.2 0.3 1.2 0.9 3.7 0.3 1.3 24.4 100.0
Shuangfeng 20.0 82.4 2.4 9.9 0.2 1.0 1.3 5.3 0.4 1.5 24.3 100.0
Xiaowutong 14.5 84.1 1.5 8.4 0.2 1.0 0.9 5.3 0.2 1.1 17.3 100.0
Sifangshan 13.4 87.6 1.0 6.5 0.2 1.4 0.6 4.0 0.1 0.5 15.3 100.0
Xiangyang 15.5 74.8 3.3 16.1 0.4 1.8 1.2 5.6 0.3 1.6 20.7 100.0
Hekou 17.0 87.9 1.1 5.5 0.2 1.1 0.9 4.5 0.2 1.0 19.4 100.0
Shuangyi 13.3 85.6 1.4 8.8 0.1 0.4 0.6 4.1 0.2 1.2 15.6 100.0
Qingfeng 15.9 77.3 2.2 10.6 0.4 1.9 1.8 8.8 0.3 1.3 20.5 100.0

All Hebei 326.3 86.2 29.1 7.7 3.8 1.0 15.6 4.1 3.9 1.0 378.7 100.0

Field 325.1 87.0 25.9 6.9 3.9 0.9 17.4 4.7 1.9 0.5 373.7 100.0

Standard error 9.2 2.4 5.2 1.4 1.8 0.5 4.4 1.2 1.0 0.3 2.5 0.0
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alone, and for the whole area and forestry farms 
when using the multi-source inventory. The esti-
mate of the area of productive forest land, based 
on multi-source inventory, was 374 800 ha, i.e. 
0.8% higher than that based on fi eld measure-
ments. The relative standard error of the produc-
tive forestry land area was 0.7%. The estimates 
obtained with both methods for the whole area 
were similar. All multi-source inventory estimates 
were within two standard errors of the estimates 
of the fi eld inventory. The proportion of forest 
land varied by farms from 75% to 95%, the 
proportion of sparse tree land from 3% to 16% 
and the proportion of open land from 1% to 
9%. Some estimates of the growing stock for 
the productive forestry land area, and its annual 
increment, are given in the following section.

4.2 Dominance of Tree Species

The dominant tree species of a forest stand was 
defi ned as the species which has the highest stem 
volume or for which the silvicultural measures 
were intended. Nineteen tree species, genera of 
species (spp.) or groups of species were iden-
tifi ed in the fi eld measurements (Appendix 1). 
They were further grouped into 11 groups plus 
open land for multi-source inventory. The most 
common dominant species was oak (Quercus spp., 
mainly Quercus mongolica). The proportion of 
oak dominated stands of the area of productive for-
estry land was 28% (standard error 2.4%) accord-
ing to the fi eld measurements and 25% according 
to the multi-source inventory (Table 2).

The difference was smaller than the double 
standard error of the fi eld data based estimate. 
The somewhat lower estimate of the multi-source 
inventory may have been caused by the fact that a 
part of the oak dominated area had been estimated 
to be dominated by linden, poplar or ‘other decidu-
ous trees’. The area estimate of these species was 
slightly higher in the multi-source inventory than 
in the fi eld inventory. The proportional estimates 
of the other species based on fi eld data and multi-
source data were otherwise within 1%-unit of each 
other. Exceptions, in addition to oak, were the 
group ‘other birch species’, white birch and pine. 
However, the total area estimates of birch species 
were close to each other with both methods.

There was a quite high variation in tree species 
dominance at the forest farm level. The propor-
tion of the area of oak dominated forests varied 
from 9% to 37%, the proportion of white birch 
(Betula platyphylla) dominated forests from 9% 
to 48% and the proportion of pine dominated 
forests from 0% to 17%. Coniferous tree spe-
cies dominated 15% of the productive forest 
area. Coniferous dominated forests were located 
mainly in the northern part and white birch domi-
nated forests in the western part of the Bureau 
area (Fig. 3, Table 3 and Fig. 1).

4.3 Age Structure

The age of the growing stock of each sample 
plot was estimated by increment borings and 
visual estimation. The forests of Hebei are mostly 
young, 60% (57% according to the multi-source 
inventory) of the forests on productive forestry 
land were at most 40 years old and 85% (83%) 
were at most 60 years old. These fi gures included 
the treeless areas, 7.9% (7.8%) of the produc-
tive forestry land (Table 3). The estimates of the 
proportions of age classes obtained with fi eld 
inventory and multi-source inventory were within 
1%-unit of each other, except for the age classes 
21–40 and 41–60 years. In the class 21–40 years, 
the multi-source estimate was 3.3%-units (8%) 
lower than the fi eld inventory estimate. The dif-
ference was in the opposite direction in the 41–60 
years age class.

The multi-source inventory showed that the 
proportion on old forests (older than 80 years) 
was higher in the Lianying and Zhongxing forest 
farms than in the other farms. The old pine stands 
which have been conserved for seed production 
were located on these farms. There was consider-
able variation in the age structure between forest 
farms. Some of the variation was caused by vari-
ations in tree species dominance. The pine domi-
nated forests were, on average, older than other 
forests, while the larch dominated forests were 
younger. For larch dominated stands, the propor-
tion of young plantations was remarkably high. 
The proportion of young forests was high in 
Xiangyang and Weidong, for example.

Of the total volume of the growing stock, 76% 
was in forests no more than 60 years old and 47% 
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in forests no more than 40 years old. The high 
mean volumes of young forests also refl ected the 
high density of forests and the need for silvicul-
tural measures and thinning. The mean volume 
in the forests less than 20 years old was 47 m3/ha 
and in forests aged between 20 and 40 years was 
117 m3/ha.

4.4 Growing Stock

The total volume of the growing stock on produc-
tive forest land was 42.4 million m3 and the 
mean volume 114.1 m3/ha, according to the fi eld 
inventory. The corresponding fi gures from the 
multi-source inventory were 44.3 million m3 and 
118.7 m3/ha. The somewhat higher mean volume 
of multi-source inventory may have been caused 
by the fact that a digital elevation model was 
not available, and so the mean volume was over-

estimated on the northern slopes of hills. The 
mean volumes by tree species and by forestry 
farms are given in Table 4. The total volumes can 
be obtained by multiplying mean volumes by the 
area of the productive forestry land. Of the tree 
species, oak had the highest mean volume, 26.0 
m3/ha according to the fi eld inventory and 22.8 
m3/ha according to the multi-source inventory. 
The multi-source estimate was 12% lower than 
the fi eld inventory estimate. The multi-source 
estimates of pine, fi r, white birch, linden, poplar 
and the group other deciduous trees were higher 
than those from the fi eld inventory. The higher 
mean volume of pine may have been caused by 
the over-estimation on the northern slopes, while 
oak and other deciduous trees may have been 
partly mixed in the multi-source inventory.

The highest mean volumes were found in the 
forest farms of Lianying (170 m3/ha), Zhong-
xing (157 m3/ha) and Gaofeng (133 m3/ha). The 

Table 3. Area of productive forestry land by age classes and forest farms based on the multi-source inventory, 
and by age classes based on the fi eld inventory, together with the standard errors of the fi eld inventory 
estimates.

Forest farm Age class Total
 Treeless 1–19 20–39 40–59 60–79 80–99 100+
 1000 ha and %

Lianying 1.0 5.3 1.2 6.5 4.9 26.2 4.7 25.1 2.7 14.5 2.2 11.8 2.0 10.6 18.6 100.0
Jinkuang 2.0 8.2 4.3 17.3 9.2 37.0 5.1 20.8 2.1 8.7 1.3 5.1 0.7 3.0 24.7 100.0
Shuguang 1.5 7.6 1.7 8.5 6.5 32.3 4.9 24.4 3.0 14.6 1.7 8.6 0.8 4.0 20.2 100.0
Zhongxing 1.3 5.6 2.0 8.3 6.7 28.2 5.4 22.8 3.3 14.1 2.7 11.5 2.2 9.4 23.6 100.0
Qinglin 2.0 11.3 1.9 10.8 5.9 32.8 4.9 27.0 1.6 8.8 1.1 5.8 0.7 3.6 18.1 100.0
Nongxing 0.5 3.3 1.3 8.1 7.0 43.3 6.1 37.7 0.8 5.2 0.3 1.9 0.1 0.4 16.2 100.0
Xianjin 1.5 5.8 2.5 9.8 10.6 40.7 8.5 32.7 2.2 8.5 0.5 2.1 0.1 0.4 26.0 100.0
Yuefeng 0.6 3.1 1.2 6.7 7.8 42.2 6.0 32.7 1.9 10.3 0.7 3.7 0.3 1.4 18.4 100.0
Gaofeng 0.5 2.6 0.7 3.5 7.7 41.8 7.9 43.0 1.3 7.2 0.2 0.8 0.2 1.0 18.4 100.0
Weidong 2.4 12.1 4.0 19.8 8.0 40.0 2.8 13.9 1.2 5.8 1.0 4.9 0.7 3.5 20.0 100.0
Xiwutong 0.6 3.8 0.9 6.3 6.4 42.3 5.2 34.5 1.4 9.6 0.4 2.9 0.1 0.6 15.1 100.0
Yuejing 2.0 8.5 4.2 17.6 9.5 39.4 5.7 23.9 1.6 6.7 0.9 3.8 0.0 0.1 24.1 100.0
Shuangfeng 2.5 10.4 3.9 16.3 9.7 40.5 5.9 24.6 1.4 6.0 0.5 2.1 0.0 0.1 24.0 100.0
Xiaowutong 1.7 10.2 2.7 15.9 6.6 38.6 4.4 25.5 1.2 6.7 0.4 2.4 0.1 0.6 17.1 100.0
Sifangshan 1.3 8.4 3.0 19.5 7.0 46.1 2.3 15.1 0.9 6.0 0.5 3.5 0.2 1.3 15.2 100.0
Xiangyang 2.8 13.7 5.1 25.2 7.7 37.9 3.0 14.6 1.1 5.2 0.7 3.3 0.0 0.2 20.3 100.0
Hekou 1.5 7.9 1.2 6.3 6.3 32.9 4.5 23.6 3.0 15.8 1.8 9.1 0.8 4.2 19.2 100.0
Shuangyi 1.1 6.8 2.0 13.0 5.9 38.3 4.3 27.7 1.4 9.1 0.5 3.5 0.3 1.6 15.4 100.0
Qingfeng 2.4 11.8 2.2 10.8 6.1 30.3 5.1 25.0 2.1 10.5 1.5 7.5 0.8 4.1 20.3 100.0

All Hebei 29.3 7.8 46.1 12.3 139.4 37.2 96.6 25.8 34.3 9.2 18.9 5.0 10.1 2.7 374.8 100.0

Field 29.4 7.9 44.1 11.9 150.4 40.5 90.3 24.3 32.4 8.7 18.5 5.0 6.6 1.8 371.8 100.0

Standard error 5.8 1.5 7.5 2.0 11.1 3.0 10.2 2.7 4.7 1.3 3.7 1.0 1.7 0.5 2.6 0.0
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Table 4. Mean volume of growing stock by tree species groups and forest farms based on the multi-source 
inventory, and by tree species groups based on the fi eld inventory.

Forest farm Tree species groups Total
 Pines Larch Spruce Fir Maple Other White Oak Linden Poplar Other
      birches birch    decid.
 m3/ha

Lianying 38.6 0.9 10.2 20.7 5.1 23.3 11.4 17.9 14.4 14.1 13.0 169.6
Jinkuang 12.2 1.5 3.2 7.9 3.1 18.3 12.8 26.5 9.8 13.6 9.3 118.3
Shuguang 12.1 1.0 3.5 9.5 3.5 16.2 13.1 25.0 11.1 10.0 12.4 117.4
Zhongxing 32.3 0.8 9.1 18.5 4.7 22.1 10.3 19.6 14.2 12.4 12.6 156.7
Qinglin 16.0 1.4 4.1 9.4 3.5 16.3 18.0 19.3 11.7 12.1 11.3 123.0
Nongxing 7.7 0.6 1.5 3.4 2.8 12.6 40.6 11.2 9.5 22.8 9.4 122.1
Xianjin 5.1 0.9 1.2 2.7 3.2 14.5 26.2 19.9 11.9 20.4 9.4 115.3
Yuefeng 4.4 0.3 1.9 1.2 3.4 15.7 26.9 24.0 11.2 26.4 10.1 125.6
Gaofeng 5.7 0.1 1.8 2.2 3.8 13.7 44.6 10.2 11.3 28.4 11.6 133.4
Weidong 13.2 1.6 3.7 9.2 2.9 17.2 10.9 27.9 7.7 14.5 9.8 118.6
Xiwutong 3.6 0.5 1.4 2.0 3.6 15.0 28.4 24.5 10.9 23.1 9.8 122.8
Yuejing 0.5 0.8 0.2 0.1 2.0 13.2 15.5 31.1 8.3 17.3 5.5 94.5
Shuangfeng 1.8 0.9 0.3 0.6 2.2 13.1 21.7 23.7 7.8 17.6 6.7 96.4
Xiaowutong 7.0 1.5 1.3 3.6 2.6 15.0 19.6 23.7 9.5 15.3 7.5 106.5
Sifangshan 5.7 2.6 1.9 2.7 2.4 18.9 12.1 35.3 6.6 16.2 5.6 110.0
Xiangyang 0.3 1.2 0.0 0.0 1.1 12.3 10.5 27.9 5.7 11.8 4.0 75.0
Hekou 12.6 0.5 3.5 10.9 3.8 16.8 10.7 25.7 12.6 9.3 14.3 120.7
Shuangyi 8.5 1.1 2.2 5.1 3.5 16.1 19.6 22.2 12.0 16.9 9.9 117.0
Qingfeng 17.4 1.8 4.6 10.8 3.3 15.9 15.7 17.0 12.3 9.5 11.1 119.3

All Hebei 10.9 1.1 2.9 6.4 3.2 16.1 19.0 22.8 10.4 16.2 9.6 118.7

Field 7.7 1.3 2.7 5.6 3.1 16.6 17.5 26.0 9.4 15.7 8.3 114.1

Table 5. Mean annual increment by forest farms and dominant tree species groups based on the multi-source 
inventory, and by dominant tree species groups based on the fi eld inventory.

Forest farm Dominant tree species groups Total
 Pines Larch Spruce Fir Maple Other White Oak Linden Poplar Other
      birches birch    decid.
 m3/ha

Lianying 0.39 0.03 0.22 0.63 0.13 0.29 0.21 0.41 0.27 0.28 0.40 3.28
Jinkuang 0.12 0.05 0.07 0.24 0.09 0.34 0.30 0.63 0.23 0.31 0.33 2.72
Shuguang 0.13 0.04 0.08 0.29 0.09 0.27 0.28 0.58 0.25 0.23 0.42 2.66
Zhongxing 0.33 0.03 0.20 0.56 0.12 0.30 0.20 0.45 0.26 0.26 0.40 3.11
Qinglin 0.16 0.04 0.09 0.29 0.10 0.26 0.39 0.44 0.25 0.27 0.39 2.68
Nongxing 0.08 0.02 0.04 0.12 0.09 0.23 0.90 0.28 0.25 0.52 0.35 2.89
Xianjin 0.05 0.03 0.03 0.09 0.10 0.28 0.60 0.49 0.33 0.44 0.33 2.77
Yuefeng 0.07 0.01 0.06 0.06 0.10 0.31 0.58 0.63 0.32 0.54 0.34 3.03
Gaofeng 0.08 0.00 0.06 0.10 0.13 0.24 0.93 0.25 0.31 0.55 0.40 3.06
Weidong 0.13 0.06 0.09 0.27 0.08 0.33 0.25 0.68 0.16 0.33 0.33 2.71
Xiwutong 0.05 0.02 0.05 0.08 0.11 0.29 0.63 0.61 0.30 0.47 0.33 2.95
Yuejing 0.02 0.05 0.00 0.00 0.06 0.30 0.41 0.85 0.26 0.41 0.20 2.57
Shuangfeng 0.02 0.04 0.01 0.03 0.07 0.29 0.54 0.61 0.24 0.43 0.25 2.53
Xiaowutong 0.05 0.05 0.03 0.12 0.08 0.32 0.48 0.60 0.26 0.38 0.28 2.65
Sifangshan 0.06 0.10 0.05 0.09 0.07 0.41 0.32 0.90 0.19 0.38 0.20 2.76
Xiangyang 0.01 0.06 0.00 0.00 0.03 0.32 0.32 0.76 0.20 0.34 0.17 2.20
Hekou 0.13 0.02 0.08 0.32 0.10 0.26 0.21 0.60 0.27 0.22 0.48 2.70
Shuangyi 0.08 0.03 0.05 0.16 0.10 0.29 0.45 0.53 0.30 0.38 0.34 2.73
Qingfeng 0.17 0.06 0.11 0.33 0.09 0.25 0.34 0.40 0.27 0.20 0.37 2.58

All Hebei 0.11 0.04 0.07 0.20 0.09 0.29 0.43 0.57 0.26 0.36 0.33 2.76

Field 0.09 0.05 0.07 0.18 0.09 0.32 0.40 0.66 0.24 0.36 0.29 2.74
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volume of coniferous species was high on these 
farms. The lowest mean volume, 75 m3/ha, was 
in Xiangyang. A considerable proportion of the 
growing stock was located in special purpose 
forests: 4.5% of the volume was accounted for by 
seed collection forests (almost totally conifers) 
and 4.6% by national defence forests.

4.5 Increment

The annual increment of the volume of the grow-
ing stock, based on the fi eld inventory, was 1.01 
million m3, while the multi-source estimate was 
1.03 million m3. The mean increments by tree 
species and by farms with the multi-source inven-
tory and by tree species with the fi eld inventory 
are given in Table 5. The total increment can be 
obtained by multiplying the mean increment by 
the area of productive forestry land. The mean 
annual increment, based on the fi eld inventory, 
was 2.74 m3/ha/a, and according to the multi-
source inventory, 2.76 m3/ha/a. The two estimates 
were also close by tree species. The differences 
were similar to those of the mean volumes. The 
pine increment was over-estimated, probably for 
the same reason as the mean volume. The oak 
increment was under-estimated and the incre-
ments of lime and ‘other deciduous trees’ were 
over-estimated. The mean annual increment by 
forest farms varied from Xiangyangs 2.2 m3/ha/a 
to Liangyings 3.3 m3/ha/a. The increment of the 
drain was not included in the presented fi gures.

5 Discussion

The paper has presented a multi-source forest 
inventory method which utilises sparse fi eld sam-
pling and satellite images. The method has some 
features of the Finnish multi-source national forest 
inventory but also many differences. The authors 
believe that a similar method, or its modifi cation, 
as well as the ideas in realising the inventory, can 
be applied when planning or realising a forest 
inventory in an arbitrary area in any temperate and 
boreal region. The sampling design was derived 
from existing preliminary information and experi-
ences from other inventories. An important goal 

when planning the sampling design was its suit-
ability for the utilisation of satellite images. The 
chosen design was not necessarily optimal even 
for the estimates of the basic parameters, such 
as mean volume of the growing stock, because 
of the lack of detailed preliminary knowledge of 
the spatial correlation structure of the forests in 
question. The thematic maps obtained from the 
multi-source inventory could be utilised for further 
improvement of the sampling design (e.g. Tomppo 
et al. 1998). Note that achieving an overall optimal 
design is a very complicated task, possibly an 
impossible one, due to the fact that different vari-
ables have different spatial correlations and thus 
presume different sampling designs (cf. Ranneby 
1981 and Ranneby et al. 1987). The volume and 
increment estimates were based partly on avail-
able local volume functions and partly on new 
estimation models. The models could be improved 
if more detailed tree level measurements would 
be available.

The inventory can be employed for estimating 
regression models for various purposes. As an 
example, height models (estimation of height 
as a function of diameter) and diameter incre-
ment models were produced. These models are 
presented in Appendix 2.

The reliability of the inventory results was 
assessed using the method proposed by Matérn 
(1960). This method is suitable for systematic 
sampling, takes into account spatial correlation 
at different scales, and does not over-estimate the 
accuracy when spatial correlation is positive.

The multi-source method seemed to work 
in North-East Chinese conditions and to give 
detailed geo-referenced information concerning 
the forest resources and the structure of the for-
ests, as well as land cover classes, at reasonable 
costs. The information can be applied to small 
unit (forest farm) forest management planning, 
including ecological planning. The farms, usu-
ally of some 10 thousand hectares, are important 
units in forest management planning for which 
farm-level information is essential. Sparse fi eld 
sampling alone does not allow the estimation of 
parameters at the farm level.

The results show that most of the forests are 
dominated by species of low economic value. 
Further, due to the high proportion of young for-
ests, the removals of the valuable species cannot 
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be high in the near future. However, the growth 
rates of the valuable species (e.g. white birch, 
Korean pine and poplar) indicate that the area has 
great potential for wood production.

The results confi rm that stand-level forest 
inventories often under-estimate the volume of 
the growing stock. The estimate of the mean 
volume of the growing stock was 114 m3/ha while 
the old fi gure, based on stand-level inventories, 
was 72 m3/ha. There are probably also other 
reasons for the large difference, e.g. small trees 
may not have been included in the stand-level 
inventories. For the whole area, the multi-source 
inventory gave similar results to the fi eld inven-
tory, also by tree species and age classes. The 
lack of an analytical method for the error assess-
ment in the multi-source inventory prohibits the 
estimation of errors at the forest farm level. A 
digital terrain model was not available in this 
study. It would have improved the estimates of the 
multi-source inventory, especially on the northern 
sides of the hills. The volume of growing stock 
was over-estimated in some shadowed areas. This 
explains the difference in total volume between 
estimates based on fi eld measurements (mean 
volume 114 m3/ha) and multi-source information 
(119 m3/ha).
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Appendix 2. Models.

Volume models for sample trees
by tree species

v a d ha a= +0
1 2 ε

where
v is the volume of the tree, m3

d is the breast height diameter of the tree, cm
h is the height of the tree, m, and
ε is a N(0,σ 2) – distributed residual.

The estimates of the parameters:

Tree species a0 a1 a2

1, 2, 6, 19 0.0000635277210 1.94354550 0.89689361
3 0.0000501687010 1.75828940 1.14966530
4,5 0.0000618598780 1.85577513 1.00705470
7–12, 15, 18 0.0000419606698 1.90945950 1.04138920
13 0.0000527864510 1.79473130 1.07126230
14 0.0000611255340 1.88100910 0.94462565
16 0.0000519351630 1.85868840 1.00389410

17 0.0000534731900 1.87789940 0.99982785

Appendix 1. Tree species or genera in fi eld inventory.

1 = Pinus koraiensis (Korean pine) 11 = Ulmus sp. (Elm)
2 = Pinus sylvestris (Scots pine) 12 = Betula costata
3 = Larix sp., mainly Larix gmelinii (Dahurian larch) 13 = Betula davurica (Dahurian birch, black birch)
4 = Picea sp. (Spruce) 14 = Quercus sp., mainly Quercus mongolica 
5 = Abies sp., mainly Abies nephrolepis (Fir)     (Mongolian oak)
6 = Pinus densifl ora (Japanese red pine) 15 = Tilia sp. (Linden)
7 = Fraxinus mandshurica (Manchurian ash) 16 = Betula platyphylla (Manchurian birch, white birch)
8 = Juglans mandshurica (Manchurian walnut) 17 = Populus sp., mainly Populus davidiana (Poplar)
9 = Phellodendron amurense (Amur cork tree) 18 = Other deciduous
10 = Acer mono (Maple) 19 = Other conifers

Models for volumes 5 years ago
for sample trees by tree species

v

d
a a d a d2 0 1 2

2= + + + ε

where
v is the volume of the tree, m3

d is the breast height diameter of the tree, cm, and
ε is a N(0,σ 2) – distributed residual.

The estimates of the parameters:

Tree a0 a1 a2 Maximum d(cm)
species    for using the
    model

1,2,19 0.268333 0.018789 –0.00011 130
3,4,5 0.060277 0.038031 –0.00043 67
13 0.344740 0.010499 –0.00011 89
14 0.267053 0.014643 –0.00017 75
15 0.179907 0.023590 –0.00026 73
16 0.313476 0.022498 –0.00033 59
17 0.235414 0.029834 –0.00037 65
18 0.120909 0.032881 –0.00076 35

6–12 0.224845 0.020309 –0.00019 87
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Volume increment models for sample trees
by tree species

i

d
ea a d a d

100 2
0 1 2= + + ( )+ln ε

where
i is the volume increment of the tree, dm3/5 years
d is the breast height diameter of the tree, cm, and
ε is a N(0,σ 2) – distributed residual.

The estimates the of parameters:

Tree species a0 a1 a2

1,2,19 –7.487700 –0.033005 0.366411
3,4,5 –8.472597 –0.070551 1.076069
13 –5.135102 0.001834 –0.881438
14 –7.653503 –0.052514 0.460989
15 –7.879226 –0.064353 0.654263
16 –6.642996 –0.036436 0.023204
17 –6.745856 –0.042895 0.150808
18 –6.763920 –0.058526 0.144285

6–12 –7.443077 –0.047036 0.345476

Height models by tree species

ln( . )

( ) ( )

h

a a
d

a
d

a
d

− =

+
+

+
+

+
+

+

1 3

1

5

1

5

1

50 1 2 2 3 3 ε

where
d = diameter at breast height (cm)
h = estimated height (m) and
ε is a N(0,σ 2) – distributed residual.

The estimates of the parameters:

Tree a0 a1 a2 a3 RMSE
species

1,2,19 3.3924 –8.6284 –41.34468 – 0.175236
3,4,5 3.2557 1.38862 –491.55060 2686.058929 0.252374
6–12 3.1779 –10.76361 –43.48880 – 0.266901
13 3.1112 –12.64759 – – 0.199318
14 2.7593 –2.28497 –106.52709 – 0.258531
15 3.0081 –7.17048 –75.687691 – 0.380318
16 3.4312 –16.918131 –34.435433 – 0.215630
17 3.4250 –13.328161 –42.663523 – 0.238738
18 3.0432 –13.886421 – – 0.268859

Diameter increment models by tree species

i d i dd d
= + −2

2

where id 2 = estimate of increment of squared diame-
ter for the future 5 year period, obtained with models:

Species 1, 2 and 19:
id 2 = –429.346 + 51.7149 d – 0.05002 d 2 – 

25.503845 S1 d + 0.04213 S2 d 2

Species 3,4 and 5:
id 2 = 245.822337 + 55.167319 d + 2494.384469 S1 +
 2947.557241 S2 – 41.254773 S1 d – 31.927254 S2 d

Species 6–12:
id 2 = –853.333592 + 37.880276 d – 0.03389 d 2

Species 13:
id 2 = 552.272276 + 20.555934 d – 11.075027 S1 d

Species 14:
id 2 = –139.094311 + 31.324879 d – 0.006915 d 2 –
 1362.355982 S3 + 9.441992 S3 d – 0.026362 S3 d 2

Species 15:
id 2 = –147.11626 + 33.963102 d – 0.02428 d

Species 16:
id 2 = 299.68921 + 24.696109 d

Species 17:
id 2 = –5454.177778 + 44.374591 d + 6773.346516 S12 +
 6915.441639 S34 – 24.687306 S12 d – 27.676095 S34 d

Species 18:
id 2 = 1394.393656 + 19.22915 d

d = diameter over bark at breast height (mm)

S1 = 1, if site class is good
 0, otherwise
S2 = 1, if site class is medium
 0, otherwise
S3 = 1, if site class is poor
 0, otherwise
S4 = 1, if site class is very poor
 0, otherwise
S12 = 1, if site class is good or medium
 0, otherwise
S34 = 1, if site class is poor or very poor
 0, otherwise


