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Abstract A Growth Model System is developed for data
updating and forecasting of the national continuous forest
inventory. Its design is based on the inherent forest growth
laws, and its parameters are estimated by modern regres-
sion methods. It is composed of an age-implicit tree model,
a diameter-related survival rate model, a recruitment model
based on age and number of plots, and an area model. It is
suitable for forest resource information updating and
forecasting for a large region, e.g., a province. Data of
remeasured plots and trees are needed for development of
the system. A study case of Jiangxi Province with detailed
error analyses is provided.

Keywords continuous forest inventory, age-implicit tree
model, tree survival rate model, cut and mortality model,
tree ingrowth model

1 Introduction

In the late 1970s, the national continuous forest inventory
(NCFI) system was established in China. The system takes
provinces as populations to allocate permanent sample
plots that are remeasured on the basis of a fixed 5-year
interval (except for a few unusual cases in the past). Every
year, about one fifth of all the provinces in the country are

involved in an inventory; that is, all permanent plots in
these provinces are remeasured. Hence, the inventory years
for the provinces are different. When a statistic for the
whole country is required at a particular time, estimates for
the provinces, not slated for their inventory that year, must
be made. These estimates are also needed by these
provinces for their own use. Therefore, a model system is
necessary to make such estimates. There is only one model
with such a function presently in use in China, the system
dynamic (SD) Model [1,2], which had been developed
based on a theory of system dynamics. There are two
essential differences between the Growth Model System
(GModel) proposed in this paper and the SDModel: (a) the
design of the GModel is based on the inherent laws of
forest growth and (b) the GModel employs modern
regression methods to estimate its parameters. The SD
Model is not based on either methodology.

Up to now, there are a great number of different kinds of
growth models. In recent years, with the concepts of
compatibility and consistency emphasized in models such
as the econometrics-based systems of equations [3],
conventional models based on integrated stand growth
models [4] have been developed. The more complex the
model, the higher the requirements of data quality for
model development (MD) and the more limited the model
is in its use. Some models are only suitable for a special
type of forest, others are subject to certain management
measures and objectives. Many models require data to be
collected on typical plots for its development. The present
NCFI data in many aspects cannot meet the requirements
demanded by many models for their development and
application. The NCFI plots are allocated randomly and,
therefore, not typical: forest features change drastically;
management measures and objectives differ widely. If we
were to build models by management measures and
objectives, a large number of models would need to be
developed, and this would definitely not be suitable for
both development and application. A GModel must be
based on the distinctive features of the NCFI for it to be
developed. These distinctive NCFI features are the
following: (a) it has remeasured sample plots and trees;
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(b) plots in one province are remeasured in a fixed 5-year
interval, and so, the projection is not long and usually not
longer than the inventory interval; (c) the quantity of data is
usually extremely large; (d) it cannot provide accurate age
data for trees, sometimes not even for plots; and (e) because
plots are located randomly, a few land use covers or a few
forest types may occur in one plot and not in others so that
drastic changes from plot to plot may occur. The first three
features are good for MD, while the rest are not. The
demands we make on the model system to be developed are
as follows: (1) it should be suitable for all kinds of forest
types, all species, all tree types, etc., and (2) the model
precision only needs to be considered at the population
level estimates, not for a single plot or a single tree.

With all these factors considered, an age-implicit tree
(AIT) model for both diameter and volume is proposed. No
age is included in this model, and thus, it avoids (d); it is a
single tree model, and so, it is not subject to forest types
and tree types (tree types refer to stand trees, scattered trees,
etc.) and, therefore, it avoids (e) while meeting requirement
(1) at the same time; it needs remeasured tree data for its
development, and so, it takes advantages of (a) and (c).

With regard to cutting and mortality, an annual survival
rate (ASR) model is proposed. This model is designed to
answer the question “what is the possibility of a tree being
still alive after one year”. Its meaning is that after 1 year’s
growth, the question “how much does a tree survive (the
remainder should be less than 1)” should be answered. The
model is a function of diameter; that is, the probability of
being cut or dying is related to diameter. The parameters
are estimated for six types, i.e., four-side trees (trees

growing alongside roads, around houses, water, and
countryside), scattered trees, environmental protection stands
(together with special-purpose stands), pines, firs, and
deciduous trees.

The ingrowth model does not consider forest type,
origin, category, species, etc. All cases have the same
model parameters. The model includes the ingrowth num-
ber (IN) model and the plot transition matrix (PTM) model.
The IN model takes the age of the plot as the independent
variable and the annual number of the ingrowth trees in the
plot as the dependent variable. The PTM model is used to
estimate plot distribution by age. The reason why plot age
is used as the independent variable in the IN model is that,
although plot ages are often inaccurate, when the number
of plots is large, an acceptable relationship exists between
age data and the numbers of ingrowth trees. The effects of
cut and mortality are considered in the IN model, i.e., trees
recruited after the last inventory and die or are cut before
the next inventory is carried out. These effects are also
considered in the projections. We can use the ingrowth
model to estimate trees that can never be observed by field
inventories.

Data of the remeasured permanent sample plots and trees
are needed for the development of the GModel.

2 Model system

2.1 Framework

The framework can be shown as follows:

GModel
Model

Age�implicit tree AITð Þ model
Annual survival rate ASRð Þ model

Ingrowth model
Ingrowth number INð Þ model
Plot transition matrix PTMð Þ model

�
8>><
>>:

Projection
Survived tree projection : AIT modelþ ASR model
Ingrowth tree projection : Ingrowth modelþ AIT modelþ ASR model

�

8>>>>>><
>>>>>>:

Models in the projection part are to be used for
projecting.

2.2 Model development

2.2.1 Age-implicit tree model

The form of the AIT model [5] is

byk ¼ y y0; kð Þ ¼ a � exp �b

k � b
ln y0ð Þ�ln að Þ

 !
(1)

where y could be tree diameter or tree volume, y0 is the
measured value used as the initial value for prediction, andbyk is the estimated value of y0 after k years of growth where
k is the prediction interval; a and b are parameters; ln(.) is
the natural logarithm.

Equation (1) is derived from the following age-based
model (age model):

yþ " ¼ a � exp �b=Að Þ (2)

where "ɛis a random error and A is tree age; the others
are as stated above.
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Allowing the initial point (A0, y0, "y0Þ and the point
(Ak=A0+k, yk, "yk Þ after k years into Eq. (2), we establish:

y0 þ "y0 ¼ a � exp �b=A0ð Þ
yk þ "yk ¼ a � exp �b

�
A0 þ kð Þ� ��

Substitution of A0 from the first equation into the second
obtains:

yk þ "yk ¼ a � exp �b

k � b
ln y0þ"y0ð Þ�ln að Þ

0
@

1
A (3)

when Eq. (3) is used for estimation, its form equals to
Eq. (1).

Not only the dependent variable ( yk) in Eq. (3) is subject
to error but also the independent variable ( y0). Such
models should be fitted by special methods [6–8]. Re-
measured tree data are necessary for estimating parameters.
In our investigation, the parameters were estimated by
species. When the model is developed, k is the inventory
interval ΔA.

It is advantageous to take observations as the explana-
tory variable in Eq. (1) because the observations can, to a
certain extent, reflect the effects of forest type, site quality,
competition status, etc. The test results show this to be true.
Based on this fact, the AIT model does not consider con-
ditions such as plantation or natural forest, even- or un-
even-aged stands, pure or mixed stands, dominant or
nondominant trees, nor stands or scattered trees. Obvious-
ly, estimating parameters separately for these conditions
pose no problem if this were to be desired. From Eq. (1), it
can be seen that the projection error is subject to the
projection interval. The error is 0 when the interval is 0, and
the error increases as the interval increases. The age model,
Eq. (2), does not possess the property that the error is 0
when the projection interval is 0. The AIT model has
higher precision compared with the age model for as long
as the interval is not too great.

2.2.2 Annual survival rate model

The ASR model is

bp 1ð Þ ¼ p D; 1ð Þ ¼ � � exp � � ln Dð Þð Þ (4)

where bp 1ð Þ is the estimated ASR,D is the diameter at breast
height, and α and β are parameters. When the ASR of a tree
is 0.95, it means that the possibility of the tree being still
alive is 0.95 after one year. From Eq. (4), the k-year
survival rate (KYSR) is:

bp kð Þ ¼ p D0; kð Þ
¼ �k � exp � � ln D0D̂1 � � � D̂k�1

� �� �

where D0 is the measured value and is used here as the
initial value, and bD1; . . . ; bDk�1 are each year’s diameters
estimated by the AIT model. k is the inventory interval
ΔAwhen the parameters α and β are estimated by Eq. (5).

p �Að Þ and ln D0D̂1 � � � D̂�A�1

� �
are needed to estimate

the parameters. p �Að Þ can be estimated as follows: extract
diameter data of all the living trees of the previous
inventory and all the survival trees of the next inventory
by type and sort them from small to large. Classify the
former data by a rule, which should meet two criteria: (1)
the smallest class width must be greater than or equal to a
certain value, which in this study is 1 cm and (2) the
smallest number of trees within a class must be greater
than or equal to a certain value, which we set as 500.
Apply the upper- and lower-class boundaries of the
previous one to estimate the corresponding class bound-
aries of the latter by the AIT model. The number of trees
that fall into the latter class is the number of survival trees
of this class. If the previous number of trees of a class is
N1 and its subsequent number is N2, the p �Að Þ of this
class is N2/N1.

2.2.3 Ingrowth model

1. PTM model
The PTM model is designed to estimate the number of
plots distributed by average age annually. This distri-
bution affects only the plots in stands, open forests, and
new plantations. The PTM model is a probability
transition matrix.

2. Annual IN model
The IN model is

bNyr ¼ N Að Þ ¼ A2

C0A3 þ C1A2 þ C2Aþ C3
(6)

where bNyr is the estimated annual number of ingrowth
trees of one plot and A is the plot age; C0–C3 are
parameters.

The parameters are estimated as follows:

N ¼ N A��Að ÞP�A�0:5

þ N A� �A� 1ð Þð ÞP�A�1�0:5

þ � � � þ N A� 1ð ÞP1�0:5 þ "

(7)

where N is the measured single plot number of survived
ingrowth trees recruited within the inventory interval; A is
the subsequent plot age, and when A0 ¼ A� j < 0
j ¼ �A; � � � 1ð Þ; we let N(A′)=0; P is the general average

ASR, which is a constant, and P
�A

is the number of total
subsequent survival trees divided by the number of total
previous living trees. Subtracting 0.5 means a tree recruits in

(5)
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the middle of an annual growth period; that is, the ingrowth
trees in the first year after recruitment grow, on average, half a
year.

2.3 Projection

2.3.1 Survival tree projection

The volume of a single survival tree is predicted by

v̂k ¼ v v0; kð Þ � p̂ kð Þ

¼ a � exp �b

k � b
ln v0=að Þ

 !
� �k

� exp � � ln D0D̂1 � � � D̂k�1

� �� �

and its diameter is predicted by

bDj ¼ D D0; jð Þ

¼ a � exp �b

j� b
ln D0=að Þ

 !
j ¼ 1; :::; k � 1ð Þ (9)

where v0 and D0 are measured initial prediction values; k is
the projection interval; other variables and coefficients are
as stated before. Certainly, parameters a and b in the two
expressions are different.

2.3.2 Ingrowth tree projection

1. Number projection
The number of ingrowth trees of age A that recruit in
the jth year from the latest measurement date is pre-
dicted by

N̂jA ¼ N Að ÞN̂
plotjA ¼ A2bN

plotjA

C0A3 þ C1A2 þ C2Aþ C3

(10)

where j=1, 2, ..., k; bNplotjA is the jth year’s number of
plots of age A estimated by the PTM model.
The sum of the jth year’s ingrowth trees bNj is:

N̂j ¼
X
A

N Að ÞN̂plotjA (11)

bNj should be allotted proportionally to types. Six
factors, which are tree type, species, land type,
ownership, category, and origin, are considered to
combine the types. The proportions of types can be
estimated by the inventory data of ingrowth trees of
types. bNj multiplied by the proportion of type i is the
jth year’s number of type i bNj�typei :
Total survival ingrowth trees over k years are

N̂¼ N̂1P
k�0:5 þ N̂ 2P

k�1�0:5 þ � � � þ N̂ kP
1�0:5

(12)

bN is the number of total survival ingrowth trees of the
stand, open forests, or new plantation plots; hence, it
should be changed into all plots (i.e., all land types)
proportionally, which can be estimated by the inven-
tory data.

2. Ingrowth volume and diameter projection
The survival ingrowth volumes by type over k years
can be estimated by

V̂type ¼ � �0; k � 0:5ð ÞN̂1�typeP
k�0:5

þ � �0; k � 1� 0:5ð ÞbN2�typeP
k�1�0:5

þ � � � þ � �0; 1� 0:5ð ÞbNk�typeP
1�0:5

(13)

where �0 is the average tree volume corresponding to
the minimum measurable diameter at breast height.
Diameters bDj of the jth year’s ingrowth trees growing
up to the end of the projection interval k are

bDj ¼ D D0; k � jþ 1� 0:5ð Þ (14)

(8)

Table 1 Model development
(MD) error and prediction (P)
error

Total number
of trees

Total
volume

Number of
survived trees

Volume of
survived trees

Number of
ingrowth trees

Volume of
ingrowth trees

MD error
Inventory 48,639 2,450 36,178 2,376 12,461 74
Projection 49,066 2,473 36,172 2,393 12,894 80
Error % 0.9 0.9 0.0 0.7 3.5 8.2
P error
Inventory 64,158 2,770 37,600 2,574 26,558 196
Projection 58,009 2,564 35,369 2,395 22,640 169
Error % −9.6 −7.4 −5.9 −7.0 −14.7 −13.5
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3 Case study

3.1 Data

The study data came from Jiangxi Province’s NCFI. The
inventory years are 1988, 1991, and 1996. The inventory
interval between 1988 and 1991 is 3 years, and it is not a
common case. The numbers of measured plots in 1988 and
1991 were 10,455; in 1996, it was 2,610, which is about
one quarter of those in 1988 and 1991. The 2,610 plots
were selected from the previous 10,455 plots. For the
convenience of comparison, we selected the 2,610 plots
from the total of 1988 and 1991, which were remeasured in
1996. Data of 1988 and 1991 were used as development
data and that of 1991 and 1996 as test data. The subsequent
development data and the previous test data are the same.

Because the plots of some types are not sufficient, the
ASR model parameters are only estimated by the total of
the data of the six types. In the following discussion, the
estimates were changed to the total province area and
volumes in units of 100,000 m3 and the number of trees in
units of 100,000.

3.2 Error analysis

The model development (MD) errors in Table 1 are the
comparisons between the projections to 1991 predicted
from 1988 by the GModel and the measured data in 1991.
The prediction (P) errors are the comparisons between the
projections to 1996 predicted from 1991 and the measured
data in 1996.

The MD errors are very small but the prediction errors
are not and are all negative. Because the GModel is
developed through the data of two inventories, the pre-
dicted results depend entirely on the changing trend of the
MD data. For a better understanding, it is necessary to
make an analysis about the changing trends of the MD data,
the test data, as well as the projections.

In Table 2, one can see that the trend from 1988 to 1991
is significantly different as compared to that from 1991 to
1996. The volume decreased from 1988 to 1991 but in-
creased sharply from 1991 to 1996. The rate at which the
number of trees increased from 1988 to 1991 is much
slower than that from 1991 to 1996. In addition, one can
see that the trend of the volume projection increased after
the decrease in the MD data. The rate of increase in the
number of trees also rises to some degree. It appears that
the trend of the projection data contradicts that of the
development data.

However, this is not quite true. Besides the trend, we
should also obtain some information from the forest
structure as well, not only from a few facts, such as the
number of trees or volume. Although the volume of the
development data decreased, the number of trees increased
sharply, and for that reason, the last average tree volume is
less than the previous average tree volume. This indicates

that the number of big trees decreased over this period, but
a large number of young trees were recruited over the same
interval. Because big trees possess proportionally a large
volume, the total volume still decreased. Hence, the trend
of the development data is that the number of trees is
increasing, the proportion of the number of young trees is
becoming larger, and the mean tree volume decreases.
Because young trees possess a higher latent growth ca-
pacity, such a trend implies that the volume will increase at
an accelerating rate. Therefore, the trend of the projections
just indicates the trend of the development data. The trend
of the test data is essentially the same as that of the dev-
elopment data, except for the fact that volume is increasing.
This being the case, the question arises as to why the
projections are all less than the inventory values. The
reason is that, although the trends are basically similar, they
have different intensities. It might be mainly caused by a
change of forestry policy. From Table 1, we see that the
volume error mainly comes from the survival trees, and this
is probably caused by harvest policy. The general mean
survival rates of the development data and the testing data
are 0.94 and 0.95, respectively. This is not a small
difference. The GModel has no prediction function for
the changes caused by policies. Given the analysis above,
we can consider that the projections are satisfactory.

Both the development data and the test data show that
the proportion of young trees is increasing, and this in-
dicates that growth of total volume is accelerating. Table 3
shows this condition.

Table 2 Trend analysis

Total trees Total volume Mean tree volume

Trend of inventory data
MD data
1988 43,720 2,479 0.056,71
1991 48,639 2,450 0.050,37
Annual increment 1,640 −10
Test data (T data)
1991 48,639 2,450 0.050,37
1996 64,158 2,770 0.043,17
Annual increment 3,104 64

Trend of projections
1991(I) 48,639 2,450 0.050,37
1996 58,009 2,564 0.044,20
Annual increment 1,874 23

Table 3 Acceleration in the growth of volume projections (by year)

1991 1992 1993 1994 1995 1996

Projection 2,450 2,462 2,480 2,503 2,531 2,564
Annual
increment

12 18 23 28 33
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4 Discussion

The GModel for the NCFI is good for describing the
inherent forest growth laws for a large region, for instance,
a province, and, therefore, has a good predicting function.
The AIT model avoids the difficult problem of using tree
ages, as it increases the prediction precision and the model
basically possesses the properties of an age model. The
ingrowth model can estimate the trees that are recruited,
die, or are cut between two sequential inventories, condi-
tions that cannot be measured by inventories. The require-
ments for the GModel development are remeasurements of
plots level and level tree data. This is not a problem in most
provinces in China. The GModel takes full advantages of
the NCFI and avoids its disadvantages.

The GModel predicts the future based on the trend of the
MD data; hence, it has no power to predict trend changes
caused by changes of policies, management regimes, etc. If
the GModel could accept the information beyond the
development data, it would have the ability of responding
to such changes.

There is still some room in the ASR model for im-
provement. The ASR model, Eq. (4), is monotonically
decreasing with an increase in the diameter because β is
usually negative, and therefore, the smaller the diameter,
the larger the ASR. However, it is not true in all cases.
When competition is intense, a smaller tree is more likely
to die. An ideal ASR model should be as follows: it could
be monotonically decreasing but it could also be a uni-
modal curve. If data were sufficient, the ASR model could
be considered to be divided into two models: one for cut
and another for mortality. Also, if the information were
desirable, the recruitment (ingrowth) model parameters

could be estimated by types, e.g., for plantations, natural
forests, and even-aged and uneven-aged stands.
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