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Abstract: Biomass productivity is of great significance for the evaluation of forest quality, which
is important for the improvement of forest management. We propose the computational methods
of biomass potential productivity (BPP) and biomass realistic productivity (BRP), both of which
provide reliable practical guides for predicting forest growth under multi-aged, multi-species, and
multi-layered canopy conditions. We used 2222 national forest inventory plots that were measured
in four consecutive periods in the Jilin Province for this purpose. We analyzed and verified the
computational methods of BPP based on the BRP and evaluated its practical significance. The results
showed that growth models of the stand height, stand basal area, and stand biomass of four forest
types (pure larch forest, larch broadleaf mixed forest, Mongolian oak pure forest, and Mongolian oak
broadleaf mixed forest) fit adequately, BPP was greater than BRP, and this difference decreased with
an increasing stand age, suggesting that the potential productivity of the middle-aged and young
forest was higher than that of the mature forest, although the difference is minimal. In addition, the
realistic productivity of stands with better site quality was close to the potential productivity, which is
consistent with the biological significance of the potential productivity of the biomass. The degree of
difference between the potential productivity of the biomass and the realistic productivity of biomass
also decreases with the decline in site quality, and it can be termed as the potentially improved stand
biomass. The BPP model was able to perform well in both the pure and mixed forests. The BRP not
only verifies the rationality of the BPP but can be also used to quantify the forest site quality, which is
helpful for evaluating forest growth and informed decision making in forestry.

Keywords: multi-aged mixed forest; site productivity evaluation; potentially improved stand
biomass; site productivity modeling

1. Introduction

Site quality evaluation involves an assessment of the stand productivity potential of a
forest stand with a certain method adopted, which is a necessary theoretical basis for the
full utilization of the productive potential of the land and achieving scientific management
of forest resources [1]. Since the 1920s, site type and site quality assessments have been
receiving widespread attention [2]. So far, significant theoretical and technical progress has
been made within research on forest site quality evaluation, and many evaluation methods
have been proposed, such as the index plant method [3,4], the site index method [5,6], the
growth index method [7–9], and the advanced exponential method [10]. On the one hand,
traditional forest site quality evaluation is mainly aimed at plantation forests. For natural
forests with a complex stand structure, an irregular matching of tree height class, age
structure, and other factors, the method of forest site quality evaluation could be difficult
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to meaningfully unity [11]. On the other hand, the current research methodology assesses
only the realistic growth of the forest, which essentially reflects the real productivity
of the stand. In contrast, it is difficult for forest sites to reach maximum productivity
under natural conditions, as there could be disturbances caused by human and natural
factors. Researchers have attempted to accurately evaluate forest quality by constructing
ecological models, but data acquisition (climate, soil, etc.) problems increase the difficulty
of subsequent large-scale applications [12,13]. The remote sensing approach, which helps
identify and distinguish the stand features (species composition and structure, etc.) is also
commonly applied for site quality assessment [14]. However, the results can be substantially
affected by the environment and accuracy. The existing methods of site quality evaluation
are still limited in practice, and thus, we need a comprehensive method that is suitable for
evaluation of site quality on a large scale.

For assessing forest site quality on a large-scale, data availability is the basis for
developing forest quality indicators. Since forest biomass is a major driver of forest structure
and diversity, its accumulation or decrease determines the forest site quality, and hence,
forest biomass can be used as a reliable indicator of site productivity [15–18]. Accurate
computation of forest biomass productivity and its dynamics can have a reference value,
which can be used for forest development, management, and utilization, and such an
estimate may also solve the ecological problems [19–21]. The forest site quality depends on
the forest and growth potential [22]. Biomass potential productivity (BPP) is the maximum
annual biomass growth that can be achieved at a given stand age for the given site type
and stand type [23].

To overcome the difficulties mentioned above, this study assumes that under the
same site conditions and stand type (similar species composition) with a similar stand
structure and stand density, there would be an approximately similar growth in the stand
height, stand basal area, and stand biomass. Based on the concept of basal area potential
productivity and volume potential productivity, this study proposes a biomass potential
productivity that is applicable to multi-aged and multi-layered mixed forests [24,25]. The
methods of forest site quality evaluation presented in this study can provide practical
guidance for scientific forest management [26,27]. The ninth national forest resources
inventory in the Jilin Province, which is one of the key provinces for forest development in
China [28], shows that the forest area is 7.85 million hectares, and the standing volume is
101.296 million cubic meters. Thus, scientific evaluation of forest site quality in the Jilin
Province is conducive to raising social awareness of improvements to the current state of
forests. Forest site quality evaluation in the Jilin Province is considered very important, as
this helps improve the prediction performance of future stand productivity and can also lay
the methodological foundation for effective forest management strategies, the sustainable
development of China’s future forest ecosystems, and achieving carbon neutrality. This
study aims to (1) propose a new forest site quality evaluation index: biomass potential
productivity; (2) provide detailed computational methods of biomass potential productivity;
(3) demonstrate the application of the computational methods using real data of the larch
and Mongolian oak in the Jilin Province as an example; and (4) verify and validate the
proposed methods and models. The methods and models proposed in this paper will
provide both theoretical and practical knowledge that will be useful for forest site quality
evaluation—one of the necessary informational inputs for scientific forest management.

2. Materials and Methods
2.1. Study Area

The forest area selected for this study lies in the northeast of China, which is a key
forestry province (121◦38′–131◦19′ E, 40◦50′–46◦19′ N). The province has 45.2% forest
cover, which includes 8,792,800 hectares of forest land and 1086 million cubic meters of
accumulation. The reported mean annual temperature of the Jilin Province is 2–6 ◦C,
and mean annual precipitation is 765.9 mm. The forest types are mainly medium-aged
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temperate coniferous and broad mixed forests, with a wide variety of tree species and forest
site productivities involved.

2.2. Data Materials

We used Chinese national forest inventory (NFI) data from the Jilin Province, collected
in 1999, 2004, 2009, and 2014, which consist of 2222 plots that are distributed across the
four main multi-aged and mixed-species stand types. Of the 2222 plots, 384 were allocated
in pure larch forest (stand type I), 258 in larch broadleaf mixed forest (stand type II), 821
in Mongolian oak pure forest (stand type III), and 759 in Mongolian oak broadleaf mixed
forest (stand type IV). The distribution of the sample plots is shown in Figure 1.
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Figure 1. Overview of the study area and NFI plot locations.

2.3. Methods
2.3.1. Computing Sample Plot-Level Variables

We determined the number of trees, mean breast height, basal area, stand density
index, biomass per plot, and stand density based on the basic NFI data. The lowest breast
height diameter of a tree is >5 cm. The individual tree biomass was estimated using the
method suggested by the State Forestry Administration (LY/T2258-2014) [29]. That is,
individual tree biomass is the sum of trunk, bark, branches, leaves, and below-ground
biomass, and the total biomass of the sample plot is the sum of all the individual tree
biomasses (Table 1).

We summarized the relevant stand characteristics and various indicators (Table 2).
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Table 1. Computation of stand-level variables.

Variable Formula

Mean of the diameter at breast height (cm) D =
√

1
n ∑ Di

2

Number of trees per hectare N = n
pa

Stand basal area (m2 ha−2) BA = (∑ πDi
2/40, 000)/pa

Stand density index S = N(D/20)1.605

Stand biomass (t ha−2) B = BP
pa

Note: n is the number of the trees per sample plot; Di is the diameter at breast height; Pa is the plot area
(0.067 hectares); and Bp is the total biomass per sample plot.

Table 2. Description statistics of stand variables by stand type.

Stand Type Variable Min. Max. Mean SD

I

Stand height (m) 4.10 23.00 12.19 3.99
Stand age (year) 8.00 67.00 28.60 11.88

Stand density index 61.85 1057.62 456.77 221.52
Stand basal area (m2 ha−2) 10.43 259.46 58.89 35.79

Stand biomass (t ha−2) 5.12 126.08 29.21 17.64

II

Stand height (m) 4.00 23.00 12.72 4.216
Stand age (year) 7.00 68.00 30.62 13.70

Stand density index 5.97 1006.8 509.83 237.48
Stand basal area (m2 ha−2) 0.11 150.03 27.31 27.21

Stand biomass (t ha−2) 0.04 219.31 49.04 45.36

III

Stand height (m) 1.50 22.00 13.05 3.74
Stand age (year) 5.00 163.00 62.58 26.69

Stand density index 137.05 1670.96 694.60 265.11
Stand basal area (m2 ha−2) 3.43 55.05 20.09 8.43

Stand biomass (t ha−2) 20.37 485.65 136.05 67.17

IV

Stand height (m) 4.00 24.00 14.27 3.58
Stand age (year) 8.00 169.00 63.12 27.20

Stand density index 149.98 1614.57 682.70 261.69
Stand basal area (m2 ha−2) 3.65 53.48 20.02 8.79

Stand biomass (t ha−2) 20.38 421.27 135.87 70.54
Note: stand type I is the pure larch forest; stand type II is the larch broadleaf mixed forest; stand type III is the
Mongolian oak pure forest; stand type IV is the Mongolian oak broadleaf mixed forest.

2.3.2. Site Grouping Based on Stand Height Growth

Due to the existence of different stand heights of the same age, we classified each
stand type into the following five site groups based on the age range of the stand without
considering the effects of environmental factors and management practices [24,30] as
follows:

(1) Determination of age group for each plot:

We divided the age of the sample plots in 5-year intervals.

Ac = int(age/5) + 1 (1)

Ac =

{
ki f minage + (k− 1)Dage ≤ age < minage + kDage
mi f minage + (k− 1)Dage ≤ age ≤ maxage

k = 1, 2, · · ·m− 1
k = m

(2)

where Ac is the age grouping of the plot; age is the stand age of the plot; int(age/5) is
an integrating function with parameter age/5, it is a vectorial mode of operation with an
interval of 5, so the initial value is set to 5; m is the number of groupings across the age
span of the sample (m = 5); minage is the minimum age; maxage is the maximum age;
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Dage is the differences between age groups (maxage−minage)/m. After computation of
(Equations (1) and (2)), a sample plot can only belong to one age group.

(2) Determination of the initial height group of each sample plot:

For each plot, the stand height hierarchy at the beginning of the period was determined
in each age group to which it belongs.

Hl
i =

{
ki f minHA

i + (k− 1)DHA
i ≤ Hi < minHA

i + kHA
i

Hl
i = ni f minHA

i + (k− 1)DHA
i ≤ Hi < maxHA

i

k = 1, 2, · · · n− 1
k = n

(3)

where Hi is the stand height; Hl
i is the stand height classification of the plot, which was

assumed to be l; minHA
i is the minimum stand height for the age group to which the plot

belongs; maxA
i is the maximum stand height for the age group to which the plot belongs;

n is the stand height group (n = 5); DHA
i is the difference in stand height within the age

group to which the sample site belongs (maxHA
i −minHA

i )/n.

(3) Determination of height-age model form:

H = fh(Age|F, L ) (4)

where fh() is the height-age model; H is the stand height; Age is the stand age; F is the
stand type (I, II, III, IV); L is the site group (1, 2, 3, 4, 5).

2.3.3. Biomass Potential Productivity and Realistic Productivity

Stand productivity includes both the realistic productivity and potential productivity.
The biomass potential productivity (BPP) refers to the biomass increment hat seeks a
maximum objective function from the given stand density index (S) interval under the
conditions of growth of stand basal area and stand biomass corresponding to a given stand
type (F) and the corresponding parameter estimates, age (expressed by Age0) and site
group (L):

BPP = f (Age0, S, Φ̂G, Φ̂B|F, L )S ∈ [Smin, Smax] (5)

where Age0 is the specific stand age, Φ̂G and Φ̂B parameters for stand basal area and stand
biomass growth models, respectively. Smin and Smax is the set a feasible region of S; F is
the stand type (I, II, III, IV); L is the site group (1, 2, 3, 4, 5). The specific calculation steps
are as follows:

Step 1, we need to have 5 known conditions:

(1) Given the site group (L) of the stand type (F). Site group (L) was known from the
Section 2.3.2.

(2) Given the specific stand age to be computed (Age0)
(3) Given the density index S search interval [Smin, Smax], the feasible region of S is

assumed to vary from 30 to 3000 [24].
(4) Form of basal area growth model corresponding to the specific site group (L) of the

stand type (F) is
G = fG(Age, S, Φ̂G|F, L ) (6)

where G is the basal area growth model of the stand type (F); Age is the specific stand
age; S is the stand density index of the specific stand age; ΦG is the model parameter;
F is the stand type (I, II, III, IV); L is the site group (1, 2, 3, 4, 5).

(5) Form of biomass growth model corresponding to the specific site group (L) of the
stand type (F) is

B = fB(Age, S, Φ̂B|F, L ) (7)

where B is the biomass growth model of the stand type (F); Age is the specific stand
age; S is the stand density index of the specific stand age; Φ̂B is the parameter vector
to be estimated; F is the stand type (I, II, III, IV); L is the site group (1, 2, 3, 4, 5).
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Step 2, finding a reasonable stand density index (S) that maximizes biomass annual
growth (BI).

(1) Given a feasible region of S(Smin, Smax),a stand age (Age0), a stand type (F), a site
group (L), the error term (ε), and iteration t = 1. Computing of initial values of
stand density index (S) at 4 points (SAge0

1 , SAge0
2 , SAge0

3 , SAge0
4 ) using the golden section

method [24].
(2) By computing B0 at Age0 and B1 at Age1 = Age0 + 1, we can get biomass annual

growth (BIAge0
1 , BIAge0

2 , BIAge0
3 , BIAge0

4 ).

BI = B1 − B0 = fB(Age1, S1, Φ̂B)− fB(Age0, S0, Φ̂B) (8)

where fB is the biomass growth model; S1 is the assumed stand density index at Age1;
S0 is the assumed stand density index at Age0.

(3) Finding the S that made the BI maximized.
Step 3, Computing biomass potential productivity (BPP).

BPP = (BIAge0
2 + BIAge0

3 )/2 (9)

where BIAge0
2 and BIAge0

3 are the SAge0
2 and SAge0

3 corresponds to the maximizes
biomass growth.

The detailed procedure of the above BPP algorithm is shown in the Supplementary
Information S1.

The biomass realistic productivity (BRP) is the continuous annual growth of the stand
biomass computed from the stand age (Age0), stand density index (S), stand type (F) and
site groups (L), combined with the basal area growth model, and the biomass growth model.
The computational procedures of BRP are similar to BPP. It should be noted that, unlike
the BPP calculation, the stand characteristics, S from field surveys, should be provided
for the BRP calculation. The stand density index (S0) for biomass realistic productivity in
Age0 is the measured data from the sample plots. Theoretically, the realistic productivity is
lower or closer to the potential productivity. The formula is as follows:

BRP = BIR1 − BIR0 = fB(Age1, S1, Φ̂B|F, L )− fB(Age0, S0, Φ̂B|F, L ) (10)

where BRP is the biomass realistic productivity; BIR1 is the realistic biomass annual growth
at Age1; BIR0 is the realistic biomass annual growth at Age0; S1 is the stand density index
at Age1; S0 is the realistic stand density index at Age0. F is the stand type (I, II, III, IV); L is
the site group (1, 2, 3, 4, 5).

The detailed procedure of the above BRP algorithm is shown in the Supplementary
Information S2.

2.3.4. Computing the Available Potential Improved Stand Biomass

The potential for improving the biomass productivity is obtained from the difference
between the potential biomass productivity and the realistic biomass productivity.

BPI = BPP− BRP (11)

where BPI is the available improved potential stand biomass; BPP and BRP are the
biomass potential productivity and biomass realistic productivity corresponding to a
certain stand age.

All computations in this study were implemented in R 4.3.0.
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2.3.5. Modeling and Parameter Estimation

The Chapman-Richards function was selected as a basic model for fitting stand height
data [25], and the model form is:

H(F,L) = 1.3 + ai(F,L)[(1− e−bi(F,L)Age)]
ci(F,L)

+ ε(F,L) (12)

where H(F,L) is stand height to the Fth stand type for the Lth site group; Age is the stand
age for the plots; ai(F,L), bi(F,L), ci(F,L) are the parameters corresponding to the model; ε(F,L)
is the error term.

The stand basal area growth model adopts the functional form by Chapman-Ricards [25]:

G
(F,L) = aj(F,L)

[
1− exp

(
−bj(F,L)(S/1500)

cj(F,L) Age
)]dj(F,L) + ε(F,L) (13)

where G(F,L) is the stand basal area to the Fth stand type for the Lth site group (m2·ha−2);
S is the stand density index; Age is the stand age; aj

(F,L)
, bj

(F,L)
, cj

(F,L)
and dj

(F,L)
are the

parameters corresponding to the model; ε(F,L) is the error term.
The biomass growth model we used here is exactly the same model form as the basal

area growth model:

B
(F,L) = ak(F,L)

[
1− exp

(
−bk(F,L)(S/1500)

ck(F,L) Age
)]dk(F,L) + ε(F,L) (14)

where B(F,L) is the stand biomass to the Fth stand type for the Lth site group (t2·ha−2);
S is the stand density index; Age is the stand age; ak

(F,L)
, bk

(F,L)
, ck

(F,L)
and dk

(F,L)
are the

parameters corresponding to the model; ε(F,L) is the error term.

2.3.6. Model Evaluation

We estimated models (12), (13) and (14) using the R package and evaluated their fitting
performance using the coefficient of determination (R2) and root mean square error (RMSE).

R2 = 1−

k
∑

i=1

ni
∑

j=1
(yij − ŷij)

2

k
∑

i=1

ni
∑

j=1
(yij − yij)

2
(15)

RMSE =

√√√√ k

∑
i=1

ni

∑
j=1

(yij − ŷij)
2/n (16)

where: yij is the jth actual value of the ith sample plot; the jth estimated value of the ith sample
plot; yij is the mean H or BA or B of the observations; k is the number of classifications; n

is the number of sample plots in the kth category. n is the number of all sample plots.

2.3.7. Reference Age

Reference age refers to an age after which the growth of the stand height tends to be
stable, and the age at which the mean growth of the stand height or timber volume is the
largest. The reference age of mixed forests is determined by dominant tree species or tree
species more frequently occurring in a stand. According to the LY/T 2415-2015 “Technical
Regulations for the Preparation of Status Index Tables”, the reference age for both larch
and Mongolian oak are 30 years [31].
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3. Results
3.1. Parameter Estimates for Growth Models of Stand Height, Basal Area, and Biomass

Based on the NFI data of four forest types in the Jilin Province, the height–age model,
basal area growth model, and biomass growth model of forest stands models (12), (13),
and (14) were fitted, and parameter estimates were obtained (Table 3). All the parameter
estimates were significant (p < 0.05), and each model described more than 70% variations
in the response variables of the interest (Table 4). The fitting effect of each growth model
was good, and the results were feasible.

Table 3. Parameter estimates of growth models by stand type.

Stand
Type

Site
Group

Model (12) Model (13) Model (14)

ai bi ci aj bj cj dj ak bk ck dk

I

1 23.19 0.036 0.93 43.18 0.03 4.71 0.21 528.03 0.00001 10.09 0.11
2 19.81 — — 42.11 — — — 505.12 — — —
3 16.79 — — 40.86 — — — 493.13 — — —
4 13.53 — — 38.89 — — — 454.20 — — —
5 9.78 — — 37.69 — — — 430.16 — — —

II

1 22.58 0.05 1.34 105.14 0.00001 5.18 0.11 685.03 0.00002 10.02 0.13
2 19.04 — — 104.09 — — — 673.58 — — —
3 16.48 — — 100.27 — — — 645.42 — — —
4 14.09 — — 98.47 — — — 576.05 — — —
5 9.88 — — 97.28 — — — 549.29 — — —

III

1 20.22 0.03 1.08 96.76 0.00002 9.33 0.11 539.57 0.00007 13.99 0.08
2 17.41 — — 94.01 — — — 516.80 — — —
3 15.11 — — 92.26 — — — 498.15 — — —
4 12.56 — — 87.47 — — — 442.82 — — —
5 9.33 — — 84.89 — — — 419.56 — — —

IV

1 22.74 0.019 0.68 64.70 0.002 5.81 0.17 506.84 0.0058 2.54 0.42
2 19.53 — — 63.09 — — — 485.45 — — —
3 17.21 — — 61.88 — — — 460.61 — — —
4 14.63 — — 61.27 — — — 458.08 — — —
5 10.97 — — 59.71 — — — 447.23 — — —

Note: stand type I is the pure larch forest; stand type II is the larch broadleaf mixed forest; stand type III
is the Mongolian oak pure forest; stand type IV is the Mongolian oak broadleaf mixed forest. “—” means
same parameters.

Table 4. Evaluation indices of the growth models by stand type.

Stand Type
Model (12) Model (13) Model (14)

R2 RMSE R2 RMSE R2 RMSE

I 0.9726 0.70 0.9794 1.03 0.8324 14.63
II 0.9725 0.70 0.9794 1.04 0.7482 34.24
III 0.9636 0.70 0.9723 1.40 0.8571 25.37
IV 0.9625 0.67 0.9787 1.27 0.9264 19.12

Note: R2 is the coefficient of determination; RMSE is the root mean square error.

Using models (12), (13) and (14) and their parameter estimates, we plotted stand
height, basal area and biomass as a function of stand age (Year) for different stand types
at different site groups. Basal area and biomass are determined by stand age and stand
density. For showing the relationship between basal area, biomass, and stand age more
clearly in a 2-dimensional plan view, we assumed stand density (S) to be 1000. As we can
be seen in Figure 2, models (12), (13) and (14) all exhibited a clear division by site groups,
and the models are reasonable.
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3.2. Computation of BPP by Stand Type

We plotted the BPP by stand type in the age range between 5 and 150 years (Figure 3),
and there appeared to be a unimodal BPP curve for each site group and stand age in
different age groups, which is inversely correlated. That is, the potential productivity
decreased with stand age. The BPP of each stand type decreased with an increasing
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site group, and BPP was the highest when the site group was 1 (site group 1 stands for
the highest site quality and 5 stands for the lowest site quality). There was a negative
relationship between the potential productivity and the stand class for a given age (i.e., the
BPP decreased with an increasing site group).
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3.3. BRP and BPI for Each Stand Type

The BRP reflects the realistic biomass accumulated in a stand during a year [27]. The
realistic productivity of biomass was computed based on the stand age and stand density
index. The computed biomass realistic productivity (BRP) and the available improved
potential stand biomass (BPI) are shown in Figure 4. The trends of BRP and BPI seem to be
similar for each stand type, with BRP showing an overall increasing trend with the stand
age followed by decreasing trend, while the BPI decreases with stand age. The biomass
potential productivity (BPP) is far from being brought into play at the middle-aged and
young stage, which suggests that the earlier the forest quality is improved, the higher the
stand productivity would be.
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3.4. Verification of BPP and Evaluation of Realistic Stands

The BPP and BRP for four forest types are shown in Figures 5–8. The difference
between the BPP and BRP corresponding to each stand is large, the degree of difference
is gradually decreasing as the stand age increases, and they are very close when the
stand reaches the near-mature or mature stage. An identical pattern was observed for all
site groups.
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3.5. Site Quality Evaluation at Reference Age

The potential productivity at a reference age can reflect the growth potential when the
stand height tends to be stable and the mean growth is at its maximum (Table 5). In terms
of the potential productivity of the biomass at reference age, the potential productivity
levels of the four stand types were different at different site groups, and all showed that
the potential productivity was the highest at site group 1 and the lowest at site group
5. Assuming a reference age of 30 for larch pure forest as an example, the potential
productivity of the biomass corresponding to group 1 is 3.642 t·ha−2·year−1, which is 23%
higher than that of site group 5 (2.966 t ha−2 year−1). Thus, site group 1 has a higher
potential productivity and better stand quality.
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Table 5. Biomass potential productivity by stand type for each site group.

Stand Type Potential Productivity
Site Group

1 2 3 4 5

I Biomass (t ha−2 year−1) 3.642 3.483 3.400 3.132 2.966
II Biomass (t ha−2 year−1) 5.552 5.459 5.230 4.668 4.452
III Biomass (t ha−2 year−1) 7.763 7.436 7.167 6.371 6.037
IV Biomass (t ha−2 year−1) 7.656 7.333 6.958 6.920 6.756

Note: For stand type, see definition in Table 2. For site group, see definition in Table 3.

4. Discussion

An accurate estimate of site productivity is an important part of formulating effective
forest management strategies, and it is also the core basis for evaluating the basic status
of sites in the ecological environment [32,33]. Biomass potential productivity and realistic
productivity refer, respectively, to the maximum biomass accumulated in a stand and the
realistic biomass accumulated in a stand during a year. We used the biomass potential
productivity as a site quality evaluation index and ignored the traditional practice of
selecting stands with good or poor site quality for site quality assessment. As mentioned in
Section 1, we have combined the stand classification and site quality evaluation, introduced
the detailed BPP computational processes, and have verified the rationality of this index by
BRP, confirming a precise method that is applicable to forest site evaluation. The potential
productivity of the biomass can be used as an indicator of site quality, providing reliable
quantitative information for forest management decisions.

In the traditional methods of site quality evaluation, the dominant height at any
reference age is chosen as the reference index. This method can be inaccurate when
tree height growth is constrained by stand density or competition [34,35]. The potential
productivity of the biomass as an evaluation index takes into account the influence of
stand density and sets the maximum value of stand density, which is more reasonable for
reflecting the actual situation of forest complexity in multi-aged and multi-layered mixed
forests. In our study, the biomass potential productivity decreased with stand age in each
forest type, and this decreasing pattern is consistent with the characteristics of the potential
productivity (Figure 3). Because young stands would have a higher number of trees or a
high stand density, consequently, there would be a higher potential productivity. That is, at
a point in time, the potential productivity is a local extreme of the successive annual growth
of the biomass. If the site conditions are favorable and the management practices employed
are appropriate, the realistic productivity of the stand can approach or reach the potential
productivity (Figure 4). The BPI is the available improved potential stand biomass. This
indicator can also rationalize the priority of different stands for upgrading. For stands of the
same age, the higher the BPI is, the higher the priority of promotion is; conversely, the lower
the priority of promotion is (Figures 5–8). This is consistent with the trend of site quality in
terms of the potential productivity evaluated in terms of the stand basal area approach [24].
This indicates that the management of young and middle-aged forests with good site
quality should be emphasized in the process of forest nurturing. Our proposed concept
of biomass potential productivity is reasonable, and our method for quantifying the site
quality is feasible. In fact, the selection of evaluation indices is highly related to the purpose
of forest site evaluation. The method of the basal area potential productivity emphasizes
the stand diameter growth, which is more suitable for the evaluation of site quality aimed
at producing stands with large-sized timber. However, for the special-purpose forests and
public ecological welfare forests, where emphasis is placed on the forest biomass growth,
the biomass productivity index can be intuitive and comprehensive to reflect the overall
forest ecosystem quality. Therefore, it is necessary to choose the appropriate evaluation
method according to the objectives.

The models we propose in the article are reliably applicable to other stand types in
terms of species of interest and forested regions. The computation of the biomass potential
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productivity requires, in addition to the given biomass growth model and its parameter
estimates, a stand height growth model and a basal area growth model and their parameter
estimates. All the growth models included in the biomass potential productivity model
should have high accuracies in order to accurately estimate the forest site productivity.
In our study, the whole-forest holistic model form was chosen, and both the stand basal
area and stand biomass growth models were fitted with high accuracy for the actual
stand conditions of the multi-aged and multi-layered mixed forests [36]. In the practical
application, the stand basal area growth model or biomass growth model may be chosen
based on the available stand type data. In conclusion, the biomass potential productivity
approach is flexible enough to be applicable to a large-scale forestry, as data used to
construct the biomass growth model are based on a large number of NFI plots, which cover
the extensive forests (Figure 1). Our methods and models can provide both theoretical and
practical knowledge, and their applicability will be useful for a larger scale site quality
evaluation and even for tree species suitability evaluation.

We conducted this study under the assumption of equal annual growth of biomass
regardless of the tree species and their growth behaviors. This is an ideal situation that is
difficult to actually achieve. We were searching for the maximum value of the objective
function in a given search interval for any stand density, which enables the computation
of the potential productivity. The result obtained was that young stands would have a
higher stand density, and thus have a higher potential productivity of the biomass. In
contrast, near-mature and mature stands would have a lower stand density and lower
biomass potential productivity. We may construct the segmentation function to solve this
problem by assuming that a given forest type has the highest production potential at a
given reference age. The maximum value of the objective function can be found for a
given interval of the stand density, so that the potential productivity in the segmentation
function can be obtained. In the actual forest growth, the natural process of self-thinning
occurs when the age increases, and an increased age is accompanied by a decrease in the
stand density of young and middle-aged stands. At the reference age, the stand density
would be relatively stable [31,37]. Theoretically, the self-thinning model might improve the
accuracy of the biomass potential productivity model if included; however, this requires
the construction of the self-thinning model, which demands long-term time series data. The
steps of computing biomass potential productivity may become more complicated when a
self-thinning model is included. In our future studies, we are going to consider calculating
the biomass potential productivity using the self-thinning model. In addition, as ecological
problems and climate issues have attracted significant global attention, climate factors need
to be included in the forest site quality evaluation methods [38,39].

5. Conclusions

In this study, we computed the potential productivity of the stand basal area and
biomass for four stand types in the Jilin Province using four consecutively measured NFI
data. We presented the growth model forms and their parameter estimates for stand height,
basal area, and biomass, each of which had a reasonable fitting accuracy and model stability.
The potential productivity is the local extreme value of the continuous annual growth of the
forest biomass, and the realistic productivity of a stand can only be less than or equal to the
potential productivity. If the site condition is good, the realistic productivity can approach
or reach the potential productivity if the stand is in a good condition and the appropriate
management measures are applied to the stands. In addition, the potential productivity of
the middle-aged and young stands was significantly higher than that of the mature stands,
and stands with better growth had a higher potential productivity than those with poorer
stand growth. When evaluating the forest site quality, the biomass potential productivity at
the reference age or close to the mature stand stage can often be used, which could provide
a relatively high accuracy. Our potential biomass productivity concept is reasonable, and
the method for its computation is feasible and applicable to multi-aged and multi-layered
mixed forests. Forest managers should pay attention to the development of young and
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middle-aged forests with better site quality for the improvement of forest production.
Our study provides technical support for scientific forest management, which will have
significant implications for the improvement of forest management and promotion of the
modern forestry.
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package, and the tidyr package. Stand height, basal area, and biomass growth models were used in
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