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Abstract: Thinning plays a vital role in controlling stand density of plantation forests to get quality
wood and more ecological function. However, the specific effects of thinning on forest biomass
connected with forest age are usually overlooked especially in semi-arid regions. Here, we examined
the effects of thinning on individual tree growth and stand biomass in a chronosequence of 20-, 30-,
40-, and 50-year-old Chinese pine (Pinus tabulaeformis) plantations on the Loess Plateau, China. We
found that under different thinning managements, both mean diameter at breast height (DBH) and
tree height followed the logistic growth pattern, and thinning promoted tree radial growth more than
height. The effects of thinning on tree biomass differed between the individual tree and stand level.
Thinning could promote individual tree biomass irrespective of stand ages, while stand biomass
did not differ between the thinned and unthinned stands at different stand ages. Furthermore, the
multiple linear regression analysis and structure equation model showed that individual tree growth
was the primary contributor of stand biomass. Thus, we infer that the stand biomass loss after
thinning could be mainly compensated by enhanced tree growth, especially radial growth, after a
period of recovery (no more than 20 years). The results could provide helpful guidance for forest
management and highlighted that reasonable thinning treatment could result in both high individual
tree product and stand level harvests in the long term.

Keywords: stand density; Chinese pine; forest management; tree diameter and height; forest biomass

1. Introduction

Plantation forests play important roles in producing timber and mitigating climate
change by sequestering carbon dioxide and supplying other ecosystem services [1–5],
covering about 7% (294 million ha) of the global forest area [6]. China has the largest area of
plantation forests (85 million ha), accounting for 29% of the world [6,7]. The Loess Plateau,
a semi-arid region in North China, has historically experienced severe deforestation and
erosion [8]. Thus, about 50% of this region is covered by loess, where the ecosystems have
low tolerance to disturbance and are extremely fragile [9,10]. Since the 1950s, large-scale
ecological restoration has been launched in this region, increasing the forest coverage
from 9% to 33% from 1960 to 2020, respectively [8,11,12]. However, the effects of forest
management on plantations on the Loess Plateau have seldom been assessed so far.

Biomass reflects the capacity of forests for wood production, carbon storage, and
climate change mitigation [6,13]. Abiotic factors, such as soil condition, topographic het-
erogeneity, and climatic factors can greatly influence forest growth through determining
resource availability (e.g., light, water, nutrients) and microclimate [14,15]. In addition,
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biotic factors such as stand age, interspecific or intraspecific competition, and plant com-
munity structure can also affect forest biomass [16,17]. Recent studies have suggested that
stand structure (e.g., stand density, tree size variation) and stand age might contribute more
to aboveground biomass even than species composition in some subtropical and temperate
forests in Asia and Europe [17–21]. Specifically, stand density is considered an important
stand structural attribute, which can affect forest biomass by increasing tree size variation
and adjusting the allocation of resource [22,23].

Thinning is the main forest management strategy, executed by removing some trees in
high stand density, which is designed to reduce competition from surrounding trees and
increase the availability of water, light, and nutrients [24,25]. Furthermore, for plantation
forests, thinning is often used for better quality timber and to facilitate management.
Especially, when the initial stand density of a plantation is too high, thinning can reduce the
death of trees. In the beginning, thinning directly reduces forest biomass and tree canopy
density [17,26]. On the other hand, thinning alters the allocation of resources and stand
structure as well as the microenvironment (e.g., light, moisture, and temperature), which
usually change aboveground biomass allocation and improve individual growth [24,27,28].
Stem radial growth ensures more water transportation and storage, and height growth
can capture more light [29–31]. Some studies have demonstrated that thinning could
promote diameter growth in individual trees at the expense of height growth [31,32]. For
example, studies of thinning effects on Ponderosa pine, stone pine, Loblolly pine, Scots
pine, and Norway spruce forests have demonstrated that thinning can promote radial
growth of trees [33–37]. In addition, as stand age increases, whether and when the increase
of individual tree growth could mitigate the adverse impacts of thinning on stand biomass
remain unclear, especially in semi-arid regions.

In this study, with a chronosequence of 20-, 30-, 40-, and 50-year-old Chinese pine
(Pinus tabulaeformis) plantations under different thinning managements (thinned and un-
thinned) sampled on the Loess Plateau, we estimated the influence of thinning management
on individual tree growth and stand biomass. We quantified the relative contribution of
thinning management, stand age, stand structure, and individual tree growth on forest
biomass and the causal links of these variables. The objective of this study is to estimate
the change of individual tree growth and stand biomass after thinning management in
Chinese pine plantations and supply suggestions regarding plantation management for
better timber productivity and forest ecosystem service. Accordingly, we hypothesized that
thinning can promote the growth of individual trees (H1), and the sudden stand biomass
loss after thinning at an intensity of 45–60% could be compensated by enhanced tree growth
after no more than 20 years of recovery in the Chinese pine plantations (H2).

2. Materials and Methods
2.1. Study Site

The study was conducted in a plantation forest on Mt. Ziwuling (108◦09′–108◦43′ E,
35◦18′–36◦30′ N, 885–2089 m), south of the Loess Plateau, Gansu province, China (Table 1,
Figure S1). The study area is typical loess geomorphology and possesses a temperate
continental monsoon climate. The mean annual temperature is 7.4–8.5 ◦C and the mean
annual precipitation is 500–620 mm, along with relatively high mean annual evaporation
(1500 mm). These forest stands were planted after large-scale deforestation in the 1960s
and the main tree species for reforestation was Chinese pine (Pinus tabulaeformis).

We selected eight types of Chinese pine stands with different forest managements
(thinned and unthinned) along a chronosequence (20-, 30-, 40-, and 50-year-old stands)
(Table 1). We finally found 24 forest plots (three plots for each stand with the same forest
management and stand age). In detail, we chose three replicate plots randomly within
each stand, which covered an area of about 200 ha. The area of each plot was 400 m2

(20 m × 20 m) and the distance between the plots was greater than 50 m (Figure S1). Basic
stand characteristics are shown in Table 1 and the site indexes were calculated based on the
height of trees with corresponding stand age. The stands were planted with pine seedlings
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directly by the method of cluster planting, which means a cluster was planted (2–3 stems)
per hole with square spacing 2.5 m × 2.5 m and the initial planting density was about 4000
to 5000 seedlings/ha–1 for the stands [38,39]. The stand management included pruning
and thinning. Specifically, the thinned stands experienced three times thinning with a cut
intensity of 15–20% (the number of cut trees divided by all trees) every time. In total, about
45–60% trees in each stand were cut. All the stands were dominated by Chinese pine and
its importance value (the average of relative abundance, frequency, and BA (basal area at
breast height)) was 0.72–1.00. In addition, the stands were mixed with a few other trees,
such as Quercus mongolica, Acer pilosum, A. tataricum, Malus baccata, and Ulmus davidiana.

Table 1. Stand characteristics of the eight types of Pinus tabulaeformis plantations (plot number = 24).

Management Thinned Unthinned

Stand (years) 20 30 40 50 20 30 40 50

Location
36.08◦ N 36.06◦ N 36.11◦ N 35.93◦ N 36.08◦ N 36.25◦ N 36.11◦ N 35.87◦ N
108.57◦ E 108.10◦ E 108.67◦ E 108.29◦ E 108.56◦ E 108.57◦ E 108.34◦ E 108.30◦ E

Elevation (m) 1225 1337 1258 1426 1329 1422 1598 1352
Slope (◦, aspect) 25 SE 15 W 20 NW 10 N 8 NW 5 N 5 NE 20 SE
Mean DBH (cm) 7.0 9.6 7.8 7.0 5.5 5.7 4.9 7.2
Max DBH (cm) 11.6 13.8 13.3 13.2 11.5 10.6 10.6 11.4
Mean Height (m) 7.6 9.6 11.6 11.3 6.3 9.8 9.6 11.3
Max Height (m) 10.2 11.5 14.8 15.0 8.2 12.2 12.9 16.9
TBA (m2 ha−1) 3.8 5.6 6.1 5.5 8.3 11.8 10.5 9.9
Stand Density

1717 2258 2483 2383 3575 4816 4850 4008(stems/ha−1)
Site index (m) 9.27 9.75 10.22 10.69 7.24 8.64 10.1 11.53
Stand area (ha) 200 200 200 200 200 200 200 200

Note: N, north; S, south; E, east; W, west; BA, basal area at breast height; Max DBH and Max Height, the maximum
DBH and tree height, respectively. For each stand, the base age for site index was the corresponding stand age.

2.2. Field Investigation

In July 2022, we set three plots (20 m × 20 m) randomly within each of the eight forest
stands to investigate living trees. All living trees with a diameter at breast height (DBH)
no less than 3 cm in the plot were identified and measured, to record tree height (m) and
DBH (cm). In addition, according to the study region and specific tree species, we used the
corresponding allometric equation (Equation (1)) of different tree components (leaf, branch,
stem, and root) to calculate the biomass of each component [38].

w = a
(

D2H
)b

(1)

where w is the estimate of biomass of each component; D and H are the diameter at breast
height and tree height, respectively; and a and b are the coefficients of the function. For
different components (leaf, branch, stem, and root) of trees and different tree species,
the coefficients varied. Specifically, species-specific allometric equations were used for
Pinus tabulaeformis and Quercus mongolica and local broad-leaved tree allometric equations
were used for the other few trees to calculate biomass (Table 2) [40]. Then, we calculated
the individual tree biomass by summing the biomass of the different components, and
stand biomass was calculated by summing the biomass of all trees within a plot. As the
underlayer shrubs and herbs were quite sparse in the investigated stands, we did not
include their biomass when estimating the stand biomass.

2.3. Predictors of Stand Biomass

We used four groups of variables to predict the variation of stand biomass: (i) thinning
management, (ii) stand age, (iii) stand density, and (iv) individual tree growth. Specifically,
two basic dimensions of a tree, namely DBH and height, were used to describe individual
tree growth. Tree height and DBH represent vertical and lateral growth, respectively.
The stand age of these plantation stands was calculated based on the records of local
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afforestation history. The stands were planted from 1970 to 2000 approximately. Forest
thinning management includes thinned and unthinned treatments (thinned with low stand
density and unthinned with high stand density), and were assigned as 1 and 0 in the
general linear mixed model analyses.

Table 2. Allometric equations for calculating aboveground biomass (AGB) and belowground biomass
(BGB) of dominant tree species in this study.

Species AGB (kg) BGB (kg) Species in This Study

Pinus tabulaeformis
AGB = 0.0291

(
D2H

)0.8932
+

0.0067
(

D2H
)0.9870

+ 0.0087
(

D2H
)0.7947 BGB = 0.0091

(
D2H

)0.9376 Pinus tabulaeformis

Quercus mongolica
AGB = 0.0707

(
D2H

)0.8490
+

0.0327
(

D2H
)0.8520

+ 0.0104
(

D2H
)0.8545 BGB = 0.0592

(
D2H

)0.8233 Quercus mongolica

Broad-leaved trees
AGB = 0.0210

(
D2H

)0.9642
+

0.0011
(

D2H
)1.1909

+ 0.0022
(

D2H
)0.8595 BGB = 0.0530

(
D2H

)0.7452 Acer pilosum, A. tataricum,
Malus baccata

Note: AGB, aboveground biomass; BGB, belowground biomass; D, tree diameter at breast height (cm); H tree
height (m).

2.4. Statistical Analyses

Three models (simple linear, exponential, and logistic model) were used to fit the DBH
and tree height (m) growth curves along the chronosequence. DBH and tree height were
used as response variables in the three models. Then, the logistic models were selected
based on the Akaike information criterion (AIC) (Equation (2); Table 3).

Y =
W

1 + α× e−λ×age (2)

where Y is the height or DBH of trees and age is stand age; and W, α, and λ are the
coefficients of the function. In brief, W and λ represent potential maximum growth quantity
and innate rate of increase, respectively. The differences in the mean DBH, mean height,
individual tree biomass, and stand biomass of different stands were tested with the one-way
analysis of variance (ANOVA). We also used a paired t-test to give a precise comparison
between thinned and unthinned stands at different stand ages. All the above analyses were
conducted with R 4.2.2 (R Core Team, 2022).

Table 3. Comparisons among three models for the growth of DBH and height of trees. DBH, diameter
at breast height; AIC, Akaike information criterion of each model.

Forest Types Variables Model Name df AIC R2 p Value

Thinned DBH linear 1051 6189 0.155 <0.001
exponential 1051 2778 0.121 <0.001
logistic 1051 2034 0.143 <0.001

Height linear 1051 4811 0.042 <0.001
exponential 1051 1851 0.028 <0.001
logistic 1051 3445 0.039 <0.001

Unthinned DBH linear 2060 1156 0.048 <0.001
exponential 2060 3114 0.008 0.004
logistic 2060 1901 0.036 <0.001

Height linear 2060 9071 0.334 <0.001
exponential 2060 4019 0.256 <0.001
logistic 2060 2978 0.328 <0.001

To compare the effects of possible drivers (individual tree growth (DBH and height),
stand density, thinning, and stand age) on stand biomass. We first conducted the general
linear mixed model analyses with the R function ‘nlme’. We set stand biomass as the
response variable and stand as the random factor. The regression coefficient of each
predictor was standardized, which represents the effect size for stand biomass. Then, we
separated the relative contribution of the four groups of predictors using variation and
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hierarchical partitioning with the R package ‘rdacca.hp’ [41]. Finally, we used the structure
equation model (SEM) to infer the causal links among these predictors (individual tree
growth (DBH and height), stand density, and stand age) and stand biomass. Model fit
of the SEM was evaluated with goodness of fit index (GFI), root mean square error of
approximation (RMSEA), and chi-square (χ2) test. The SEM analyses were performed with
AMOS 28.0 (Amos Development Corporation, Chicago, IL, USA).

3. Results
3.1. Individual Tree Growth under Different Thinning Managements

Under different thinning managements, both mean DBH and height followed the
logistic growth pattern (Figure 1; Table 3). Based on the logistic regression, the estimated
innate DBH growth rate of thinned stands was higher than that of the unthinned stands
(Figure 1a), but the estimated innate height growth rate of thinned stand was lower than
that of unthinned stands (Figure 1b). The mean DBH increased from 10.97 ± 0.32 cm for
the juvenile (20 year) unthinned stands to 14.42 ± 0.38 cm for the near-mature (50 year)
unthinned stands, and from 13.45 ± 0.51 cm to 18.88 ± 2.51 cm for the thinned stands. In
addition, the mean DBH of thinned plantation stands was significantly higher than that
of unthinned stands at different age stages (20- and 40-year-old, p < 0.05; Table 4). The
mean height increased from 6.25 ± 0.41 m for the juvenile (20 year) unthinned stands to
11.32 ± 0.56 m for the near-mature (50 year) unthinned stands, and from 7.74 ± 0.48 m to
9.39 ± 0.95 m for the thinned stands. Furthermore, the mean height of thinned stands was
higher than the unthinned stands only for younger stages (p < 0.05; Table 4).
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Figure 1. Growth of diameter at breast height (DBH) (a) and height (b) of individual trees under
different thinning managements (thinned and unthinned). The growth pattern of DBH and height
of Pinus tabulaeformis were fitted with a logistic model. Grey dots represent the DBH and height
of every individual tree in the plots. Thinned and unthinned stands are shown in light and dark
green, respectively.

3.2. Individual Tree and Stand Biomass under Different Thinning Managements

Both individual tree and stand biomass increased significantly with stand age for
the thinned and unthinned stands (p < 0.05; Figure 2). Individual tree biomass increased
from 27.4 ± 2.9 kg for the juvenile (20 years) unthinned stands to 67.5 ± 3.6 kg for the
near-mature (50 years) unthinned stands, and from 42.8 ± 3.9 to 91.9 ± 26.1 kg for the
thinned stands. For stand biomass, the ranges were 97.6 ± 19.2 to 268.7 ± 19.8 Mg·ha–1
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and 72.5 ± 11.4 to 215.1 ± 53.5 Mg·ha–1 for the untinned and thinned stands, respectively
(Figure 2, Table 4). In addition, the effects of thinning management on tree biomass differed
between the individual tree and stand level. The individual tree biomass for the thinned
stands was higher than that of unthinned stands at different age stages on the whole
(F = 31.48, p < 0.01; Figure 2a), with significant differences observed for the juvenile stands
and middle-age stands (40 years) (T = 4.70, 5.23, p < 0.05, respectively; Table 4). However,
the stand biomasses of thinned and unthinned stands were not significantly different
(F = 2.47, p = 0.13; Figure 2b).

Table 4. The impacts of thinning management and stand age on DBH, tree height, individual tree
biomass, and stand biomass, based on one-way analysis of variance and paired t-test.

Variables Forest Management Stand Age (Years)

20 30 40 50

DBH (cm) unthinned 10.97 ± 0.32 b 11.34 ± 0.88 b 9.73 ± 1.12 b 14.42 ± 0.38 a
thinned 13.45 ± 0.51 b * 14.06 ± 1.03 b 15.53 ± 1.06 ab ** 18.88 ± 2.15 a

Height (m) unthinned 6.25 ± 0.41 b 9.81 ± 0.90 a 9.76 ± 1.81 a 11.32 ± 0.56 a
thinned 7.47 ± 0.48 b * 11.22 ± 0.65 a 11.58 ± 0.92 a 9.39 ± 0.95 ab *

Individual tree biomass
(kg)

unthinned 27.38 ± 2.94 b 38.78 ± 9.48 b 39.87 ± 8.73 b 67.47 ± 3.58 a
thinned 42.75 ± 3.88 b * 68.25 ± 11.23 ab 82.77 ± 14.16 ab * 91.96 ± 26.12 a

Stand biomass
(Mg ha−1)

unthinned 97.69 ± 19.2 b 186.76 ± 52.32 ab 193.34 ± 75.56 ab 268.70 ± 19.82 b
thinned 72.52 ± 11.37 b 151.63 ± 20.21 ab 203.17 ± 33.15 a 215.05 ± 53.55 a

Note: DBH, diameter at breast height. The data are presented as mean ± SD. Different letters indicate significant
differences via one-way analysis of variance among different stand ages. A paired t-test was conducted between
the thinned and unthinned stands (* p <0.05, ** p < 0.01).
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analysis of variance. Thinned and unthinned stands are shown in light and dark green, respectively.

3.3. Potential Predictors of Stand Biomass

We used general linear mixed models to estimate the effects of possible drivers. The
four groups of variables, namely thinning management, stand age, stand density, and indi-
vidual tree growth, explained a high proportion of the variance in stand biomass (R2 = 0.96).
Specifically, individual tree growth contributed the majority of its variance (45.6%), fol-
lowed by stand age (32.2%) and stand density (12.3%), while thinning management only
explained 5.4% of its variance (Figure 3). For detailed variables, stand density, DBH, and
height had significantly positive correlations with stand biomass (p < 0.01 Figure 3) and
stand age and thinning had no significant positive correlation with stand biomass.
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dardized regression coefficients) of the model predictors are exhibited with 95% confidence intervals
and the relative importance of each predictor. The relative effect of each of the four parts of predictors
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Finally, we fit a structural equation model (SEM) to infer the direct and indirect effects
of individual tree growth (DBH and height), stand age, stand density, and thinning on stand
biomass. As thinning and stand density were highly correlated, we only kept DBH, height,
stand age, and stand density in the analyses. The model with Fisher’s C statistic p > 0.05
(p = 0.71 in the model) was adopted (Figure 4). The results of the SEM demonstrated
that individual tree growth (DBH and height), stand density, and stand age could directly
promote stand biomass (Figure 4). Stand density directly affected stand biomass and had
the greatest positive effects (standardized coefficient β = 0.75). It also indirectly affected
stand biomass through the growth of DBH (Table 5). Stand age increased stand biomass
directly (β = 0.17) and indirectly by enhancing individual tree growth (height and DBH,
β = 0.61 and 0.59, respectively).
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**, p < 0.01; ***, p < 0.001. Model fit of the SEM was evaluated with a goodness of fit index (GFI), root
mean square error of approximation (RMSEA), and chi-square (χ2) test.
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Table 5. Direct, indirect, and total standardized effects of different variables on stand biomass based
on the structural equation model (SEM) in Figure 4.

Predictor Direct Effects Indirect Effects Total Effects

Stand biomass
Thinning −0.36 0.11 −0.25
Stand age 0.00 0.75 0.75
Density 0.54 −0.09 0.45
DBH 0.85 0.00 0.85
Height 0.50 0.00 0.50

4. Discussion
4.1. Thinning Promoted Individual Tree Radial Growth

Radial and vertical growth are two dimensions of individual tree growth [42]. Trees
adjust their growth strategies, namely allocation in the two dimensions, in response to
varying tree age, environmental conditions, interspecific or intraspecific competition, and
human disturbance [37,43]. Our results show that stand age promoted both tree DBH
and height (Figure 4). However, thinning promoted tree DBH growth more than height
(Figure 1, Table 4), partly in line with our hypothesis H1 and consistent with previous
studies conducted in different forest ecosystems [36,37,44–46]. Furthermore, the results of
the SEM showed that stand density ultimately affected biomass by influencing DBH rather
than tree height. The site index also indicated that site index increased with stand age and
unthinned management. This result demonstrated that unthinned Chinese pine plantation
with high density could restrain the DBH growth of trees. Chinese pine is considered
as a light-demanding species [47], and water is also vital for tree growth especially in
semi-arid regions. For individual trees, height mainly determines light capture ability, and
the stem plays an important role in the efficiency of water transportation and mechanical
support [30,34]. Therefore, vertical growth allows trees to compete for more light, becoming
the primary growth mode before thinning when the plantation had high stem density and
the canopy has not yet closed [48]. After thinning, the canopy state changed suddenly,
leaving more growing space for the remaining trees, and reduced the competition among
trees for water and light. As a result, these trees changed the original vertical growth mode
and allocated more resources for diameter growth to maintain their spatial advantages and
strengthen mechanical support and capacity of water transportation [30,49].

4.2. Thinning Effects on Stand Biomass

Based on different analysis methods, the results indicated that after a period of recov-
ery, the sudden stand biomass loss after thinning could be compensated by enhanced tree
growth in the 20-, 30-, 40-, and 50-year-old Chinese pine plantations, supporting hypothesis
H2. Based on the results, stand biomass of the thinned stands could catch up to that of
the unthinned stands after a period of recovery no greater than 20 years (Figure 2), and
individual tree growth, especially radial growth, proved to be the most important contrib-
utor (Figures 3 and 4). On the one hand, thinning management directly reduced stand
density, and thus stand biomass, due to the loss of individual trees. On the other hand,
as discussed above, thinning promoted the growth of individual trees, especially radial
growth, due to increased space and decreased competition. As the stands aged, individual
tree biomass accumulated faster in the thinned stands, and could eventually compensate
for the stand biomass loss caused by thinning. Similar results have also been observed in
beech [50,51], fir [52], and spruce [53] forests and natural tropical forests [30]. In a study
about the relationships between stand density and the value of timber in an 80-year-old
Scots pine forest in Poland, lower densities were beneficial to wood production and higher
densities might have an advantage in forest biomass production [54]. Our study suggests
that reasonable thinning management at an early stand age of a plantation might benefit
forest biomass production, as it could reduce competition for water and other resources,



Forests 2023, 14, 1620 9 of 11

especially for plantation forests in a semi-arid region. Eventually, appropriate management
can improve both the production and quality of timber and the stand biomass.

Although we tried our best in site selection and biomass estimation, some uncertainties
must be acknowledged in our study. First, the specific stand age was estimated based on
the records of local afforestation history, which could result in some deviation between the
actual stand age and the recorded stand age. Second, the Pinus tabulaeformis plantations
were not actually continuously investigated in a plot. Instead, we used the stands at
different ages to obtain a chronosequence of Pinus tabulaeformis plantations. Such a method
is widely adopted in forest ecology studies, but it could induce uncertainties in the results.
Third, as the three plots in each stand were sampled within a relatively small range, the
representativeness of the plots might be limited. Therefore, a large-scale investigation with
sufficient sample size and area are needed in further studies. In addition, the biomass of
the trees was estimated with allometric equations as felling trees was not allowed, which
could also cause some deviation from the real biomass [55].

5. Conclusions

In this study, we investigated and estimated the changes in tree individual growth
and forest biomass along a chronosequence of 20-, 30-, 40-, and 50-year-old Chinese pine
plantations under different thinning managements (thinned and unthinned) on the Loess
Plateau. The results demonstrated that thinning promoted the growth of trees, especially
radial growth, which compensated for the biomass loss caused by removing trees. Our
results also indicated that different thinning strategies can be adopted in plantation forests
according to the management goals. Furthermore, the overall stand biomass needs a certain
number of years to recover, meaning that thinning can increase final stand biomass and
carbon sequestration potential in the long term.
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