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Abstract: As an important part of terrestrial ecosystems, the forest soil nutrient content is easily
affected by thinning. However, the effects of thinning on soil phosphorus (P) stocks and dynamics
have not yet been systematically analyzed. In this study, we aimed to investigate the effects of
thinning on the soil P stock and rate of soil P stock change in the 0-30, 30-60, and 0-60 cm soil layers
by integrating 237 data points on a global scale. In addition, we aimed to determine whether these
factors are regulated by forest type, recovery time, and thinning intensity. The results indicated that
thinning increased the soil P stock in the 0-30, 30-60, and 0-60 cm soil layers by 9.0, 13.2, and 10.2%,
respectively, and the soil P stock change rates were 0.017, 0.013, and 0.025 Mg ha~! yrfl, respectively.
Furthermore, the promoting effect of thinning on soil P stocks was greater in coniferous forests than
in broadleaf and mixed forests. In addition, the stocks and change rates of soil P increased with
recovery time and decreased with thinning intensity and mean annual precipitation. This study
highlights the effects of thinning on forest soil P accumulation on a global scale. The results are of
great significance for understanding soil nutrient cycling and sustainable forest management.

Keywords: thinning; forest management; soil nutrient cycling; soil nutrient accumulation; forest
ecosystem; sustainable development

1. Introduction

Forest thinning is an important method for forest ecosystem management [1]; it opti-
mizes stand structure and improves the stand environment by regulating stand density,
and also plays an important role in restoring degraded forest ecosystems [2,3]. Soil acts as
a link between material and energy transmission in forest ecosystems [4], and the supply
of soil nutrients directly affects the growth status and the yield of forest trees [5]. Soil
phosphorus (P) is an important limiting factor for plant growth and development in terres-
trial ecosystems [6], and an important nutrient index for soil fertility and soil quality [7].
The availability significantly affects the growth of forest trees and the sustainability of
forest ecosystems [8]. Therefore, it is important to study the effects of thinning on soil
P accumulation in order to gain an in-depth understanding of soil nutrient cycling and
sustainable forest management [9,10].

Soil P is predominantly derived from the slow weathering of rocks over long periods
of time [11], as well as from litter and plant root decomposition over short periods [12].
Thinning promotes plant growth and soil microbial activity by changing the microclimate
of the forest (such as increasing light and soil temperature), thus affecting the soil P
cycle [10]. For example, lida et al. (2023) found that thinning significantly improves the
light conditions of the tree canopy, increases plant productivity [13], and increases the litter
and soil nutrient content [14]. Some studies have also confirmed that thinning significantly
promotes the development of understory vegetation, enhances plant diversity and soil
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microbial activity [10,15,16], and further accelerates the soil P cycle. However, Lindroth
et al. (2018) pointed out that the removal of trees caused by thinning may also reduce plant
productivity [17], thus reducing the soil P content. This difference may be related to the
difference in soil microbial activity, as soil microbial community and enzyme activity are
both significantly corrected with soil nutrient cycling [7]. In addition, this difference may
be related to the different distributions of the study samples as soil microbial activity and
nutrient cycling are significantly affected by environmental conditions (such as the mean
annual precipitation and the mean annual temperature of the study site) [18,19]. Thus far,
the effects of thinning on soil P accumulation have not been uniformly reported; therefore,
it is necessary to conduct a global-scale analysis in order to explore the effects of thinning
on soil P stocks and dynamics to fully reflect the soil nutrient cycling process.

The accumulation of soil P due to thinning is significantly affected by forest type
because different forest types lead to differences in the quantity and quality of litter, which
directly and indirectly affects the content of P input into the soil [20]. Generally, it is believed
that coniferous forests have a lower litter mass and are difficult to decompose, whereas
broadleaf forests have a higher litter mass and are easy to decompose. This difference in the
decomposition rate leads to a large difference in soil nutrient returns [21,22]. However, at
present, there is still a lack of the global-scale analyses of the effects of different forest types
on soil P stocks and dynamics, which leads to a lack of comprehensive understanding of
the soil material cycling processes within ecosystems.

Recovery time is also an important factor which affects soil P stocks and dynamics.
There are two main mechanisms associated with recovery time: (1) recovery time affects
the return amount of litter by influencing the growth and diversity of understory vege-
tation [23,24], thus affecting the accumulation of P; and (2) the recovery time affects the
soil microbial community and activity by influencing the soil’s physical and systematic
stability, thus affecting the soil P cycle [10]. It is generally believed that with an increase
in recovery time, understory vegetation, vegetation diversity, and litter content increase
significantly [24,25], which promotes the accumulation of soil P. At the same time, with
an increase in recovery time, the forest ecosystem gradually tends to become stable [23],
and the activity of soil microorganisms is significantly enhanced [15,26], thus accelerating
the soil P cycle. Thinning intensity also significantly affects the accumulation of soil P.
Generally, we believe that with the increase of thinning intensity, understory plant diversity
and productivity will significantly decrease [27,28], which will further affect soil P reserves.
In addition, high-intensity thinning results in the removal of a large amount of vegetation,
which may also lead to soil drought [29], thereby reducing soil microbial activity and
nutrient cycling [24] and affecting soil P cycling. However, the effects of thinning on soil P
on a global scale are currently poorly understood, and whether this effect is regulated by
recovery time and thinning intensity has not yet been systematically assessed.

Therefore, this study evaluated the effects of thinning on soil P stocks and dynamics
by integrating 237 data points published worldwide, and explored whether such effects
were regulated by forest type, recovery time, and thinning intensity. We developed three
hypotheses: (1) since thinning can promote the growth of understory vegetation, increase
plant and microbial biodiversity, and increase litter content [10,15,16], we hypothesized
that thinning can significantly promote the accumulation of soil P; (2) since the litter
amount, decomposition rate, and nutrient content of litter in pure forests are all lower than
those in mixed forests [21,30], we hypothesized that the promoting effect of thinning on
P accumulation in mixed forests would be greater than that in coniferous and broadleaf
forests; and (3) plant productivity, system stability, and microbial activity gradually increase
with recovery time, but decrease with thinning intensity [10,23,29]. Therefore, we assumed
that recovery time promotes soil P accumulation, whereas thinning intensity inhibits soil
P accumulation.
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2. Materials and Methods
2.1. Data Collection

In this study, three databases, namely Web of Science (http:/ /apps.webofknowledge.com/),
Google Scholar (https:/ /scholar.google.com), and CNKI (http:/ /www.cnki.net), were used to
search for the relevant literature on December 10th, 2023. The search terms included thinning,
forest management, silvicultural treatment, harvesting, selective cutting or management, soil P,
soil nutrients, soil properties, soil microbial activity, soil microbial biomass, soil enzyme activity,
and stoichiometry. To reduce the bias of the results, the following criteria were used for literature
screening: (1) treatment and control groups must be included in the study; (2) forest type
(coniferous, broadleaf, and mixed forest), recovery time, and thinning intensity must be defined
in the study; and (3) the study must be treated as a single factor, excluding the interactions of
other factors (such as nitrogen addition and warming) with thinning.

After screening, a total of 60 articles were included. The target data can be obtained in
two ways: (1) directly from the table in the article, and (2) using GetData Graph Digitizer
(version 2.24, Moscow, Russia) to retrieve the graph. A total of 237 data points were
obtained in this study. In addition, we collected data on the longitude, latitude, mean
annual temperature (MAT), mean annual precipitation (MAP), forest type, recovery time,
and thinning intensity of the study plots.

2.2. Data Analysis

The soil P stock was calculated according to the soil P content, soil bulk density (BD)
(g cm~3), and soil depth (D) (cm) [31]:

i1 P tent x BD x D
Soil P stock = S0il P con 61% X X (1)

To better understand the effect of thinning on soil P stocks, data obtained from different
soil layers were converted into the soil P stock of the 0-30, 30-60, and 0-60 soil layers. The
calculation method was as follows [32,33]:

y=1-8" 2

soil P StOCk0_30 or 0—60 = 1_[3[20 X PdO (3)
where v is the cumulative proportion of the surface soil P content to depth d (cm), 3 is the
relative change rate of soil P stock with soil depth (3 is 0.9 on a global scale (Jobbagy and
Jackson, 2000)), dy is the surface soil depth (cm), and P is the reported surface soil P stock.
The soil P stock in the 30-60 cm soil layer was calculated as the difference between that in
the 0-60 and 0-30 cm layers

The rate of soil P stock change (Mg ha ! yr~!) was calculated as the difference between
the soil P stock at different recovery times (P;) and the initial soil P stock (Py) [34]:

P, — P,
AT

Rate of soil P stock change = 4)

In this study, forest types were grouped into coniferous, broadleaf, and mixed forests.
Regression analysis was used to assess the relationship among recovery time, thinning
intensity, and MAP with soil P stock and soil P stock change rates.

3. Results
3.1. Overview of the Dataset

The distribution of the soil phosphorus (P) stock and the soil P stock change rate after
thinning are shown in Figure 1a,b. In total, 237 data points were included in this study,
including 160 coniferous, 27 broadleaf, and 50 mixed forest data points (Figure 1c). In
addition, there was a significant positive correlation between MAT and MAP (Figure 1d).
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Figure 1. The distribution of the soil phosphorus (P) stock (a), the rate of soil P stock change after
thinning (b), the counts of sampling sites used in this study (c), and the relationships between mean
annual precipitation (MAP) and mean annual temperature (MAT) (d).

3.2. Responses of Soil P Stock to Forest Thinning

Our results suggested that thinning changed the soil P stock and soil P stock change
rate on a global scale (Figure 2). Thinning increased the soil P stock in the 0-30, 30-60, and
0-60 cm soil layers by 9.0, 13.2, and 10.2%, respectively (Figure 2a). The soil P stock change
rates in the 0-30, 30-60, and 0-60 cm soil layers were 0.017, 0.013, and 0.025 Mg ha~! yr‘l,
respectively (Figure 2b). In addition, the soil P stock and soil P stock change rate in the
0-30 cm soil layer were higher than those in the 30-60 cm soil layer (Figure 2a,b).
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Figure 2. The effects of thinning on the soil phosphorus (P) stock at different soil depths (a) (1 = 237)
and on the rate of soil P stock change at different soil depths (b). Note: the numbers in the figure
represent the mean of the soil P stock or rate of soil P stock change.
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3.3. Factors Affecting Responses of Soil P Stock to Thinning

In terms of the different forest types, thinning increased the soil P stock in coniferous,
broadleaf, and mixed forests (except for the 0-60 cm soil layer in the broadleaf forest)
(Figure 3). The soil P stock in the 0-30, 30-60, and 0-60 cm soil layers of the coniferous
forest increased by 8.9, 11.4, and 9.7%, respectively (Figure 3a); those in the broadleaf forest
increased by 3.5, 4.0, and —1.2%, respectively (Figure 3b); and those in the mixed forest
increased by 11.6, 20.5, and 15.0%, respectively (Figure 3c). The soil P stock change rates
of the 0-30, 30-60, and 0-60 cm soil layers in the coniferous forest were 0.010, 0.005, and
0.016 Mg ha—! yr~1, respectively (Figure 3d); those in the broadleaf forest were 0.009, 0.008,
and —0.029 Mg ha~! yr~1, respectively (Figure 3e); and those in the mixed forest were
0.045,0.041, and 0.086 Mg ha~! yr~!, respectively (Figure 3f). In addition, the soil P stock
and soil P stock change rate of the mixed forest were higher than those of the coniferous
and broadleaf forests, and those in the 0-30 cm soil layer were higher than those in the
30-60 cm soil layer (Figure 3a—f).
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Figure 3. The effects of thinning on the soil phosphorus (P) stock of coniferous (a) (1 = 160), broadleaf
(b) (n = 27), and mixed (c) (n = 50) forests, and on the rate of soil P stock change of coniferous (d),
broadleaf (e), and mixed (f) forests. Note: the numbers in the figure represent the mean of the soil P
stock or rate of soil P stock change.

By exploring the relationship among soil P stocks and soil P stock change rates, and
the recovery time and thinning intensity, we observed that the soil P stocks and soil P stock
change rates in the 0-30, 30-60, and 0-60 cm soil layers exhibited an increasing trend with
recovery time and a decreasing trend with thinning intensity (Figure 4a—d). Simultaneously,
the soil P stocks and soil P stock change rates in the 0-30, 30-60, and 0-60 cm soil layers
decreased with an increasing MAP (Figure 5a,b).
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Figure 4. The effects of recovery time and thinning intensity on soil phosphorus (P) stock (a,b) and
the rate of soil P stock change (c,d). Note: dashed lines indicate insignificance.
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Figure 5. The effects of themean annual precipitation (MAP) on the soil phosphorus (P) stock (a)
and the rate of soil P stock change (b). Note: solid lines indicate significance and dotted lines
indicate insignificance.

4. Discussion
4.1. Effects of Forest Thinning on Soil P Accumulation

The forest soil nutrient content is an important part of terrestrial ecosystems, and
is easily affected by forest thinning [35,36]. Research on the effects of thinning on soil P
stocks and dynamics is of great significance for an in-depth understanding of soil nutrient
cycling and sustainable forest management [9,37]. In this study, we found that thinning
increased the soil P stock, and the soil P stock change rate was positive (Figure 6), which is
consistent with the results of previous studies [10], confirming hypothesis 1. Although P in
soil mainly originates from rock weathering, some studies have confirmed that soil P is
significantly affected by litter and plant roots [12,38]. Therefore, the increase in the soil P
stock observed in this study can be explained by the following four aspects: (1) thinning
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improves the environmental conditions for plant and microbial life [13]. For example,
thinning reduces the forest canopy density, increases light and soil temperature, produces
more suitable environmental conditions for the proliferation of soil microorganisms, and
increases the diversity and biological activity of soil microorganisms [10,15], thus accelerat-
ing the accumulation of soil P. (2) An increase in light also promotes the development of
understory vegetation, enhances plant diversity, accelerates the decomposition of litter, and
further increases the contents of soil nutrients [3,16]. (3) The thinning process generates a
large number of cutting residues, such as branches and stumps [39], thus enhancing the
transformation of litter into soil organic matter and nutrients. (4) Soil microbial biomass
P is an important source of soil P. Studies have confirmed that thinning significantly in-
creases the soil microbial biomass P content [40], thus contributing to the soil P stock. This
study emphasized that thinning promotes forest P accumulation on a global scale from the
perspective of soil P stocks.

Soil P stock Rate of soil P stock change
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Figure 6. Conceptual framework of the effects of thinning on soil phosphorus (P) stock.

4.2. Effects of Forest Types on Soil P Accumulation

Different forest types lead to differences in the quantity and quality of litter, which
may directly or indirectly affect the nutrient content input into the soil [20]. This study
revealed that, during thinning, the soil P stock and soil P stock change rate in mixed
forests in the 0-30, 30-60, and 0-60 cm soil layers were generally higher than those in
coniferous and broadleaf forests (Figure 6), confirming hypothesis 2, which is consistent
with previous reports suggesting that mixed forests are an important way to enhance soil
nutrient cycling [41]. First, this may be because the litter amount and decomposition rate
of single species forests are smaller than those of mixed forests [21]. Second, studies have
confirmed that the nutrient content of litter in pure forests containing a single tree species
is significantly lower than that in mixed forests [30], thus reducing the amount of nutrient
input to the soil. In addition, this may be because mixed forests (849.8 mm) are usually
distributed in areas with a low average annual rainfall, whereas coniferous (1015.8 mm)
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and broadleaf (1593.3 mm) forests are typically distributed in areas with a high average
annual rainfall (Table S1), which can easily lead to P loss.

4.3. Effects of Recovery Time and Thinning Intensity on Soil P Accumulation

Recovery time significantly affects soil P stock. We found that the soil P stock and soil
P stock change rates in the 0-30, 30-60, and 0-60 cm soil layers exhibited an increasing
trend with recovery time, confirming hypothesis 3. The results indicated that the recovery
time enhanced the fixation ability of soil P. First, in the early stage of restoration, plant
roots are underdeveloped and there is less litter. Vegetation succession tends to be stable
with an increase in recovery time [23]; understory vegetation gradually develops and
matures; and a stable understory plant community [42] is generated, which improves soil
microbial and phosphatase activities [15,26], thereby affecting the P cycling process and
the P content in the soil. Second, with an increase in the recovery time, the P input of litter,
existing litter, and plant roots caused by plant growth gradually increases [24,25], which
increases the return of soil P. In addition, studies have confirmed that with an increase in
recovery time, the physical structure of the soil gradually improves, and environmental
conditions suitable for the growth of plants and microorganisms are generated [10,38],
which accelerates the accumulation of P. Conversely, the soil P stock and soil P stock change
rate exhibited a decreasing trend with thinning intensity, confirming hypothesis 3. With
an increase in thinning intensity, especially at high thinning intensities, soil drought [29]
results in an environment that is not conducive to the growth of microorganisms [24], thus
reducing the accumulation of soil nutrients. At the same time, high-intensity thinning
significantly affects the growth of surface plants and reduces the plant productivity and
litter return [27,28]. The effects of recovery time and thinning intensity on soil P stocks and
dynamics were investigated using global-scale data, and it was found that the recovery
time increased, whereas the thinning intensity decreased the soil P accumulation.

4.4. Effects of MAP and Soil Depths on Soil P Accumulation

In this study, we found that the soil P stock and soil P stock change rates in the 0-30,
30-60, and 0-60 cm soil layers decreased with increasing MAP. Severe nutrient loss can
occur in regions with higher rainfall [19], thus attenuating the positive effects of thinning
on P stocks. In contrast, in regions with low annual rainfall, the P loss is less, and thinning
activities improve the conditions of the plant (light, growth, and litter) and soil environment
(physical structure and microbial activity) [15,43], and accelerate the accumulation of P.
We also observed that the soil P stock and soil P stock change rates were affected by soil
depth and were higher in the surface layer (0-30) than those in the lower layer (30-60).
First, the surface layer is adjacent to the atmosphere, and is therefore more susceptible
to the effects of light and temperature. The enhancement of light after thinning changes
the environmental conditions and microbial activity of the surface layer of soil and, in
contrast, has little impact on deep soil [44,45]. Secondly, litter is mainly concentrated on the
soil surface, and its decomposition has a direct effect on the return of soil nutrients to the
surface layer [46,47], resulting in little impact on the soil P in deeper layers. In addition,
studies have confirmed that deep-soil P is more susceptible to leaching [48], which does
not impact the positive effects of thinning on the P stocks.

4.5. Limitations and Uncertainties

Although this study explored the effects of thinning on soil P stocks and dynamics
using global-scale data, there are still some limitations. (1) The data points collected in
this study are not uniform, and most of them are distributed in short or medium-to-long
periods, while long-term sample points exceeding 20 years are scarce; therefore, we require
more and longer time-scale data for verification. (2) The sample size of broadleaf forests
was very limited (only 27), which led to a limitation in our group analysis. (3) The change
in soil P stocks is affected by litter, understory plant diversity, microbial activity, and other
factors [23,36,43]. However, this study did not discuss the mechanism of soil P stock change
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from the perspective of environmental factors; therefore, it is necessary to strengthen the
relevant research in the future to address this deficiency.

5. Conclusions

This study explored the effects of thinning on soil P stocks and dynamics using global-
scale data. The effect of thinning on soil P storage was positive, and the effect of mixed
forests on P storage was greater than that of single forests (coniferous and broadleaf forests).
Simultaneously, the recovery time increased, whereas the thinning intensity decreased the
P reserves and rate. In addition, the P storage and rate decreased with increasing MAP and
soil depth. This study emphasizes that thinning enhances the ability of global-scale forest
ecosystems to accumulate soil P, and the results of this study provide a reference for model
construction to reveal the response of soil nutrient cycling to forest management strategies.
However, there is still a lack of research on the mechanisms underlying soil P stock changes
due to forest thinning, and relevant research should be strengthened in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
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