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Light thinning can improve soil
water availability and water
holding capacity of plantations
in alpine mountains
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The establishment of large-scale forest plantations in the arid and semi-arid

area of the Qilian Mountains in China has effectively protected water and soil

resources and enhanced carbon sequestration capacity of forest ecosystems.

However, the effects of different management practices in these plantations on

soil water holding capacity (SWHC) and soil water availability (SWA) are

uncertain in this fragile ecosystem. Here, we investigated the effects of no

thinning (NT), light thinning (LT, 20% thinning intensity), and heavy thinning (HT,

40% thinning intensity) on SWHC and SWA in different soil depths of a forest

plantation, and compared them to those in a natural Picea crassifolia forest

(NF). Our results revealed that at low soil water suction stage, SWHC in the

plantations (LT, HT, and NT) was greater in the topsoil layer (0-40 cm) than that

in the NF site, while SWHC in the subsoil layer (40-80 cm) in NF was

significantly greater than that in the thinning stands. At medium and high-

water suction stage, SWHC in LT and NF stands was greater than that in HT and

NT. Soil water characteristic curves fitted by VGmodel showed that the relative

change in soil water content in LT topsoil layer was the smallest and SWHC was

greatest. Changes in soil physicochemical properties included higher bulk

density and lower total porosity, which reduced the number of macropores

in the soil and affected SWHC. The bulk density, total porosity, silt content, and

field capacity were the main factors jointly affecting SWA. High planting density

was the main reason for the low SWA and SWHC in NT, but this can be

alleviated by stand thinning. Overall, 20% thinning intensity (light intensity

thinning) may be an effective forest management practice to optimize SWHC

and SWA in P. crassifolia plantations to alleviate soil water deficits.

KEYWORDS

P. crassifolia, soil water characteristic curve, thinning intensity, soil water holding
capacity, soil water availability
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Introduction

To cope with global warming, China has embarked on CO2

emission reduction goals of “double carbon” (carbon peaking

and carbon neutrality) (Shan et al., 2022). Biological carbon

sequestration into forests, grasslands, lakes is an important

means of increasing CO2 absorption and alleviating

greenhouse gas concentration. Among them, forest restoration

and afforestation represent a significant carbon sink, which is

further characterized by its low cost, large size, and a high

ecological added value (Veldkamp et al., 2020).

In the arid and semi-arid areas of northwest China,

afforestation was accomplished through a series of ecological

projects including the Three-North Shelterbelt System, the

Natural Forests Protection and Restoration Project, and

Returning Farmland to Forests and Grasslands. The area of

forest land has increased by 3.35 × 107 ha since the 1980s, of

which for 42.5% is due to afforestation (Chen et al., 2019). The

Qilian Mountains is a source of several large inland rivers, these

ecological projects contributed 85.4% of additional plantation

lands in the Qilian Mountains, and enhanced the water

conservation capacity of forest ecosystem in this area.

Afforestation also effectively promoted a substantial increase in

forest stock and carbon sink and made positive contributions to

the mitigation of global warming and improvement in the

regional natural ecosystems (Zhao et al., 2021).

Soil moisture is a key factor of water and energy exchange in

the Soil-Plant-Atmosphere Continuum (Bogena et al., 2013).

Soil water holding capacity (SWHC) is the ability of soil to hold

water and is an important indicator of soil water dynamics

(Hollis et al., 2015). Due to the influence of soil parent material,

topography, land use type, soil salinity, and other factors, SWHC

status exhibits high spatial-temporal heterogeneity (Schrumpf

et al., 2011; Mohammadi and Meskini-Vishkaee, 2013; Korres

et al., 2015; Knighton et al., 2019). Soil water availability (SWA)

is a measure of soil water that can be effectively used by

vegetation. It is defined as the soil water content between filed

capacity and permanent wilting point and is the basis for

evaluating the construction of ecological vegetation and the

restoration of forest ecosystem in water-scarce areas.

Therefore, it is of great practical significance to investigate and

improve the SWA and SWHC of cultivated vegetation in the arid

and semi-arid regions where the overall ecological vulnerability

and vegetation carrying capacity are low.

Thinning and understory vegetation removal in forests are

widely used silvicultural strategies in forest management (Baena

et al., 2013; Chase et al., 2016) to improve the availability of

growth-limiting resources (light, water, nutrients, etc.) for

residual trees by adjusting stand density and vegetation

structure. However, numerous studies have reported that

changes in forest canopy structure and land-use patterns

caused by afforestation and tree stand thinning may lead to

profound changes in soil dynamic properties, and directly or
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indirectly affect many soil functional processes (Guo and

Gifford, 2002; He et al., 2013; Kaarakka et al., 2014; He et al.,

2018; Kurniawan et al., 2018). On the one hand, thinning

reduces forest canopy density and rain interception, affecting

soil moisture status and topsoil temperature in forests, and

leading to increased soil water evaporation and reduced soil

water content at topsoil (Schrumpf et al., 2011; He et al., 2014;

Sohn et al., 2016; Del Campo et al., 2019). On the other hand,

soil compaction caused by human disturbance (grazing) leads to

an increase in soil bulk density, a decrease in soil organic carbon

storage, soil infiltration, water storage capacity (Zhu et al., 2015;

He et al., 2018; Hong et al., 2020; Veldkamp et al., 2020). These

influences may accelerate the formation of surface runoff,

leading to increased soil erosion. Therefore, it is necessary to

obtain data support from tree stand thinning experiments in

different site conditions and soil depths to extend our scientific

knowledge of thinning consequences.

The Qilian Mountains (QLM) is located in the key area of

ecological security strategy of China (Wang et al., 2019). It is an

important ecological water conservation area in the Yellow River

Basin and the core area for the construction of ecological barriers

in the Qinghai-Tibet Plateau. Since the establishment of the

Qilian Mountains National Nature Reserve in the late 1980s, the

forest plantation area in QLM increased from 4.36 × 105 ha in

1989 to 8 × 105 ha in 2020, an 45.5% increase. The reserve plays a

key role in maintaining regional ecological stability and species

diversity. Picea crassifolia, as a dominant tree species in the

QLM, is mainly distributed in Gansu, Qinghai, Ningxia, and

Inner Mongolia of China (Chang et al., 2017). It prefers cold and

humid environments, and often forms large pure forests on

shaded and semi-shaded slopes of the subalpine zone with an

altitude of 2250-3450 m and average precipitation of 290-

520 mm (Gao et al., 2021). Because of its strong drought

resistance, it has become an important afforestation tree

species in eastern Qinghai province and the QLM.

However, due to insufficient understanding of the water

demand of vegetation, the extent of local water resources, and

water consumption law of vegetation. Ecological restoration

projects in these water-scarce areas are limited by single-

structure plantations and high-density afforestation (Garcia-

Salgado et al., 2018). Furthermore, low forest productivity, soil

degradation, and poor stability of the ecosystem are also

common problems in these P. crassifolia plantation forests (He

et al., 2018). To alleviate the soil drought caused by soil water

deficit and improve the stem-level productivity. Keeping the

stability of the plantation ecosystem and the sustainability of its

ecological benefits in the QLM. Timber in the form of whole-tree

harvested has been an important and common forest

management measure for P. crassifolia plantation in this area.

However, the response of changes in soil hydrology and

hydraulic characteristics to the silvicultural practice of P.

crassifolia plantation and natural forests at different soil depths

is poorly known. In the process of vegetation restoration and
frontiersin.org
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management, understanding the SWHC and SWA under

different thinning intensities is of great significance for

selecting sustainable stand planting density in semi-arid areas.

Thus, in this study, our objectives were to determine (1) the

effects of different thinning intensities on SWHC and water

availability, and (2) the main factors affecting SWHC and soil

water availability.
Materials and methods

Site description

The study area was located in the Guantai Ecological Forest

Restoration Zone (38°41′N, 100°19′E) of Xishui Natural Reserve,
Qilian Mountains National Park, in northwest China. The area has

a typical cold temperature and semi-arid climate, with a mean

annual temperature of about 2.5C andmean annual precipitation of

about 385 mm (from 1994 to 2015) (Chen et al., 2021). About 80%

of the precipitation is concentrated in the growing season fromMay

to September. Terrain, precipitation, and temperature differences

significantly affect the distribution patterns of native vegetation,

which is represented by a mosaic of forests, grasslands, and small

areas of shrublands (Gao et al., 2021). Grey cinnamon and chestnut

soils are the common soil types in this area. It is dominated by loam

and sandy loam. pH is 7.23-8.5, which is alkaline soil. The dominant

tree species Picea crassifolia is found mainly on shady and semi-

shady slopes at an altitude of 2250-3450 m, often forming large

areas of forests. Berberis kansuensis and Potentilla glabra are

common shrub species in the understory layer. Herbaceous

species, such as Carex moorcroftii, Elymus cylindricus, Iris lactea,

and Stipa capillata are mainly found on sunny and semi-sunny

slopes. In the early 1980s, part of the grassland on the semi-shady

slopes of this catchment was converted to a P. crassifolia plantation

(Zhu et al., 2017). Stand density in the recent afforestation areas was

about 4600 trees ha-1 (Figure 1). In 1997, 1998, and the spring of

2006, to avoid the interference and compaction of vehicles and

heavy machinery on the soil, a manual chain saw was used for

thinning and harvesting the artificial forests in the study area to

varying degrees to remove trees with poor growth, and severely

affected by plant diseases and insect pests among the forest stand.
Frontiers in Plant Science 03
Experimental design, soil sampling, and
determination of soil properties

In the summer of 2019, we conducted a field survey of P.

crassifolia plantation and of a nearby natural secondary forests

(NF). We determined tree ages to be 54 years (natural forest) and

37 years (plantation forest) by interviewing local herders and

landowners, and by drilling core samples in several trees. We

selected stands with similar altitude, aspect, and other site

conditions for our study Table 1). Stands were subject to four

different management practices (Figure 1, Table 1), including (i)

no thinning, no human disturbance in the natural forest

(reference stand), with 1652 trees ha-1 (NF), (ii) no thinning in

the plantation (NT), with 4458 trees ha-1, (iii) light thinning in

the plantation (LT) which involved the removal of 20% of stems

and final density of 3558 trees ha-1, (iv) heavy thinning in the

plantation (HT) with the removal of 40% of stems and final

density of 2721 trees ha-1. Detailed information on these sites is

given in Table 1. We established three replicate plots of 30 ×

30 m in each of the four management practices for a total of 12

plots. The distance between each plot was at least 30 m to avoid

edge effects (He et al., 2018). Tree height, stand density, and

DBH were measured in each plot (Table 1). In addition, we used

the global positioning system (GPS) to accurately determine

geographic coordinates and altitude of each site.

In each plot, 12 soil profiles with the dimension of 1.0 × 1.0 ×

1.0 m were excavated (after removing the surface litter layer).

Undisturbed soil samples were collected from 0-10, 10-20, 20-40,

40-60, and 60-80 cm soil depth using a ring cutter with a fixed

volume of 100 cm3. Within each soil profile, three replicates for

each soil layer and 15 soil samples were taken in total.

Meanwhile, at least 500 g of soil was collected from each layer

of all soil profiles and stored in self-sealing bags to determine soil

particle-size distribution, organic carbon, and other indicators.

Soil samples in ring cutters were taken to the laboratory for total

wet weight measurements and the weight of soil sample marked

as W1. Soil samples were immersed in ultrapure water for at least

12 hours, with care being taken that the upper edge of the ring

cutter was not submerged. Samples were weighed again when

soil was completely saturated and marked as W2. Then, soil

samples were placed in a container, covered with fine sand for 72
TABLE 1 Site conditions and stand characteristics of the study area. Values (±SE) represent the means ± standard error, and the sample size (n) is
3, followed by different lowercase letters within rows indicate significant differences at P＜0.05.

Forest types MSa Elevation (m) Slope (°) Aspect (°) Stand density (trees ha-1) Plantation age (yr) DHBb (cm) Height (m)

Natural forest NF 2779 14.6 327NW 1652±95 54 12.6±0.16c 8.9±1.03c

Plantation NT 2761 12.3 331NW 4458±41 38 9.9±0.16a 7.2±1.21a

LT 2796 11.8 324NW 3558±52 37 10.2±0.13b 7.4±1.32b

HT 2817 10.9 340NW 2721±55 36 10.6±0.16c 7.8±1.48b
f

aMS represents the management practices of P. crassifolia. NF, NT, LT, and HT represent forest stands with natural forest (reference stand), no thinning, light thinning (20% thinning
intensity), and heavy thinning (40% thinning intensity), respectively.
bDHB is the diameter at breast height (1.3 m above ground).
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hours and weighed and marked asW3. Finally, samples with ring

cutters were dried to a constant weight in an oven at 108C for at

least 12 hours and marked as W4. The calculation formula for

soil properties is as follows (Zhang et al., 2021):

BD = (W4 �W0)=V (1)

TP = (W2 �W4)=V � 100% (2)

FC = (W3 �W4)=W4 � 100% (3)

Where BD, TP, and FC represent bulk density (g/cm3), soil

total porosity (%), and field capacity (%), respectively. W0 and V

denote the weight and volume of the empty ring cutter,

respectively. W2, W3, and W4 represent the weight of soil

sample after saturation, 72 hours, and drying, respectively.

Self-sealing bags of soil samples were placed in a ventilated,

cool, and sun-free area to air dry, then ground and screened

using a 2 mm mesh. Soil particle-size distribution was measured

using a laser granulometer (Mastersizer 3000E, UK). Soil organic
Frontiers in Plant Science 04
carbon (SOC) was measured using colorimetry after digestion

with sulfuric acid and potassium dichromate at 5%

concentration (Robinson, 1994). Soil pH value was determined

with a pHmeter (RS232, AZ8601 pH acidometer, China) in a 1:5

ratio of soil-water mixture (Chen et al., 2021). The Kjeldahl

procedure was used to determine soil total nitrogen (TN)

(Bradstreet, 1954).
Soil water characteristic curve

Soil water characteristic curve is the relationship between

soil water content and soil water suction, which is used to

determine SWHC (Hollis et al., 2015), and it is typically

established with the centrifuge method. The principle is to set

the corresponding to centrifugal speed and time according to

different soil water suction (negative pressure of soil water)

(Zhang et al., 2019). Then, when soil water suction pressure

and centrifugal force reach equilibrium, weighted of the

dehydrated soil sample at specific water suction. Then the
B

C

D

A

FIGURE 1

Geographical location of Dayekou watershed and sampling sites (A). Sampling sites (B, D) and plantation landscape (C) with differently-managed
of P. crassifolia.
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volumetric water content corresponding to each soil water

suction is calculated using mass water content and bulk

density, so as to determine the water characteristic curve for

undisturbed soil samples (Van Genuchten, 1980).

The soil water characteristic curve in unsaturated soil is

mainly determined by a large number of laboratory and field

tests (Van Genuchten, 1980; Van Genuchten and Nielsen, 1985).

To accurately fit the soil water characteristic curve and obtain

unsaturated hydraulic conductivity and diffusivity on this basis.

It is necessary to fit the measured data of the soil water

characteristic curve, so the selected fitting model must be able

to fully describe the relationship between soil water content and

soil matrix potential. For this reason, Van Genuchten proposed

an equation to describe the relationship between pressure head

(h) and water content (q) in 1980 through a large number of

indoor and outdoor experiments to measure relevant

parameters, that is, the soil water characteristic curve of

vadose zone. In this study, we used the common Van

Genuchten model (VG model for short) to fit the soil water

characteristic curve (Van Genuchten, 1980). The VG model

equation is as follows:

q − qr
qs − qr

=
1

1 + ajymjn
� �m

(4)

Where q, qs, qr denote soil water content (%), saturated soil

water content (%), and residual soil water content (%),

respectively. Ym is soil matric potential (negative of soil water

suction, bar). A (a),m, and n are all fitting parameters (m = 1-1/

n), where a denotes the reciprocal of the soil air intake value, m

and n are morphological parameters (estimated from observed

soil water retention data) of the water characteristic curve. FC

and wilting coefficient (WC) can be estimated at 0.33 bar and

15 bar, respectively (Tamea et al., 2009).

For this study, the ring cutter soil sample was infiltrated for 24

hours until saturated and weighed to determine saturated water

content.Then, adehydrationexperimentwas carriedoutwithahigh-

speed centrifuge (Kokusana H-1400PF, Japan) at a temperature ≤

26C (Wen et al., 2021). The centrifuge speedwas set at 190, 430, 600,

860, 1210, 1480, 1710, 1920, 2700, 4280, 6060, and 7420 r/min in 12

gradients, corresponding to 0.01, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 2, 5, 10,

and 15 bar soil water suction. After each centrifuge operation, the

experimental soil sample was taken out and weighed. In the end, soil

water content and corresponding water suction of each soil sample

were calculated using the drying method.

To express changes in soil water characteristic curve under

different management practices more easily, we adopted the

ordinary logarithm of the absolute value of the matric potential

(pF) to express soil water suction (Cianfrani et al., 2019); to do

this, we took the logarithm of the absolute value in centimeters

of the soil water suction column as the vertical axis and soil

water content as the horizontal axis to draw the soil water

characteristic curve (Schofield and Botelho, 1938) (Figure 2).
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Based on soil moisture, soil water suction was divided into three

stages: 0< pF ≤ 1.86, 1.86< pF ≤ 2.52, and pF > 2.52 (Cianfrani

et al., 2019). Among them, 0< pF ≤ 1.86 was the stage of low

water suction and the soil water characteristic curve was

relatively scattered; 1.86< pF ≤ 2.52 was the transition from

low to medium-high water suction, and soil water content

decreased significantly; pF > 2.52 was the high water suction,

and the curves were relatively parallel.
Demarcation of soil water availability

Field capacity is usually regarded as the dividing point

between gravity water and available water, that is, the upper

limit of available water (Ritchie, 1981). Employing the above

equation (4), we determined that 0.33 bar of water suction was

the FC and 15 bar was the WC. Based on the division scheme of

soil available water developed by Zhang et al. (1994), we defined

SWA under different soil water suction at three levels: rapidly-

available water (RAW) (-0.33 bar ~ -10 bar), slowly-available

water (SAW) (-10 bar ~ -20 bar), and unavailable water (UAW)

(< -20 bar). The total available water (TAW) was the sum of

RAW and SAW, that is, soil available water.
Statistical analysis

The differences among forest stands in soil physical and

chemical properties (TN, TP, and SOC) due to different

management practices were analyzed with one-way analysis of

variance (ANOVA) and the least significant difference test (LSD)

(P< 0.05). Pearson correlation analysis was used to determine

the relationships between SWA and other factors, such as BD,

WC, FC, pH, TP, SOC, and soil particle-size distribution.

Statistical analyses were conducted using SPSS software

version 27.0 (SPSS Inc., Chicago, IL, USA, 2020).
Results

Effects of different stand
thinning intensities on soil
water characteristic curve

The soil water characteristic curves for each soil depth under

different stand management practices were almost parallel to each

other, and the overall shape was “S”. Different characteristics were

obtained for SWHC (Figure 2). The faster the soil water content

decreased, the lower the SWHC of the stand. With an increase in

soil water suction, SWHC differed significantly for different soil

layers and management practices (Figures 2, 3). In general, SWHC

in LT, HT, and NF was higher than that in NT at low water suction
frontiersin.org
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FIGURE 2

Soil water characteristic curves for different soil layers under different management practices of P. crassifolia.
B C

D E

A

FIGURE 3

Soil water characteristic curves fitting with the Van Genuchten model for different soil depths under different management practices of P. crassifolia.
Labels (A–E) indicate different soil depths, namely 0-10cm, 10-20cm, 20-40cm, 40-60cm, and 60-80cm.
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(0< pF ≤ 1.86) at 0-60 cm soil depth, and low at medium and high

water suction (1.86< pF ≤ 2.52 and pF > 2.52). At 60-80 cm depth,

SWHC in HT and NF stands was higher than that in LT and NT

stands at low water suction. However, SWHC in NF at medium

and high-water suction was higher than that in LT and HT plots at

0-60 cm soil depth.

The fitting of soil water characteristic curves for each soil

depth (0-10, 10-20, 20-40, 40-60, and 60-80 cm) under different

management practices are shown in Figure 3. The coefficient of

determination R2 between the measured data and the soil water

characteristic curves fitted with the VG model was > 0.99. As a

whole, with an increase in soil water suction, soil water content

in all soil layers showed a decreasing trend. Within a soil water

suction range of 0-2 bars, soil water characteristic curves

decreased quickly. Soil water content for all soil depths

decreased slowly under different stand management practices

when soil water suction was 2-10 bars, and it intended to be

stable when soil water suction exceeded 10 bars.

Soil water availability

At the soil depth of 0-40 cm, TAW content in NT was

significantly lower than that in NF, and there was an apparent

dry layer at 20-40 cm soil depth, which was not significantly
Frontiers in Plant Science 07
different than that in LT and HT (P< 0.05) (Figure 4). The

TAW in the 40-60 cm soil layer decreased with an increase in

thinning intensity at first, then increased, and finally stabilized.

The NT plot had the lowest TAW; there was no significant

difference in TAW between HT and NF plots (P< 0.05). In the

subsoil at 60-80 cm, TAW under the different management

practices gradually decreased with an increase in thinning

intensity, and there was no difference in any of the plots (P<

0.05). The variability characteristics of RAW at 0-40, 40-60,

and 60-80 cm depths were similar to those of TAW (Figure 4).

The available water content in the 0-80 cm soil layer range

from 9.28 to 23.57%, and the range of variation in TAW in each

soil layer was smallest in LT, followed by NF and HT, and

finally NT.

Slowly-available water of P. crassifolia forest under the

different management practices decreased first and then

increased with increasing soil depths in all but the 60-80 cm in

HT plot. Further, SAW in the 0-40 cm soil layer in NT was

significantly lower than that in HT, LT, and NF (P< 0.05).

However, UAW content in the 0-60 cm soil layer in HT was

significantly higher than that in other plots. The UAW content

of other P. crassifolia forest plots decreased with an increase in

soil depth except for 40-60 cm in NT and LT stands, with the

greatest decrease in HT, and smallest in NT.
B

C D

A

FIGURE 4

Total available water (TAW, A), rapidly-available water (RAW, B), slowly-available water (SAW, C), and unavailable water (UAW, D) for each soil
depth under different management practices. Different lowercase letters above the column indicate significant differences among the soil
depths at the same management practice (P < 0.05).
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Soil physicochemical properties related
to SWA

Soil BD, pH, SOC, TN, and TP at different soil depths under

different management practices are shown in Figure 5.

Generally, BD tended to increase with an increase in thinning

intensity and soil depth except for 40-80 cm soil in NT; BD was

highest in HT at 60-80 cm at 1.43 g cm-3. There were significant

differences in BD among NF, NT, and HT (P< 0.05). At 0-40 cm

depth, BD in NT was significantly higher than that in other

stands, with the highest BD at 20-40 cm at 1.16 g cm-3, and

lowest at 0-10 cm in NF at 0.58 g cm-3.

Soil pH in P. crassifolia increased slowly with an increase in

soil depth in all stands, except for the 40-60 cm depth in LT stand,

but the differences with depth were not significant (P< 0.05). Both

SOC and TN exhibited a decreasing trend with an increase in soil

depth, and the decrease at the topsoil (0-40 cm) was greater than

that at subsoil (40-80 cm). The decrease in SOC at topsoil layer of

in NT was the greatest at 32.3%, and that at subsoil layer was the

lowest at 16.6%. The decrease in TN at topsoil layer of the NF

stand was the greatest at 21.4%, and at subsoil layer was the lowest

at 13.2%. On the whole, TP fluctuated and decreased with an

increase in soil depth. The variation tendency of TP in NF and HT

plots was similar, while TP in LT did not vary with depth (P<

0.05) and that in NT was lowest.

Soil texture in the P. crassifolia forest in the study area was

mainly loam and sandy loam (Supplementary Figure 1,

Supplementary Figure 2). Sand content was highest at 51.9%,

followed by silt at 46.4%, and clay at 11.7%. Generally, clay

content in NF, NT, and LT at 0-80 cm soil depth increased with

thinning intensity, while that in HT decreased with depth and
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then increased, with the lowest at 9.2% at 10-20 cm. In

addition, clay content in each soil layer in LT was

significantly higher than that in other sample plots. The silt

content in NF decreased with soil depth, while that in NT was

higher in subsoil (40-80 cm) than in topsoil. In contrast, sand

content in NF increased with soil depth, while it noticeably

decreased at 40-80 cm in NT.
Relationships between SWA and
soil properties

We found that SAWwas closely related to BD, TP, silt content,

and FC (Figure 6). Soil BD at 0-80 cm depth was significantly

negative correlated with TP, TN, SOC, and FC (P< 0.01), and

significantly positive correlated with clay content (P< 0.01). Both

TAW and RAWwere significantly negative correlated with BD (P<

0.01), significantly positive correlated with TP, silt content, and FC

(P< 0.01), and positive correlated withWC (P< 0.05). SAW and silt

content were significantly positive correlated with TAW (P< 0.01),

significantly negative correlated with SOC (P< 0.01), and negative

correlated with sand content and TN (P< 0.05).
Discussion

Effects of different forest management
practices on SWHC

The soil water characteristic curve is the relationship

between soil water content and matric potential under an
frontiersin.org
FIGURE 5

Comparison of soil bulk density (BD), pH, soil organic carbon (SOC), soil total nitrogen (TN), and soil total porosity (TP) among different
management practices and soil layers. Different lowercase letters above the column indicate significant differences among the thinning
treatments at the same soil depth (P < 0.05).
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unsaturated state. The soil matrix is a medium for maintaining

and conducting materials (water, air, and solute) and energy

(heat). Its function is determined by soil properties and soil

porosity. Therefore, different stand management practices may

lead to changes in SWHC by affecting soil bulk density, soil

texture, and porosity. Soils with high clay contents have high soil

water content at any level of soil water suction (Yao et al., 2014).

In this study, clay content at 0-80 cm soil depth in the LT plot

was higher than that in NT, HT, and NF, the sand content was

lowest, and SWHC was highest (Supplementary Figure 2). Sand

content was higher for all soil depths in NF, and all depths except

60-80 cm in NT, and their SWHC was lower than in LT and HT

stands (Figure 3, Supplementary Figure 2). This is mainly due to

a larger number of fine pores and greater surface energy in high-

clay than in low-clay soils, which can absorb and maintain more

water. Soil with relatively more sand and less clay has more

macropores from which soil water is easily lost, resulting in

low SWHC.

He et al. (2018) and Hong et al. (2018) observed that

thinning and afforestation significantly decreased soil carbon

stock at 0-70 cm soil depth, while pH value showed an increasing

trend in P. crassifolia, Pinus sylvestris var. mongolica and Pinus

tabuliformis plantations. We found a similar phenomenon in

this study. A change in BD can cause a change in TP, which in

turn changes the size and distribution of soil porosity. Human

disturbance and soil compaction were aggravated with an

increase in thinning intensity, stand structure and

environmental factors have changed significantly, resulting in

the increase of BD. The pores formed by large soil particles in the
Frontiers in Plant Science 09
soil will be gradually filled and compacted by small soil particles,

reducing the TP and inevitably affecting soil water characteristic

curves (Sanchez, 2019). Therefore, soil saturated water content

decreased with an increase in BD, and the variability in soil water

characteristic curve was not significant at the stage of higher soil

water suction (Figures 3, 5). In the 0-5 bar range of soil water

suction, soil water holding or releasing capacity mainly depends

on the number and distribution of macropores. As soil water

suction increases, water in macropores can be easily discharged.

Therefore, the downward trend in soil water characteristic curve

is significant. Water retained in small pores drains slowly, so the

soil water characteristic curve tends to be flat (Figure 5). This

finding was similar to that in a study by Ozcan et al. (2013) and

Zhang et al. (2021), where the higher the TP and the lower the

BD, the stronger the water holding capacity.

Factors regulating SWA in
P. crassifolia forests

Soil water availability is the main index for evaluating the

degree of soil water utilization by plants and the effect of water

stress on plant growth (Cianfrani et al., 2019). It is also an

important limiting factor in afforestation in arid and semi-arid

areas (Zhou and Li, 1995). Our correlation analysis showed that

soil properties (BD, TP, and silt content), and FC were the main

factors affecting SWA under different management practices

(Supplementary Figure 2, Figure 6, Supplementary Figure 3).

With an increase in thinning intensity, soil exposure, and

compaction, soil surface structure was increasingly disturbed,
FIGURE 6

Pearson correlation analysis between soil water availability (SWA) and soil physicochemical properties, nutrient characteristics, and other parameters.
Significance denoted by *P < 0.05 and **P < 0.01.
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BD increased. In this way, the topsoil is hardened and porosity is

decreased. Soil drainage and infiltration weakened. Resulting in

reduced in SWA.

It is generally accepted that the content of clay and sand in

the soil can significantly affect its soil water status (Yao et al.,

2014; Minasny and McBratney, 2018; Zagyvai-Kiss et al., 2019).

However, we found different results . Figure 6 and

Supplementary Figure 3 showed that TAW was significantly

positively correlated with silt content (P< 0.01), but it had little

relationship with clay or sand content. The sand content in each

soil layer accounted for the largest proportion (43.7-67.4%) with

the increase in thinning intensity, but it had a negative

correlation with SWA. Although soil layers did not differ in

clay contents, fluctuating from 8 to 15.8%, a small change would

significantly affect soil porosity. The higher content of silt and

clay in LT than in NF and NT increased the number offine pores

in the soil and effectively promoted SWA.

Changes in soil properties caused by thinning can indirectly

affect FC and WC. In general, with the increase in thinning

intensity, FC in NF, LT, and HT exhibited a decreasing trend,

while FC in NT first decreased first (0-40 cm) and then increased

(40-80 cm) (Table 2). FC and WC under different management

practices decreased in the order of HT > NT > LT > NF, and FC

in each soil layer in LT was the closest to FC in NF. This was

consistent with the results of Ma et al. (2017).

Field capacity and WC determine the range of soil

availability water (Ritchie, 1981). The average range of

availability water at 0-80 cm soil depth in NF, LT, and HT

stands was 14.2-35.4, 16.1-36.6, and 13.1-33.7%, respectively,

which was significantly higher than that in NT (10.8-23.2%). In

brief, LT in these plantations can improve SWA status and

approximate water conditions to those in the natural forest.
The response of SOC and TN to SWA

A decrease in SOC and TN is often observed when soil

surface cover is removed, depending on harvesting types, soil

depths, stand density, clay content, and other factors (Nave et al.,

2010; Hu et al., 2014; He et al., 2018). In this study, we found that

TN and SOC decreased significantly with thinning (Figure 5). It
TABLE 2 Field capacity and wilting coefficient of P. crassifolia under differen

Soil depths(cm) Man

NF(FC) NF (WC) NT(FC) NT(WC

0-10 29.16 6.66 25.07 13.33

10-20 38.33 17.57 19.24 9.29

20-40 39.28 17.85 17.45 8.16

40-60 34.37 15.03 26.05 12.12

60-80 35.96 13.79 28.38 11.49

AVE 35.42 14.18 23.24 10.88
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could be expected due to greater exposure of topsoil to

disturbance. Since the molecular complexity of SOC tends to

be low in forest ecosystems, and the abundance of active

substrates in the topsoil may stimulate microorganisms to

respond more quickly following disturbance (Hu et al., 2014;

He et al., 2018; Beillouin et al., 2022).

Bulk density, soil texture, and soil porosity are the objective

indexes affecting soil water status. Among them, soil porosity

and soil texture are significantly affected by SOC (Shan et al.,

1998; Zhao and Wu, 2002). This is related to the loose and porous

characteristics of SOC, which can promote soil porosity, water

holding capacity, and water permeability (Adams, 1973; Rawls et al.,

2004). In fact, Yu et al. (2021) and Huntington (2007) found that

SOC indirectly affected SWA, which was consistent with our results.
Implications for P. crassifolia
forest management

In the past 40 years, China afforested a total of 3.63 × 108 ha of

land, with a forest tending and management area of 4.24 × 108 ha,

and forest cover has increased to 23.04% (Chen et al., 2019).

However, a forest plantation is an ecosystem with high water

consumption. Following large-scale afforestation in water-scarce

areas, soil physicochemical properties of the topsoil and subsoil

were changed, affecting soil water status. In addition, excessive

planting density in the initial stage also aggravated the shortage of

soil moisture and development of a dry soil layer. Proper stand

management practices can improve soil water status by adjusting

plantation density. Zhu et al. (2015) found that water deficit

occurred in the 40-80 cm depth 29 years after afforestation at a

planting density of 4458 trees ha-1, while light and heavy intensity

thinning could significantly improve soil water storage at 0-80 cm

depth. Heavy thinning intensity may provide an accommodative

strategy for survival in water-scarce areas by reducing resources

competition for the residual trees, but the long-term viability of this

strategy is questionable (Sohn et al., 2016). In this study, we

observed that different thinning intensity can significantly affect

SWHC and SWA. Our results are consistent with the experimental

results of He et al. (2012). We recommend that a soil dry layer

caused by excessive planting density can be alleviated by thinning
t management practices.

agement Practices

) LT(FC) LT(WC) HT(FC) HT(WC) AVE

38.62 18.48 40.80 19.36 23.19

37.90 17.18 44.66 21.09 23.85

37.85 16.11 33.90 12.18 20.50

35.45 15.26 29.18 9.01 20.30

32.97 13.46 19.84 3.96 17.70

36.56 16.10 33.68 13.12 21.11
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intensity of less than 40% or opening forest gaps. This can enhance

forest water conservation, ensure sufficient water resources and

ecological security, and realize the near-natural forest management

and sustainable development of plantations.

Conclusions

In this study, we used the Van Genuchten model to determine

the response of SWA and SWHC in P. crassifolia to different forest

management practices. Our results indicated that at low water-

suction stage (0< pF ≤ 1.86), the topsoil (0-40 cm) and subsoil layer

(40-80 cm) exhibited different SWHC characteristics. Among them,

SWHC in topsoil in LT and HT stands was higher than that in NF,

while SWHC in subsoil was lower in the NF stand. At medium and

high-water suction (1.86< pF ≤ 2.52 and pF > 2.52), SWHC in NF

and LT was higher than that in NT and HT stands. The changes in

soil properties (BD, TP), particle-size distribution, and FC are the

main reasons for the differences in SWA and SWHC across

different stand management practices. In addition, the higher

stand density reduced SWHC and SWA levels in NT, and a dry

soil layer easily formed. In view of this, near-natural stand

management, realized with 20% thinning intensity (light

thinning) of plantations, can improve soil water status to a

certain extent. In conclusion, our study provides empirical

evidence for sustainable development of plantations in semi-dry

areas and for alleviating soil water deficiency in QLM.

Data availability statement

The original contributions presented in the study are

included in the article/Supplementary Material. Further

inquiries can be directed to the corresponding author.

Author contributions

YG and XZ conceived and designed the experiments. YG

participated in the field works. YG analyzed the data and wrote the
Frontiers in Plant Science 11
original draft. ZH, XZ, LC, and JD revised themanuscript. All authors

contributed to the article and approved the submitted version.
Funding

This research was supported by the Strategic Priority

Research Program of the Chinese Academy of Sciences (No.

XDA23060301), the National Science Foundation of China (No.

42277481, 42207537), and the National Key Research and

Development Program of China (No. 2019YFC0507403).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.3389/

fpls.2022.1032057/full#supplementary-material
References
Adams, W. A. (1973). The effect of organic-matter on the bulk and true densities
of some uncultivated podzolic soils. J. Soil Sci. 24 (1), 10–17. doi: 10.1111/j.1365-
2389.1973.tb00737.x

Baena, C. W., Andres-Abellan, M., Lucas-Borja, M. E., Martinez-Garcia, E.,
Garcia-Morote, F. A., Rubio, E., et al. (2013). Thinning and recovery effects on soil
properties in two sites of a Mediterranean forest, in cuenca mountain (South-
eastern of Spain). For. Ecol. Manage. 308, 223–230. doi: 10.1016/
j.foreco.2013.06.065

Beillouin, D., Cardinael, R., Berre, D., Boyer, A., Corbeels, M., Fallot, A., et al.
(2022). A global overview of studies about land management, land-use change, and
climate change effects on soil organic carbon. Global Change Biol. 28 (4), 1690–
1702. doi: 10.1111/gcb.15998
Bogena, H. R., Huisman, J. A., Baatz, R., Franssen, H. J. H., and Vereecken, H.
(2013). Accuracy of the cosmic-ray soil water content probe in humid forest
ecosystems: The worst case scenario. Water Resour. Res. 49 (9), 5778–5791.
doi: 10.1002/wrcr.20463

Bradstreet, R. B. (1954). Kjeldahl method for organic nitrogen. Analytical Chem.
26 (1), 185–187. doi: 10.1021/ac60085a028

Chang, X. X., Zhao, W. Z., Liu, B., Liu, H., He, Z. B., and Du, J. (2017). Can forest
water yields be increased with increased precipitation in a qinghai spruce forest in
arid northwestern China? Agric. For. Meteorology 247, 139–150. doi: 10.1016/
j.agrformet.2017.07.019

Chase, C. W., Kimsey, M. J., Shaw, T. M., and Coleman, M. D. (2016). The
response of light, water, and nutrient availability to pre-commercial thinning in dry
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2022.1032057/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1032057/full#supplementary-material
https://doi.org/10.1111/j.1365-2389.1973.tb00737.x
https://doi.org/10.1111/j.1365-2389.1973.tb00737.x
https://doi.org/10.1016/j.foreco.2013.06.065
https://doi.org/10.1016/j.foreco.2013.06.065
https://doi.org/10.1111/gcb.15998
https://doi.org/10.1002/wrcr.20463
https://doi.org/10.1021/ac60085a028
https://doi.org/10.1016/j.agrformet.2017.07.019
https://doi.org/10.1016/j.agrformet.2017.07.019
https://doi.org/10.3389/fpls.2022.1032057
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Gao et al. 10.3389/fpls.2022.1032057
inland Douglas-fir forests. For. Ecol. Manage. 363, 98–109. doi: 10.1016/
j.foreco.2015.12.014

Chen, L. F., He, Z. B., Wu, X. R., Du, J., Zhu, X., Lin, P. F., et al. (2021). Linkages
between soil respiration and microbial communities following afforestation of
alpine grasslands in the northeastern Tibetan plateau. Appl. Soil Ecol. 161, 8.
doi: 10.1016/j.apsoil.2021.103882

Chen, C., Park, T., Wang, X. H., Piao, S. L., Xu, B. D., Chaturvedi, R. K., et al.
(2019). China And India lead in greening of the world through land-use
management. Nat. Sustainability 2 (2), 122–129. doi: 10.1038/s41893-019-0220-7

Cianfrani, C., Buri, A., Vittoz, P., Grand, S., Zingg, B., Verrecchia, E., et al.
(2019). Spatial modelling of soil water holding capacity improves models of plant
distributions in mountain landscapes. Plant Soil 438 (1-2), 57–70. doi: 10.1007/
s11104-019-04016-x

Del Campo, A. D., Gonzalez-Sanchis, M., Molina, A. J., Garcia-Prats, A.,
Ceacero, C. J., and Bautista, I. (2019). Effectiveness of water-oriented thinning in
two semiarid forests: The redistribution of increased net rainfall into soil water,
drainage and runoff. For. Ecol. Manage. 438, 163–175. doi: 10.1016/
j.foreco.2019.02.020

Gao, Y., He, Z. B., Zhu, X., Chen, L. F., Du, J., Lin, P. F., et al. (2021). Potential
distribution and habitat suitability of picea crassifolia with climate change
scenarios. Can. J. For. Res. 51 (12), 1903–1915. doi: 10.1139/cjfr-2020-0507

Garcia-Salgado, G., Rebollo, S., Perez-Camacho, L., Martinez-Hesterkamp, S., de
la Montana, E., Domingo-Munoz, R., et al. (2018). Breeding habitat preferences
and reproductive success of northern goshawk (Accipiter gentilis) in exotic
eucalyptus plantations in southwestern Europe. For. Ecol. Manage. 409, 817–825.
doi: 10.1016/j.foreco.2017.12.020

Guo, L. B., and Gifford, R. M. (2002). Soil carbon stocks and land use change: a
meta analysis. Global Change Biol. 8 (4), 345–360. doi: 10.1046/j.1354-
1013.2002.00486.x

He, Z. B., Chen, L. F., Du, J., Zhu, X., Lin, P. F., Li, J., et al. (2018). Responses of
soil organic carbon, soil respiration, and associated soil properties to long-term
thinning in a semiarid spruce plantation in northwestern China. Land Degrad. Dev.
29 (12), 4387–4396. doi: 10.1002/ldr.3196

He, L. L., Ivanov, V. Y., Bohrer, G., Thomsen, J. E., Vogel, C. S., and
Moghaddam, M. (2013). Temporal dynamics of soil moisture in a northern
temperate mixed successional forest after a prescribed intermediate disturbance.
Agric. For. Meteorology 180, 22–33. doi: 10.1016/j.agrformet.2013.04.014

He, Z. B., Yang, J. J., Du, J., Zhao, W. Z., Liu, H., and Chang, X. X. (2014). Spatial
variability of canopy interception in a spruce forest of the semiarid mountain
regions of China. Agric. For. Meteorology 188, 58–63. doi: 10.1016/
j.agrformet.2013.12.008

He, Z. B., Zhao, W. Z., Liu, H., and Chang, X. X. (2012). The response of soil
moisture to rainfall event size in subalpine grassland and meadows in a semi-arid
mountain range: A case study in northwestern china's qilian mountains. J.
Hydrology 420, 183–190. doi: 10.1016/j.jhydrol.2011.11.056

Hollis, J. M., Lilly, A., Higgins, A., Jones, R. J. A., Keay, C. A., and Bellamy, P.
(2015). Predicting the water retention characteristics of UK mineral soils. Eur. J.
Soil Sci. 66 (1), 239–252. doi: 10.1111/ejss.12186

Hong, S. B., Piao, S. L., Chen, A. P., Liu, Y. W., Liu, L. L., Peng, S. S., et al. (2018).
Afforestation neutralizes soil pH. Nat. Commun. 9, 1–7. doi: 10.1038/s41467-018-
02970-1

Hong, S. B., Yin, G. D., Piao, S. L., Dybzinski, R., Cong, N., Li, X. Y., et al. (2020).
Divergent responses of soil organic carbon to afforestation. Nat. Sustainability 3
(9), 694–700. doi: 10.1038/s41893-020-0557-y

Hu, Z., He, Z., Huang, Z., Fan, S., Yu, Z., Wang, M., et al. (2014). Effects of
harvest residue management on soil carbon and nitrogen processes in a Chinese fir
plantation. For. Ecol. Manage. 326, 163–170. doi: 10.1016/j.foreco.2014.04.023

Huntington, G. T. (2007). “Available water capacity and soil organic matter,” in
Landscape and land capacity. Ed. Y. Q. Wang (New York: Taylor and Francis),
139–143.

Kaarakka, L., Tamminen, P., Saarsalmi, A., Kukkola, M., Helmisaari, H. S., and
Burton, A. J. (2014). Effects of repeated whole-tree harvesting on soil properties and
tree growth in a Norway spruce (Picea abies (L.) karst.) stand. For. Ecol. Manage.
313, 180–187. doi: 10.1016/j.foreco.2013.11.009

Knighton, J., Souter-Kline, V., Volkman, T., Troch, P. A., Kim, M., Harman, C.,
et al. (2019). Seasonal and topographic variations in ecohydrological separation
within a small, temperate, snow-influenced catchmet. Water Resour. Res. 55 (8),
6417–6435. doi: 10.1029/2019wr025174

Korres, W., Reichenau, T. G., Fiener, P., Koyama, C. N., Bogena, H. R., Comelissen,
T., et al. (2015). Spatio-temporal soil moisture patterns - a meta-analysis using plot to
catchment scale data. J. Hydrology 520, 326–341. doi: 10.1016/j.jhydrol.2014.11.042
Frontiers in Plant Science 12
Kurniawan, S., Corre, M. D., Matson, A. L., Schulte-Bisping, H., Utami, R., van
Straaten, O., et al. (2018). Conversion of tropical forests to smallholder rubber and
oil palm plantations impacts nutrient leaching losses and nutrient retention
efficiency in highly weathered soils. Biogeosciences 15 (16), 5131–5154.
doi: 10.5194/bg-15-5131-2018

Ma, F., Jia, X., Zhao, W., Zhou, W., Zhou, L., Yu, D., et al. (2017). Effects of thinning
intensity on soil physicochemical properties of larix kaempferi plantation in eastern
liaoning province. Chin. J. Ecol. 36 (4), 971–977. doi: 10.13292/j.1000-4890.201704.008

Minasny, B., and McBratney, A. B. (2018). Limited effect of organic matter on
soil available water capacity. Eur. J. Soil Sci. 69 (1), 39–47. doi: 10.1111/ejss.12475

Mohammadi, M. H., and Meskini-Vishkaee, F. (2013). Predicting soil moisture
characteristic curves from continuous particle-size distribution data. Pedosphere 23
(1), 70–80. doi: 10.1016/s1002-0160(12)60081-2

Nave, L. E., Vance, E. D., Swanston, C. W., and Curtis, P. S. (2010). Harvest
impacts on soil carbon storage in temperate forests. For. Ecol. Manage. 259 (5),
857–866. doi: 10.1016/j.foreco.2009.12.009

Ozcan, M., Gokbulak, F., and Hizal, A. (2013). Exclosure effects on recovery of
selected soil properties in a mixed broadleaf forest recreation site. Land Degrad.
Dev. 24 (3), 266–276. doi: 10.1002/ldr.1123

Rawls, W. J., Nemes, A., and Pachepsky, Y. (2004). Effect of soil organic carbon
on soil hydraulic properties. Dev. Pedotransfer Functions Soil Hydrology 30, 95–
114. doi: 10.1016/s0166-2481(04)30006-1

Ritchie, J. T. (1981). Soil-water availability. Plant Soil 58 (1-3), 327–338.
doi: 10.1007/bf02180061

Robinson, J. B. D. (19941993). “Tropical soil biology and fertility,” in A
handbook of methods, 2nd ed. Eds. J. M. Anderson and J. S. I. Ingram
(Wallingford, Oxfordshire: Cambridge University Press), 221

Sanchez, P. A. (2019). Properties and management of soils in the tropics
(Cambridge: Cambridge University Press).

Schofield, R. K., and Botelho, J. V. (1938). The measurement of pF in soil by
freezing-potnt. J. Agric. Sci. 28, 644–653. doi: 10.1017/s0021859600051042

Schrumpf, M., Axmacher, J. C., Zech, W., and Lyaruu, H. V. M. (2011). Net
precipitation and soil water dynamics in clearings, old secondary and old-growth
forests in the montane rain forest belt of mount Kilimanjaro, Tanzania. Hydrol.
Process. 25 (3), 418–428. doi: 10.1002/hyp.7798

Shan, Y., Guan, Y., Hang, Y., Zheng, H., Li, Y., Guan, D., et al. (2022). City-level
emission peak and drivers in China. Sci. Bull 67, 1910–1920. doi: 10.1016/
j.scib.2022.08.024

Shan, X., Wei, Y., Yan, H., Liu, J., and Zhang, R. (1998). Influence of organic
matter content on soil hydrodynamic parameters. Acta Pedologica Sin. 35 (1), 1–9.
doi: 10.11766/trxb199610170101

Sohn, J. A., Saha, S., and Bauhus, J. (2016). Potential of forest thinning to
mitigate drought stress: A meta-analysis. For. Ecol. Manage. 380, 261–273.
doi: 10.1016/j.foreco.2016.07.046

Tamea, S., Laio, F., Ridolfi, L., D'Odorico, P., and Rodriguez-Iturbe, I. (2009).
Ecohydrology of groundwater-dependent ecosystems: 2. stochastic soil moisture
dynamics. Water Resour. Res. 45, 13. doi: 10.1029/2008wr007293

Van Genuchten, M. T. (1980). A closed-form equation for predicting the
hydraulic conductivity of unsaturated soils. Soil Sci. Soc Am. J. 44 (5), 892–898.
doi: 10.2136/sssaj1980.03615995004400050002x

Van Genuchten, M. T., and Nielsen, D. R. (1985). On describing and predicting
the hydraulic properties of unsaturated soil. Ann. Geophys. 3 (5), 615–627.
Available at: https://www.ars.usda.gov/ARSUserFiles/20360500/pdf_pubs/P0871.
pdf

Veldkamp, E., Schmidt, M., Powers, J. S., and Corre, M. D. (2020). Deforestation
and reforestation impacts on soils in the tropics. Nat. Rev. Earth Environ. 1 (11),
590–605. doi: 10.1038/s43017-020-0091-5

Wang, X., Lesimuchu,, and Zhang, M. (2019). Ecosystem pattern change and its
influencing factors oftwo barriers and three belts. Chin. J. Ecol. 38 (7), 2138–2148.
doi: 10.13292/j.1000-480.201907.024

Wen, T. D., Wang, P. P., Shao, L. T., and Guo, X. X. (2021). Experimental
investigations of soil shrinkage characteristics and their effects on the soil water
characteristic curve. Eng. Geol. 284, 8. doi: 10.1016/j.enggeo.2021.106035

Yao, J., Liu, T., Wang, T., and Tong, X. (2014). Development and evaluation of
pedo-transfer functions of soil water characteristic curves in horqin sandy land.
Trans. Chin. Soc. Agric. Eng. 30 (20), 98–108. doi: 10.3969/j.issn.1002-
6819.2014.20.013

Yu, D. D., Hu, F. L., Zhang, K., Liu, L., and Li, D. F. (2021). Available water
capacity and organic carbon storage profiles in soils developed from dark brown
frontiersin.org

https://doi.org/10.1016/j.foreco.2015.12.014
https://doi.org/10.1016/j.foreco.2015.12.014
https://doi.org/10.1016/j.apsoil.2021.103882
https://doi.org/10.1038/s41893-019-0220-7
https://doi.org/10.1007/s11104-019-04016-x
https://doi.org/10.1007/s11104-019-04016-x
https://doi.org/10.1016/j.foreco.2019.02.020
https://doi.org/10.1016/j.foreco.2019.02.020
https://doi.org/10.1139/cjfr-2020-0507
https://doi.org/10.1016/j.foreco.2017.12.020
https://doi.org/10.1046/j.1354-1013.2002.00486.x
https://doi.org/10.1046/j.1354-1013.2002.00486.x
https://doi.org/10.1002/ldr.3196
https://doi.org/10.1016/j.agrformet.2013.04.014
https://doi.org/10.1016/j.agrformet.2013.12.008
https://doi.org/10.1016/j.agrformet.2013.12.008
https://doi.org/10.1016/j.jhydrol.2011.11.056
https://doi.org/10.1111/ejss.12186
https://doi.org/10.1038/s41467-018-02970-1
https://doi.org/10.1038/s41467-018-02970-1
https://doi.org/10.1038/s41893-020-0557-y
https://doi.org/10.1016/j.foreco.2014.04.023
https://doi.org/10.1016/j.foreco.2013.11.009
https://doi.org/10.1029/2019wr025174
https://doi.org/10.1016/j.jhydrol.2014.11.042
https://doi.org/10.5194/bg-15-5131-2018
https://doi.org/10.13292/j.1000-4890.201704.008
https://doi.org/10.1111/ejss.12475
https://doi.org/10.1016/s1002-0160(12)60081-2
https://doi.org/10.1016/j.foreco.2009.12.009
https://doi.org/10.1002/ldr.1123
https://doi.org/10.1016/s0166-2481(04)30006-1
https://doi.org/10.1007/bf02180061
https://doi.org/10.1017/s0021859600051042
https://doi.org/10.1002/hyp.7798
https://doi.org/10.1016/j.scib.2022.08.024
https://doi.org/10.1016/j.scib.2022.08.024
https://doi.org/10.11766/trxb199610170101
https://doi.org/10.1016/j.foreco.2016.07.046
https://doi.org/10.1029/2008wr007293
https://doi.org/10.2136/sssaj1980.03615995004400050002x
https://www.ars.usda.gov/ARSUserFiles/20360500/pdf_pubs/P0871.pdf
https://www.ars.usda.gov/ARSUserFiles/20360500/pdf_pubs/P0871.pdf
https://doi.org/10.1038/s43017-020-0091-5
https://doi.org/10.13292/j.1000-480.201907.024
https://doi.org/10.1016/j.enggeo.2021.106035
https://doi.org/10.3969/j.issn.1002-6819.2014.20.013
https://doi.org/10.3969/j.issn.1002-6819.2014.20.013
https://doi.org/10.3389/fpls.2022.1032057
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Gao et al. 10.3389/fpls.2022.1032057
soil to boggy soil in changbai mountains, China. Soil Water Res. 16 (1), 11–21.
doi: 10.17221/150/2019-swr

Zagyvai-Kiss, K. A., Kalicz, P., Szilagyi, J., and Gribovszki, Z. (2019). On the specific
water holding capacity of litter for three forest ecosystems in the eastern foothills of
the Alps. Agric. For. Meteorology 278, 8. doi: 10.1016/j.agrformet.2019.107656

Zhang, B. B., Xu, Q., Gao, D. Q., Wang, T., Sui, M. Z., Huang, J., et al. (2021). Soil
capacity of intercepting different rainfalls across subtropical plantation: Distinct
effects of plant and soil properties. Sci. Total Environ. 784, 9. doi: 10.1016/
j.scitotenv.2021.147120

Zhang, X. Q., Zhang, Q. H., and Bi, S. F. (1994). Study on the dynamics of soil
moisture in young plantations on the mid-slopes of northern taihang mountains.
Scientia Silvae Sinicae 30 (3), 193–200. Available at: http://www.linyekexue.net/
CN/abstract/abstract1640.shtml

Zhang, X., Zhao, W. W., Wang, L. X., Liu, Y. X., Liu, Y., and Feng, Q. (2019).
Relationship between soil water content and soil particle size on typical slopes of
the loess plateau during a drought year. Sci. Total Environ. 648, 943–954.
doi: 10.1016/j.scitotenv.2018.08.211
Frontiers in Plant Science 13
Zhao, S. W., and Wu, J. S. (2002). Soil moisture characteristics of different
vegetations in northern of ziwuling. J. Soil Water Conserv. 16 (4), 119–122.
doi: 10.13870/j.cnki.stbcxb.2002.04.031

Zhao, N., Zhou, L., Zhuang, J., Wang, Y. L., Zhou, W., Chen, J. J., et al.
(2021). Intergration analysis of the carbon sources and sinks in terrestrial
ecosystems, China. Acta Pedologica Sin. 41 (19), 7648–7658. doi: 10.5846/
stxb202004271012

Zhou, Z., and Li, C. (1995). A study on water storage capacity and water
availability in soil od different types of sites in jiulongshan, Beijing. For. Res. 8 (2),
182–187. doi: 10.13275/j.cnki.lykxyj.1995.02.013

Zhu, X., He, Z. B., Du, J., Chen, L. F., Lin, P. F., and Li, J. (2017). Temporal
variability in soil moisture after thinning in semi-arid picea crassifolia plantations
in northwestern China. For. Ecol. Manage. 401, 273–285. doi: 10.1016/
j.foreco.2017.07.022

Zhu, X., He, Z., Du, J., Yang, J., and Chen, L. (2015). Effects of thinning on the
soil moisture of the picea crassifolia plantation in qilian mountains. For. Res. 28 (1),
55–60. doi: 10.13275/j.cnki.lykxyj.2015.01.009
frontiersin.org

https://doi.org/10.17221/150/2019-swr
https://doi.org/10.1016/j.agrformet.2019.107656
https://doi.org/10.1016/j.scitotenv.2021.147120
https://doi.org/10.1016/j.scitotenv.2021.147120
http://www.linyekexue.net/CN/abstract/abstract1640.shtml
http://www.linyekexue.net/CN/abstract/abstract1640.shtml
https://doi.org/10.1016/j.scitotenv.2018.08.211
https://doi.org/10.13870/j.cnki.stbcxb.2002.04.031
https://doi.org/10.5846/stxb202004271012
https://doi.org/10.5846/stxb202004271012
https://doi.org/10.13275/j.cnki.lykxyj.1995.02.013
https://doi.org/10.1016/j.foreco.2017.07.022
https://doi.org/10.1016/j.foreco.2017.07.022
https://doi.org/10.13275/j.cnki.lykxyj.2015.01.009
https://doi.org/10.3389/fpls.2022.1032057
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Light thinning can improve soil water availability and water holding capacity of plantations in alpine mountains
	Introduction
	Materials and methods
	Site description
	Experimental design, soil sampling, and determination of soil properties
	Soil water characteristic curve
	Demarcation of soil water availability
	Statistical analysis

	Results
	Effects of different stand thinning intensities on soil water characteristic curve
	Soil water availability
	Soil physicochemical properties related to SWA
	Relationships between SWA and soil properties

	Discussion
	Effects of different forest management practices on SWHC
	Factors regulating SWA in P. crassifolia forests
	The response of SOC and TN to SWA
	Implications for P. crassifolia forest management

	Conclusions
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


