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ARTICLE INFO ABSTRACT

Handling Editor - Dr. B.E. Clothier Forest planting is a common practice in semi-arid sandy land restoration, but problems may appear associated

with forest age like higher soil water consumption that threatens restoration program’s success. This study

Keywords: ) quantified the distribution and variation of soil water storage in a Pinus sylvestris (P. sylvestris) plantation under
Afforestation various stand ages (20, 30, 40, 50 and 60 years) along 0-1000 cm soil profile in the Mu Us sandy lands (North
Ecohydrology

China). Results indicated that the 20-yr forests mainly consumed the soil water of the 0-200 cm depth soil
profile, the 30-yr and 40-yr forests mainly consumed the soil water of the depth of 0-400 cm, whereas the oldest
(50-60-yr) pines mainly consumed the soil water located at the deepest soil profile (500-700 cm). Variation of
soil water storage (/\SWS) was decreased with stand ages, reaching the minimum value in the 30-40-yr stands,
and then gradually increased in the 50-60-yr stands. The /AASWS was relatively uniform on the 50-yr and 60-yr
stands. this pattern was associated with soil desiccation and soil-water depletion. The lower /AASWS indicated
lower soil water storage which was associated with soil desiccation and soil-water depletion. These findings
proved that planted forest gradually aggravated soil water consumption along the increasing forest age, caused a
serious soil water deficit in the 200-700 cm depth soil layer, which may be exceeding the water environmental
carrying capacity. Therefore, we suggest that forest should be thinned on the periods with the highest /AASWS,
which would maintain long-term forest sustainability by minimizing soil desiccation for planted forest man-
agement in semi-arid sandy lands.

Vegetation restoration
Soil water storage
Soil water deficit
Sandy ecosystem

1. Introduction

Drylands account for 41% of the global land surface, and land
degradation affects 10%-20% of these landscapes (UNCCD, United
Nations Convention to Combat Desertification, 1994; Reynolds et al.,
2007; Wang et al., 2015). Land degradation has become one of the
serious environmental problems in the world (Ravi et al., 2010; Culas,
2012; Tomasella et al., 2018) because it threatens topsoil fertility
—associated with crop yield—, human well-being and ecosystem services.
Desertification is a phenomenon of land degradation, which occurs in
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arid, semi-arid and dry- or sub-humid areas (Reynolds et al., 2007;
Zheng et al., 2012) as an outcome of complex interactions between
climatic variations and human activities. Desertification were acceler-
ated and exacerbated by anthropogenic activities (D’Odorico et al.,
2013; Seddon et al., 2016; Sterk et al., 2016). In semi-arid areas, the
sandy land ecosystem was generally fragile and it gradually tends to
desertification owing to social and economic development and the
continuous increase of population and livestock (D’Odorico et al., 2013;
Mganga et al., 2018). In this ecosystem, landscape degradation was
occurring at an alarming rate (MEA, 2005), agricultural productivity
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was declining (Ohte et al., 2003), and human pressure on land degra-
dation was increasing. The social and environmental problems caused
by desertification have become one of the key elements hindering sus-
tainable development in these landscapes since the 1990 s (Fleskens and
Stringer, 2014; Jiang et al., 2019).

In order to prevent desertification and improve soil properties in
semi-arid sandy land areas, the shelterbelt systems have been advocated
and established in desertification-prone areas (Souza et al., 2013; Zheng
et al.,, 2012). After decades of implementation, some benefits were
observed, namely: i) the vegetation coverage has increased in the sandy
land, ii) the harm of wind-sand has been reduced, and iii) the production
and life conditions of people have been improved (Teng et al., 2019;
Geeson et al., 2016; D’Odorico et al., 2013). For example, in China, the
Pinus sylvestris (P. sylvestris) forests were introduced to prevent wind
erosion and hold sand due to its cold tolerance and adaptability to the
harsh environmental conditions of the semi-arid regions (Zhu et al.,
2008). At this time, P. sylvestris is one of the main sand fixation species
planted to combat wind erosion (Song et al., 2018; Wang et al., 2015).
However, the planted forest has brought a series of negative effects with
the increase in planting years. After several decades of planting, some
studies have found that some of the P. sylvestris forests began to die and
the groundwater level dropped in particular after 30-35 years of plan-
tation (Song et al., 2016b; Zheng et al., 2012). The decline of SWC was
the most important reason to explain the death of P. sylvestris forests (Liu
et al., 2017). Therefore, there is an urgent need for the evaluation of
SWC dynamics and its interaction with natural and planted vegetation.

Soil water is the main water source that plants can utilize, which is
generally supplemented by rainfall and groundwater (Duan et al., 2008).
Water limitation is a serious restrictive indicator for plant growth in
semi-arid sandy land ecosystems (D’Odorico et al., 2013; Lamoureux
et al., 2018; Song et al., 2016a; Wei et al., 2019). The severe soil water
deficit could cause the degradation of plants and desertification in the
frail sandy land (Zucca et al., 2011). Thus, water scarcity is a huge
challenge for plants growth in semi-arid sandy land areas (Lamoureux
et al., 2018). For this reason, plants with different survival strategies to
cope with water scarcity. For instance, many plant species presented
different root systems that allow them to switch between shallow and
deep water for normal growth in arid and semi-arid regions (Nie et al.,
2012; Prieto et al., 2012). In addition, deep water reserves are essential
for vegetation to withstand dry periods in water-limited drylands (Bar-
beta et al., 2014). Generally, older forests are more dependent on deep
soil water than younger forests (Drake et al., 2011; Kerhoulas et al.,
2013), while young forests were more susceptible to drought than older
forests (Giordano et al., 2011). Song et al. (2016b) studied the water use
patterns of planted forest under different ages in a semi-arid sandy land
of Northeast China, and reported that the 10- and 22-year-old forests
used water from the 20-100 cm soil layers, but the 32- and 42-year-old
forests could absorb water from groundwater, and the contribution of
groundwater to forest transpiration increased with the decrease of soil
water. Thus, the planting of deep-rooted forests in sandy land led to an
increase of soil water evaporation and groundwater consumption that
aggravated soil water scarcity (Li et al., 2016; Smits et al., 2012).

Moreover, the management practice showed significant effects on
the water consumption intensity of plants, and played an essential role
in maintaining the survival rates and the continuous growth of planted
forests (Zucca et al., 2011). Several decades ago, due to ignoring the
effects of planting patterns together with the influence of climate change
to future vegetation survival, the issues gradually emerged, such as
vegetation degradation, soil water deficit and groundwater recession,
which was the legacy problem of vegetation restoration. Nowadays, the
best way to solve or remit the excessive consumption of soil water and
maintain the vegetation sustainability may be thinning forests during
the suitable growth period.

Therefore, it is necessary to understand the soil water changes for
developing practical measures which could help protect and restore
degraded sandy ecosystems in arid and semi-arid land environments
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(Matzner et al., 2003). However, the spatio-temporal relationships be-
tween soil water and the stand ages remain poorly understood in some
ecosystems. In this study, soil water variation of P. sylvestris forest at
different stand ages along 0-1000 cm soil layer were analyzed. The aims
of this study were: (1) to quantify the variation of sandy soil water
storage in the soil depth of 0-1000 cm along the stand ages; and (2) to
determine the mainly soil water consumption layers of planted
P. sylvestris forest with different stand ages in sandy land. These results
will be contributed to better understand the existing relationships be-
tween the soil water content and the stand ages of forest plantations in
semi-arid sandy land, and provide basis for the proper management of
artificial forest in semi-arid sandy land areas for landowners and policy
makers.

2. Materials and methods
2.1. Study site

The experiment was conducted in the Hongshixia forest park (38°19’
N, 109°42' E), located 5 kilometers north of Yulin city, in Shaanxi
Province, northwest China. The study region is the junction of Shaanxi,
Shanxi and Inner Mongolia, which is also located at the southern rim of
the Mu Us desert. The study area is a wind-sand grass shoal located at an
elevation of ca. 1100 m a.s.l. The climate is monsoon-influenced semi-
arid continental with a warm temperate zone. This part of inland China
has obvious continental climate and the underlying surface contributes
to the sandy climate characteristics. This region is characterized by a dry
spring with sufficient sunshine, a hot summer with concentrated pre-
cipitation, a rainy autumn with marked temperature differences and a
cold winter with windy sand storms. The mean annual temperature is
7.9 °C with minimum and maximum air temperatures of —32.7 °C and
37.2 °C, respectively. The average temperature is ca. —10 °C and 24 °C in
the coldest (January) and hottest (July) months, respectively. The
annual frost-free period lasts 130-150 d and the mean annual sunshine
duration is 2900 h. The mean annual precipitation is 415 mm, and most
rainfall occurs as rainstorms, primarily occurs from July to September,
accounting for 60%-70% of the total annual rainfall. Annual evapora-
tion is 4-10 times of annual precipitation. The soil in the study area is
the common aeolian sandy soil of the semi-arid areas of northwest
China, which is characterized by loose structure and poor quality. The
mean sediment concentration is 92.6%, and pH is between 8.01 and
8.71.

The dominant natural vegetation species include Artemisia ordosica
and Salix Psammophila. Nowadays, the Pinus sylvestris (P. sylvestris) for-
ests are distributed in the Greater Xing’an Mountains of China. This
species of pine is so adaptable that it can grow in eolian sand, slope sand,
windward slope sand and loess stone field. The P. sylvestris has become
the main introduced species in the semi-arid deserted areas of China at
present (Wang et al., 2015; Song et al., 2018). Near the study area, the
P. sylvestris was introduced from the forestry bureau of Honghua Erji
(119°43'-119°51' E , 48°06’—48°07’ N) in Hulun Buir, Inner Mongolia
and planted in 1964. Then, it began to be planted in large areas after the
1980 s, interspersed with shrubs such as Amorpha fruticosa and Hippo-
phae rhamnoides.

2.2. Experimental design, soil sampling and soil water storage estimate

This experiment used the method of spatial sequence instead of
temporal sequence to study the effects of stand ages of forestland to soil
water conditions. Five different ages: 20-, 30-, 40-, 50- and 60-year-old
P. sylvestris were selected. A bare control land was also chosen at the
Hongshixia forest park. P. sylvestris with different forest ages has a
certain distance (approximately 100 m), and the sampling points were
selected in the inner of each plot to avoid the edge effects. The slope of
the study area is approximately 2-3° at an altitude of about 1100 m. In
the five artificial forests, almost an equal number of seedlings of
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P. sylvestris were planted. Plant death occurred because of the survival
rate and natural selection, and after they died the trees were not left in
the artificial forest.

In each of the five age groups, five plots (50 x 20 m) were estab-
lished, and three quadrats (10 x 10 m) were chosen in each plot. The
density (trees per hectare) and diameter at breast height (DHB; cm) were
measured in all quadrats (Fig. 1). DHB were measured at a height of 1.3
m of trees. In the experimental design, nine sampling points were
established in the bare land and in each forest of the five age groups. The
measurement of soil water content along 0-1000 cm soil profile was
finished within two weeks in July, 2018. Five days before and during
measurement, there was no effective precipitation (> 5 mm). The
variation of soil water content between forest and bare land generally
represents the water consumption of forest at different stages. Due to
some constraints associated with the natural environment of the study
area and human and material resources, it was difficult to collect soil
samples of the 0-1000 cm depth layer in some extent during the sam-
pling process. In total, three complete sampling points were chosen in
each treatment and the bare land, respectively. In each plot, the distance
from tress to sampling point was the same to avoid the spatial hetero-
geneity caused by root distribution. Soil samples to a depth of 1000 cm
were obtained by a soil auger (40 mm of diameter) at 10 cm intervals for
one point. The soil samples were weighed in aluminum boxes, and then,
oven-dried to constant weight in a given context (105 °C, 24 h). The soil
bulk density (B; g cm™) was measured at 10 cm intervals, by using a
cutting ring with 100 cm® cubage, at each age group. There were three
replicate samples to estimate the average values for each soil layer.

The soil water storage (SWS; mm) and the variation of SWS (AS; mm)
were calculated by the following formula:

SWS; = D; x B x SWC x10~" @)
AS = Sjs - Sip (2)

where the subscript i is the 0-i cm soil profile, D; (cm) is soil depth of i,
SWC (% weight) is the mass soil water content, S;; (mm) is the SWS of i
cm under the different stand ages, and Sj, is the SWS of i cm in the bare
control land.

2.3. Statistical analyses

The statistical analyses were performed using the IBM SPSS 22.0
software (IBM, Montauk, New York, USA). One-way ANOVA (analysis of
variance) followed by the Tukey’s HSD test was used to analyze the
differences of SWS and soil water relative deficiency among the different
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stand ages. Significant differences were evaluated at the 0.05 probability
level. All data are presented as means + standard errors of the means.
All figures were created by using the program Origin 9.0 (Origin Lab,
Northampton, Massachusetts, USA). Fig. 3 was the contour map of soil
water content in 0-1000 cm soil depth along different stand ages of
P. sylvestris.

3. Results
3.1. Changes in the planted forest density

The forest density of afforestation increased firstly and then
decreased with increasing stand ages (Fig. 2), and it maintained a similar
average rate (ca. 1400 trees per hectare) in the 20-yr, 30-yr and 50-yr
stand ages. The density was highest in the 40-yr stand with 1883 trees
per hectare and the lowest density was observed in the 60-yr stand (683
trees per hectare).

3.2. Soil water storage changes in the different planted forest stand ages

Regarding the soil layers, the SWS firstly decreased and then
increased with increasing soil depths (Fig. 3). The lowest SWS in the 40-
yr stand age (ca. 42.66 mm) was found in the 0-200 cm soil profiles. The
ASWS in the 200-400 cm soil profiles of 30-yr stand age was
36.33 mm. The lowest values of SWS of the 50-yr stand age appeared in
the soil layers of 400-600cm (37.78 mm) and 600-800 cm
(142.89 mm). In the 800-1000 cm soil profiles, the SWS of the bare land
(568.96 mm), and of the 20-yr (550.38 mm) and 30-yr (663.94 mm)
stand ages were higher than the SWS observed in the other stand ages
and soil depths: 517.98, 290.45 and 220.04 mm in the 40-yr, 50-yr and
60-yr stand ages, respectively. Then, the SWS rapidly decreased after 30
years of forest plantation (Fig. 4).

With respect to the plantation age, the SWS firstly decreased and
then increased with the increasing stand ages, meanwhile, the SWS in
the deeper layers (400-1000 cm) was significantly higher than that in
the shallow soil layers (0-400 cm) (Fig. 3). The SWS suddenly increased
in the 800-1000 cm soil layer of the bare land plots (from 166.07 to
568.96 mm) and in a similar way in the 20-yr stand age (from 267.72 to
550.38 mm). In the 400-600 cm soil layer, the SWS increased in the 30-
yr (from 149.63 to 663.94 mm), 40-yr (from 101.59 to 517.98 mm), and
50-yr stand ages (from 37.78 to 290.45 mm) (Fig. 4). However, none
obvious turning point was observed in the SWS in the 60-yr stand age.
The observed SWS at the 200-400 cm depth was similar to the SWS at
the 400-600cm (171.10 mm), 600-800 cm (185.42 mm), and
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Fig. 1. Location of the artificial forest in the Mu Us Desert (North China) and pictures of the sampling points and stands. DBH is the diameter at breast height.
Different lowercase indicated the difference of DBH in different forest ages were significant at 0.05 level.
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Fig. 2. The density (trees per hectare) of P. sylvestris forests under different stand ages in this study. The error bars indicate standard errors. Different lowercase
indicated the difference of stand density in different forest ages were significant at 0.05 level.
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800-1000 cm (220.04 mm) depths (Fig. 5F).

3.3. Variations of soil water storage in the soil profile under different
planted forest stand ages

Across each soil layer, the SWS was more variable in the bare land
(Fig. 6). Compared to bare land, SWS in each soil layer and different

700

stand ages were decreased, as well as the variations of SWS were lower
than zero. In the 20-yr stand age, the variation was — 26.05 mm in the
0-200 cm soil layers. The variations were also negative in the 0-200 and
200-400 cm soil layers in the 30-yr (—97.79 and —153.30 mm,
respectively) and 40-yr (—70.86 and —13.59 mm, respectively) stand
ages. During the whole period of 50 years, all the variations were
negative from the 0-1000 cm soil layers. After 60 years of forest
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Fig. 5. Soil water storage (SWS) under different soil depth and stand ages (A for bare land, B for 20 years, C for 30 years, D for 40 years, E for 50 years, F for 60
years). The red circles mean the turning point. All data are presented as means + standard errors.
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plantation, there was a special point and the variations were negative in
the 0-200cm (—108.82 mm), 600-800cm (—64.87 mm) and
800-1000 cm (—467.07 mm) soil layers. Taking into account the whole
0-200 cm soil profile, /AASWS was the highest in the 40-yr stand age
(—153.30 mm), it was significantly higher than that of 20-yr
(—26.05 mm), 30-yr (—98.79 mm), 50-yr (—128.07 mm) and 60-yr
(108.82 mm) stand ages (Fig. 6).

4. Discussion

It is essential to maintain a sustainable soil water for vegetation,
especially in arid regions where water scarcity is the greatest restrictive
factor for vegetation growth and sustainable development (Matzner
et al., 2003; Song et al., 2016a; Wei et al., 2019). Previous reports
showed that P. sylvestris was adapted to the environment of the semi-arid
sandy land areas, and this species was suitable for establishment to

reduce wind speed and thus to solidify sand (Song et al., 2018; Zheng
et al., 2012). However, the improper varieties of artificial forest, the
high plantation density or water shortage all lead to more serious
desertification again (Kerhoulas et al., 2013; Cao, 2008). This study
highlights the existence of a soil water "bottleneck" during the process of
forest growth with the forest’s stand ages.

4.1. Soil water variation with the increasing stand ages

Soil moisture plays a very important role in the driving growth
patterns in semi-arid environments (Wang et al., 2017). Specifically, the
emphasis of the data analysis in this study focused on the relationships
between the stand ages and the soil water use of the planted forest in a
semi-arid sandy land. In this study, the main period of soil water
decreasing was in 30-40 years, after that soil water storage gradually
increasing (Fig. 3). The above phenomenon was attributed to plantation
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dieback, which often occurred approximately 30-35 years after planting
(Song et al., 2016b). Song et al. (2018) suggested that the most impor-
tant reason for forest degradation and dieback was an unbalanced
pattern of water due to the lack of direct use of precipitation. Liu et al.
(2017) also emphasized that the demand for water and other resources
in forest is higher after approximately 30-40 years of plantation, due to
the individual gradually growth accompanied by an increased photo-
synthetic rate of the young pines. In the study area, an important reason
of part of forest dying maybe due to water scarcity after 40 years,
resulted in a lower forest density (Fig. 2). Studies have indicated that
P. Sylvestris entered the mature period when the stand ages were over 35
years (Song et al., 2016b). Hence, after 40 years, not only the forest
density were diminished, but the growth rate also decreased. And then
the SWS continued to be slowly consumed over time in the 50-yr and
60-yr stand ages. Moreover, Vertessy et al. (2001) advanced that the leaf
area index decreased with the increasing stand ages that reduced tran-
spiration and canopy interception as the forest ages. These effects
increased rainfall infiltration and decreased the consumption of soil
water.

4.2. Soil water distribution and consumption characteristics in the soil
profile along stand ages

Soil water utilization depth of forest was increased with the
increasing stand ages. Specifically, the forest in 20-yr stand age obtained
soil water mainly from shallow soil layer (0-200 cm), and it was deeper
in the 30-yr and the 40-yr forests which reached 400 c¢m soil layer. With
the increasing stand ages, the utilize depth of soil water up to 1000 cm
soil layer in 50-yr and 60-yr stand ages. On the one hand, the soil water
utilization depth was highly correlated with the root distribution (Song
et al., 2016b). Previous study has reported that the roots of the
P. sylvestris were primarily distributed in the 0-100 cm soil layers, the
taproots were located between 0 and 400 cm, and the lateral roots
covered 200-300 cm of radius from the trunk and had a mass of root
hairs (Zheng et al., 2012). The range of root distribution were gradually
broader with the increasing stand ages and aggravated deep soil water
consumption (Drake et al., 2011; Kerhoulas et al., 2013). Song et al.
(20164a) have reported that the planted forests with different stand ages
use various water sources due to the differences in their vertical root
distribution, which lead to the difference of soil water distribution. On
the other hand, evapotranspiration was different during different
growing periods that influenced the soil water consumption intensity of
forests. Water suction by roots was the important way to provide water
for the growth and transpiration of plants (Verma et al., 2014). In the dry
lands, evapotranspiration was generally several times higher than that
of rainfall. Soil water consumption of vegetation transpiration induced
the increasing degree and depth of soil water deficit. Once the soil water
supply in the shallow layers (0-200 cm) was insufficient, planted pines
needed more water to maintain a rapid growth rate after maturity. The
young forests consumed predominantly shallow soil water at the start of
their growth, while mature forests used both the shallow and deep soil
water because of their deeper taproots (Kerhoulas et al., 2013; Liu et al.,
2015a, 2015b).

Deeper water sources play an important role in the response to
droughts (Anderegg et al., 2013; Barbeta et al., 2014), and it is effec-
tively supplemented by groundwater (Musa et al., 2019). The SWS of the
deep soil layer (800-1000 cm) was higher compared to 0-800 cm soil
layer, and gradually decreased with the increasing stand ages. This
result demonstrated that the soil water consumption intensity and depth
were increased with increasing stand ages. This may be due to the
prolonged root system aggravated deeper soil water usage, causing the
reduction of deep soil water. Liu et al. (2018) observed that the finer
roots of P. sylvestris sought for deep layer water in order to deal with
drought stress. On the other hand, although the groundwater can pro-
vide replenishment of soil water, the deep soil water still declined with
the stand age. This may lead to the decline of groundwater level (Zheng
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et al., 2012). This was explained by the planting of vegetation decreased
the replenish of rainfall to soil water and increased the utilization of soil
water that reduced the recharge to groundwater. Another aspect to
consider was the instability of the groundwater recharge process that
could also cause the deep soil water changes. Therefore, we assumed
that the soil water content in the deeper layers in this study was affected
by both the forest ages and fluctuations of groundwater table over time.

Moreover, the stand ages of 20-30-yr showed the higher SWS
compared to bare land below the 200 c¢m soil depth. In the bare sandy
land, the main soil water consumption was evaporation. Except for
evaporation, there is transpiration in the forests. Generally, the water
consumption intensity of evaporation is higher than that of transpiration
(Liuetal., 2015a, 2015b). The existence of plants restricted evaporation,
especially after rainfall. While the sandy soil with higher infiltration rate
and lower water holding capacity, which resulted in the higher soil
water content of forest in deeper soil layer than that of the bare land.
Furthermore, the planted forests gradually utilized the water resources
of the deep soil layers by extending the root system, but it also favored a
release of the absorbed water into the shallow soil (Dawson, 1996).
Meanwhile, the distribution of soil water showed uneven, discontinuous
and irregular during the 60-year period. Our results proved that soil
water was insufficient to replace serious soil water loss through the
long-term transpiration of plants, and thus, the utilization of soil water
under the artificial forest was unbalanced. Forese thinning was proposed
as a management tool to reduce net stand water use and improve
water-availability for remaining forests and reduced their dependence
on deeper water, which may decrease their subsequent drought
vulnerability (McDowell and Allen, 2015; Giuggiola et al., 2013; Zausen
et al., 2005). Based on our findings and the available literatures, we
proposed that the artificial forest should be gradually thinned over the
period of 30-40 years old when presented the highest degree of soil
water storage decreasing, to maintain the normal survival and sustain-
able development of forest vegetation.

5. Conclusions

The benefits of the planted forest practices to control land degrada-
tion and wind erosion in semi-arid sandy areas are in danger due to soil
desiccation and dieback of artificial forests. The important death rate of
forest in the forest plantation was explained by the insufficient water
supply with increasing the stand age. Our research showed that there
were significant differences in the soil water storage of the planted forest
with different stand ages. The 20-yr forests mainly consumed shallow
soil water (0-200 cm of soil depth), the 30-yr and 40-yr forests mainly
consumed the soil water stored at 0-400 cm depths, and the 50-60-yr
forest consumed the soil water of the 0-1000 cm soil layer. Importantly,
our findings showed that the main period of soil water storage
decreasing was in 30-40 years, after which the variation of soil water
storage was gradually decreased. In the studied semi-arid sandy land,
the worst of the soil water decreasing for P. sylvestris forests occurred
during 30-40 years, and later, the soil water storage gradually increased
due to and the decreasing forest density. Consequently, Therefore, this
study suggests that the intermediate felling may be considered for
reducing soil water consumption for artificial forests to maintain the
sustainability of artificial forests in semi-arid sandy land.
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