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Afforestation as an effective measure for wind and sand control has achieved

remarkable results in northern China, and has also greatly changed the land use

and vegetation characteristics of the region. It is important to study the spatial and

temporal dynamics of soil water content (SWC) in different afforestation years and

its temporal stability to understand the dynamic characteristics of SWC during

afforestation. In order to reveal the spatiotemporal dynamic characteristics of SWC

in desert area Haloxylon ammodendron (HA)plantations, in this study, five

restorative-aged HA plantations in desert areas were selected and their SWC was

measured in stratified layers for the 0–400 cm soil profile; we also analyzed the

spatiotemporal dynamics and temporal stability of the SWC. The results showed

that the SWC of HA plantations decreased with the increase in planting age in the

measurement period, and the SWC of deep layers increased by more than that of

shallow layers with planting age. Spearman’s rank correlation coefficients for SWC

of 0–400 cm in both 5- and 11-year-old HA plantations reached above 0.8 and

were highly significantly correlated; the temporal stability of SWC tends to increase

as the depth of the soil layer deepens. In contrast, the temporal stability of SWC in

deeper layers (200–400 cm) of 22-, 34- and 46-year-old stands showed a

decreasing trend with depth. Based on the relative difference analysis,

representative sampling points can be selected to monitor the regional average

SWC, but for older HA plantations, the uncertainty factor of stand age should be

considered in the regional moisture simulation. This study verified that it is feasible

to simulate large-scale SWC in fewer observations forHA plantations younger than

11 years old, while large errors exist for older stands, especially for deeper soils. This

will help soil moisture management in HA plantations in arid desert areas.

KEYWORDS

soil water content, Haloxylon ammodendron plantations, temporal stability,
spatiotemporal variability, stand age
Abbreviations: SWC, soil water content; HA, Haloxylon ammodendron; CV, coefficient of variation; MRD,

mean relative difference; SDRD, standard deviation of relative difference; RSL, Representative

sampling locations.
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1 Introduction

This study area is located in northwestern China, at the southern

edge of the Badain Jaran Desert, which has long suffered from wind and

sand. In order to effectively curb wind and sand hazards and prevent

the further expansion of sandy land, China has launched a number of

major ecological construction projects in wind and sand hazards, such

as the “3-North Shelter Forest Program” and the “Grain for Green”

program with artificial vegetation construction as the main ecological

restoration measure. The vegetation represented by Haloxylon

ammodendron (HA) plantations is increasingly restricted by soil

water content (SWC), especially as the large area of HA plantations

has a more obvious soil drying phenomenon, which seriously affects the

water cycle process in the study area (Kang et al., 2021; Zhou et al.,

2022). Therefore, it is important to understand the hydrological effect of

SWC after afforestation for the water cycle and eco-hydrological

process of terrestrial ecosystems. SWC is at the core of functioning

sandy ecosystems in arid and semi-arid regions, driving the material

cycle and energy flow in the soil–vegetation–atmosphere continuum,

and its dynamic changes affect hydrological and ecological processes

such as precipitation infiltration, vegetation transpiration and solute

transport (Vereecken et al., 2015; Zhang et al., 2016). SWC has strong

spatial and temporal variability due to topography, elevation, soil

texture and climate (Hu et al., 2010; Heathman et al., 2012). Related

studies also indicate that vegetation affects the spatial distribution of

SWC, enhancing or reducing the spatial heterogeneity of SWC to some

extent (Li et al., 2008; Cho and Choi, 2014), and the variability of SWC

also responds to vegetation growth succession and spatial patterns to

varying degrees (Van Pelt and Wierenga, 2001). Therefore, a

quantitative study of the spatial variability of SWC is essential to

grasp the regional ecohydrological dynamics.

Although soil water has strong spatial and temporal variability,

previous studies have shown that SWC is characterized by temporal

stability (Brocca et al., 2009; Brocca et al., 2010). Vachaud et al. (1985)

found that the spatial structure of SWC is continuous in time when

external factors such as soil structure and topography remain stable,

and that certain sampling points can represent regional average SWC

conditions; this phenomenon was subsequently defined as the

temporal stability of SWC. Since then, the temporal stability of

SWC has been widely used to identify the average SWC condition

in the field (Huang et al., 2020; Zhou et al., 2020; Quan et al., 2021) to

simulate hydrological variables (Nasta et al., 2018). The temporal

stability of SWC is influenced by numerous elements, such as the

length of the observation period (Zhang et al., 2018) and the type of

land use (Liu and Shao, 2014; Zhang et al., 2016). Liu and Shao (Liu

and Shao, 2014) reported a significant effect of different land use types

on SWC in the 0–4 m profile and further validated the feasibility of

representative sampling points for estimating the average SWC.

Zhang et al. (Zhang et al., 2016) reported that in the spring wheat–

shelterbelt–maize agroforestry ecosystem, SWC relationships between

adjacent land use types were explored by determining the most time-

stable locations of each soil profile for different land use types. Jia and

Shao (Jia and Shao, 2013) reported that vegetation cover and above-

ground biomass are the main factors affecting the temporal stability of

SWC, and further concluded that sampling in slopes may produce

better results when the temporal stability theory is applied to slopes.
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The above findings indicate that the study of temporal stability of

SWC is more meaningful in the context of non-homogeneous soils,

and that vegetation factors profoundly affect temporal stability and

differ for different soil depths. As a key area for revegetation in the

Alxa desert region, artificial revegetation has greatly changed the land

use and vegetation characteristics of the region, and the effect of this

huge disturbance on the temporal variability and temporal stability of

SWC is yet to be studied. Specifically, this study aimed to: (1) explore

the response of SWC to stand age in HA plantations;(2) reveal the

spatiotemporal dynamic characteristics of SWC in desert area. This

study provide a theoretical basis for water resource management and

vegetation construction in the region.
2 Materials and methods

2.1 Description of study site

The Alxa desert area is located in northwestern China (97°10′E-
106°52′E,37°21′N-42°47′N). The region has an arid climate. The

sunshine is sufficient and the annual sunshine hours are 2993 to

3345h. The annual average temperature is 6.8-8.8°, with extreme

minimum and maximum temperatures of -36.4° and 41.7°

respectively. The temperature has a large diurnal temperature

difference and significant seasonal changes. The frost-free period is

130-165 d. The average annual precipitation is 39.3-85.6 mm, with

precipitation from July to September accounting for about 90% of the

year. The water table is 80-120 m, and there are no river confluences.

Due to the drought tolerance and high survival rate of HA, the

Chinese government planted HA in large quantities in the study area

around the 1970s for wind and sand control, and it has played a vital

role in the improvement of the ecological environment in the area.
2.2 Experimental design and measurements

Since 1975, afforestation projects have been carried out every year

in Alxa desert. In this study, the HA planted in 1975,1987,1999,2010

and 2016 were selected according to the principle of consistency of

soil texture. Then, five representative sample plots of 5-, 11-, 22-, 34-

and 46-year-olds were selected in the study area with a 10-year age

gradient, 50m*50m sample plots were delineated in each plantation

and 3 replicate samples were collected at the center of the sample plots

in May–September 2021 in 20 cm stratification. The 0-400 cm soil

profile was sampled in 20 cm layers, and three duplicate samples were

collected from each sample site. And put the soil sample into the

aluminum box back to the laboratory for drying method to measure

the SWC. Three undisturbed soil samples were collected with a ring

knife near the sampling point for the determination of soil hydraulic

characteristics such as soil bulk density and field water capacity, and

sample plots were investigated at the same time (Table 1). The

selected plots were all planted in a standardized “two rows and one

strip “planting mode. There was no other vegetation around, so the

study was not interfered with by the planting density and other

vegetation on the experimental results.
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2.3 Statistical analysis

Soil water storage is the amount of soil water stored in a certain

unit volume. In this study, based on the observed depth of 0–400 cm

soil depth, the soil water storage per unit volume of 0–400 cm soil

depth is given by:

SWSi =o
20

i=1
SVWCidi (1)

SVWCj =
1
20o

20

i=1
SVWCij (2)

where SWSi is a soil water storage of 0–400 cm from point i (i=1,…,

n) (mm), SVWCi is the soil volumetric water content (cm3cm-3), di is

the soil depth (mm), and SVWCj is the average soil volumetric water

content at time j (j=1,…,m) (cm3cm-3), The number of soil layers

observed in this study is 20. According to Vachaud et al. (1985), the

relative difference (RD) and standard deviation (SD) of each observation

can characterize the temporal stability of SWC. The RDij and SD of SWSij
at any observation at point i (i=1,…,m) at time j (j=1,…,m) are given by:

RDij =
SVWCij − SVWCj

SVWCj
(3)

SD =o
m

i=1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SVWCij − SVWCj

m − 1

s
(4)

where SVWCij is SVWC at point i (i=1,…,m) at time j (j=1,…,m)

(cm3cm-3), SVWCj is the average SVWC at time j (j=1,…,m)

(cm3cm-3), and m is the number of measurements. The mean

relative difference MRDi and its corresponding standard deviation

SDRDi are given by:

MRDi =
1
mo

m

j=1
RDij (5)

SDRDi =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

m − 1o
m
i=1 RDij −MRDi

� �2r
(6)
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According to Zhao et al. (Zhao et al., 2010), we compared the

temporal stability of SWC at different soil depths in different

restoration years of HA plantations by comparing the index of

temporal stability at depth i (ITSDi ) to find the highest temporal

stability point. The observation point with the highest temporal

stability, which is representative of the average SWC condition and

ITSDi , is given by:

ITSDi =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MRD2

i + SDRD2
i

q
(7)

Spearman’s rank correlation coefficient rs was used to analyze the

stability of the rank change over time for different observations during

the growing season:

rs = 1 − 6o
n

i=1

Rij − Ril

� �2
n n2 − 1ð Þ (8)

where Rij is the rank of the SWC at point i at time j,Ril is the rank

of the SWC at point i at time l, and n is the total number of

observation points. Dummy Figure 1
3 Results and discussion

3.1 Distribution characteristics of
SWC variability

Stand age influenced the spatial and temporal distribution of soil

water to some extent, and that the age factor gradually overshadowed

the soil depth factor as the stand age increased. Table 2 shows the

spatial statistical characteristics of the mean SWC, standard deviation

and coefficient of variation (CV) of the 0–400 cm soil layer profile in

each HA plantation. The standard deviation and CV of SWC in each

soil layer showed a general trend of increasing with the deepening of

the soil layer. From Figure 2, it can be seen that the CV of SWC

changed irregularly for 5-,11-, and 22- year-old of HA plantations,

but the CV of SWC of 34- and 46-year-old HA plantations tends to

increase with the deepening of the soil layer, It is indicated that the

spatial variability of SWC increases with the deepening of the soil

layer for 34- and 46-year-old of HA plantations. Li et al. (2015)
TABLE 1 Characteristics of Haloxylon ammodendron (HA) plantation lands at different plots.

Parameters of sites Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 6

Planting Age (a) 5 11 22 34 46 Wasteland

Year of planting 2016 2010 1999 1987 1975 /

Altitude (m) 1204.86 1204.95 1203.69 1203.66 1204.37 1203.97

Clay Volume Fraction (%) 11.07 11.61 11.73 11.16 10.97 10.31

Silt Volume Fraction (%) 13.57 15.95 14.26 13.19 12.80 15.18

Sand Volume Fraction (%) 75.36 72.44 74.01 75.65 76.23 74.51

Diameter at breast height(cm) 3.5 ± 1.2 8.9 ± 3.8 12.4 ± 5.5 16.5 ± 6.2 22.1 ± 7.5 /

Mean tree height/(cm) 55 ± 12 140 ± 28 220 ± 46 370 ± 63 420 ± 81 /

Tree density/(Tree/hm2) 230 230 230 230 230 /

Bulk Density/(g/cm3) 1.53 1.53 1.52 1.53 1.54 1.53
fro
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reached similar conclusions on the Loess Plateau, the spatial

distribution of SWC depends largely on structural factors such as

climate, topography and soil texture, while stochastic factors such as

vegetation recovery and human activity increase the spatial variability
Frontiers in Plant Science 04
of SWC (Zhao et al., 2018). The sampling area is located at the

southern edge of the Badain Jaran Desert, and is less disturbed by

human and animal activities, the spatial variability of SWC was

increase as the soil layer deepened for 34- and 46-year-old HA
TABLE 2 Spatial statistical characteristics of temporal average, standard deviation and coefficient of variation (CV) of SWC in different soil layers.

Planting Age (a) Variable
Soil depth (cm)

0–100 cm 100–200 cm 200–300 cm 300–400 cm

5

Mean SWC 7.56 6.34 7.29 8.41

Standard deviation 0.59 0.45 0.85 0.71

CV 7.56 7.04 11.68 8.47

11

Mean SWC 7.65 6.20 6.04 7.40

Standard deviation 0.48 0.37 0.50 0.58

CV 6.43 5.94 8.49 7.99

22

Mean SWC 7.48 5.95 5.36 6.40

Standard deviation 0.57 0.45 0.49 0.54

CV 7.65 7.54 9.24 8.60

34

Mean SWC 6.71 5.36 4.13 4.65

Standard deviation 0.55 0.44 0.45 0.52

CV 8.21 8.16 10.80 11.35

46

Mean SWC 6.33 2.87 2.42 2.36

Standard deviation 0.42 0.39 0.39 0.36

CV 6.71 14.11 16.10 15.34
FIGURE 1

Location of the study area.
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plantations. Nan et al. (2019) quantified the soil water depletion of

artificial Robinia pseudoacacia forest of different ages (5, 20, and 40

years) on the Loess Plateau. His research showed that soil water

consumption was divided into two stages, the first stage was that the

artificial Robinia pseudoacacia forest gradually transited from shallow

soil layer to deep soil layer with the increase of age, the second stage is

the transition from the deep soil to the shallow soil when the deep soil

water consumption reaches a certain threshold. However, this study

found that the soil water consumption was similar to the first stage of

the above research with the increase of the age of the HA plantation,

but the rule of the second stage did not appear. The reason for this

difference may be that the sampling depth of this study is relatively

shallow (400 cm), and the sampling depth has not yet reached the

conversion threshold of soil water consumption. According to Zeng

et al. (2011), it was found that the root system of aged HA can grow

vertically down to 800 cm, which also verified the above hypothesis.

Future studies should carry out deeper soil layer research for aging

HA. It also helps to reveal the relationship between artificial

vegetation growth and soil water consumption.
3.2 The spatiotemporal behavior of SWC

The SWC showed a trend of decreasing with increasing years of

HA plantations, and the variation of SWC with plant years was

greater in the deep layer than in the shallow layer. Figure 3 shows the

variation trend of SWC with depth in the HA plantation profile at

each stand age; it can be seen that the SWC in the surface layer (0–100

cm) did not vary much with stand age during the study period and

was at a high level relative to the deeper layers, fluctuating in the range

of 0.06-0.09 cm3cm-3. The SWC in the 100–400 cm soil layer varied

greatly with the age of the forest, fluctuating between 0.02-0.09

cm3cm-3, with the SWC in the 100–400 cm soil layer decreasing

with depth in the 46-year-old HA plantations. The SWC in 11-, 22-
Frontiers in Plant Science 05
and 34-year-old HA plantations showed a decreasing trend with a

depth from 0 to 300 cm, but there was an “inflection point” from 300

to 400 cm, where the SWC increased with depth and the “inflection

point” in 5-year-old HA plantations occurred at a more shallow level

(100–200 cm). Hu et al. (2010) used soil water storage data in the

Loess Plateau to identify temporal stability points, and found that

artificial vegetation significantly affected deep soil water. Gao and

Shao (2012) conducted research on 0-300 cm soil layer SWC in the

Loess Plateau and found that the change rate of SWC in deep soil was

lower than that in shallow soil, which was contrary to the conclusion

of this study. These differences are due to the different types of trees,

shrubs and herbs that were focused on in the study of Gao and Shao

(2012). The present study is consistent with Hu et al. (2010), which

was conducted on a mono-vegetated hillside. Compared to trees and

shrubs, herbs consume less water at shallow depths, and the effect of

vegetation factors on SWC varies with soil depth. The vegetation

factors interfered with the regularity of SWC variation with depth,

resulting in large differences in vertical soil profile variations under

different vegetation types. In addition, this study area is located in an

arid desert area with little human activity, which reduces the influence

of human activity and other factors on the soil surface moisture

changes. HA plantations are planted for a long period of time (46

years) and HA is a deep-rooted plant (Gong et al., 2019); the SWC in

the 200–400 cm soil layer is more influenced by root water

consumption, which also leads to the deep SWC changing with

planting. The SWC in the 200–400 cm soil layer is more influenced

by root water consumption, which leads to a greater variation of SWC

in the deep layer than in the shallow layer with planting age.

Figure 3 shows that there is no significant decrease in SWC in the

0–100 cm soil profile for all stand ages, while the SWC in 200–400 cm

decreases significantly after more than 11 years of HA plantations.

Moradi et al. (2017) assessed the impact of afforestation on soil

physical and chemical properties and SWC in south-west Iran, and

found that afforestation improved soil conditions but significantly
B C

D E F

A

FIGURE 2

A scatterplot of SWC coefficient of variability for each soil layer in HA plantation forested land at different ages: (A) wasteland, (B) 5, (C) 11, (D) 22, (E) 34
and (F) 46 years. Different colors represent different soil depths: blue (0-100 cm), green (100-200 cm), red (200-300 cm), yellow (300-400 cm).
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depleted SWC. Haque et al. (1999) studied differences in SWC in

three different plantations in the North-East of Scotland. The results

showed that, compared with the control group, the early growth stage

had little effect on SWC, while the late growth stage made the soil dry.

Wang et al. (2021) reached similar conclusion in HA plantations of

different planting years in the desert oasis transition zone of the Hexi

Corridor. Guo et al. (2016), however, found that the SWC in HA

plantations significantly increased in the 260 cm soil layer. The main

reason for the difference is that Guo et al. (2016) selected HA

plantations which were 3 years old; compared with the short

planting period in this study, the root depth of HA plantations in

3-year-old stands is shallow. In comparison, Wang et al. (2021)

selected HA planting years similar to the present study. The reason

for this phenomenon is that precipitation is low and evaporation is

high in the study area. The less precipitation mainly occurs in short

precipitation periods, and the infiltration process of precipitation is

mainly concentrated in the soil layer within 60 cm. Therefore, shallow

soils can be recharged by precipitation, while deep soil water recharge

is not significant. (Yang and Zhao, 2014). Furthermore, the

transpiration water consumption of HA is much higher than the

precipitation (Chang et al., 2007); after 22 years of planting in

particular, the excessive consumption of deep soil water by HA

roots further leads to SWC deterioration.
3.3 Temporal stability of SWC

3.3.1 Spearman’s rank correlation coefficient
For different stand ages, the correlation coefficients tended to

decrease with increasing stand age, but in general the correlation

coefficients were greater than 0.5 and highly significant (P<0.01).

Spearman’s rank correlation coefficient of SWC at each sampling

point can characterize the temporal stability of the study area as a
Frontiers in Plant Science 06
whole. Figure 4 shows Spearman’s rank correlation coefficient matrix

of SWC at 0–400 cm depth for different observation dates in the study

area. As depicted in Table 2, the correlation coefficient between

August 12 and the other measurement dates is small, between 0.631

and 0.828, and the correlation coefficient between the remaining dates

is large. The reason for this discrepancy may be due to the large

variation in SWC due to the larger rainfall in the week before the July

12 sampling, resulting in a smaller correlation coefficient. The study

of Xin et al. (Xin et al., 2008) on the temporal stability of soil water

uptake also found that the temporal stability of soil water was worst

when the soil was alternately dry and wet. This indicates that the

spatial distribution of SWC at 0–400 cm depth in HA plantations in

the study area is characterized by temporal stability within the study

time; Grant et al. (2004), However, it should be noted that the

temporal stability showed a trend of time-dependent variation, The

closer the sampling time, the greater the correlation coefficient. This

result indicates that the duration of temporal stability of SWC is

limited, which is a similar conclusion in other studies with

interannual observation scales (Penna et al., 2013; Zhang and Shao,

2013a). This study was conducted based on one growing season ofHA

plantations, and for future studies, a longer time series can be

considered to explore the effective period of temporal stability.
3.3.2 Relative difference analysis
Deep SWC in favor of maintaining a higher temporal stability.

However, with the introduction of artificial vegetation, the growth of

stand age gradually overshadows the soil depth factor, making the

temporal stability of deep SWC lower. Figure 5 shows the mean

relative difference (MRD) values of SWC at each sampling point in

different soil layers in descending order, and the corresponding time

index of temporal stability at depth curves; the vertical error line is the

standard deviation of relative difference (SDRD) at each sampling

point. The MRD of SWC of 5- and 11-year-old HA plantations
B C

D E F

A

FIGURE 3

A boxplot of the vertical distribution of soil water content (SWC) in HA plantations: (A) wasteland, (B) 5-year-old, (C) 11-year-old, (D) 22-year-old, (E)
34-year-old and (F) 46-year-old.
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FIGURE 4

Spearman’s rank correlation coefficient heat map of 0-400 cm SWC in HA plantations: (A) 5-year-old, (B) 11-year-old, (C) 22-year-old, (D) 34-year-old
and (E) 46-year-old.
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showed a trend of increasing and then decreasing; for the shallow

layer, the MRD increased gradually probably because the spatial

variability of SWC increased as the soil layer deepened (Jia and

Shao, 2013). The MRD of SWC in the deeper soil layers decreases,

probably due to the young age of theHA plantations and the failure of

the root system to grow into the deeper soil layers. For the 22-, 34-

and 46-year-old HA plantations, the MRD in SWC increased with the

increasing depth of the soil layer, and the same conclusion was

reached in the CV analysis above. The stronger the spatial

variability, the more dispersed the distribution of water content at

each sampling point, and the greater the deviation from the average

value will be; Zhang and Shao (2013) selected two plots with different

soil textures in northwest China, and evaluated the spatial

distribution of SWC. The results showed that the deeper the soil

depth, the greater the MRD of SWC, which was similar to the

conclusion of this study. In a gravel–mulch field in northwestern

China, in relation to the spatial and temporal stability of SWC, Zhao

et al. (Zhao et al., 2017) found that the MRD decreases with increasing

soil depth; the reason for this difference lies in its small research scope

(32*32 m), and the gravel–mulch field soil has a homogeneous texture

and uniform sand and gravel cover, resulting in its weak spatial

variability of SWC. Li et al. (Li et al., 2015) found that the fluctuation

range of the MRD may be related to the study scale, test placement,

sampling method, etc. With the expansion of the study area, the more

complex the corresponding soil properties, topography and

vegetation cover, the stronger the spatial variability of SWC, and

the range of the MRD also increases (Martinez-Fernandez et al.,

2003). Spatial variability is the result of the interaction of different

dominant factors at different spatial scales, and in the process of scale

transformation, the influencing factors also change, so the results of

studies at different scales vary (Sun et al., 2022). Therefore, for specific

research objects, the sampling scale range and sampling granularity

need to be considered in order to have a better explanation of the

spatial heterogeneity of SWC (Fagan et al., 2003). Figure 4 also shows
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that the MRD is asymmetric, with negative absolute values greater

than positive values, due to the fact that the SWC at more sampling

points is less than the mean value, probably because the soil at the

measurement site has a gravel content, which is not conducive to

water retention.

The magnitude of the SDRD can characterize the degree of

temporal stability of SWC at the sampling point; the smaller the

SDRD, the higher the temporal stability. Figure 4 shows that 5-,11-

and 22-year-old HA plantations is in line with the trend of decreasing

SDRD with soil depth deepening, but not at ages 34 and 46, indicating

that deep soil water of HA plantations at the age of 5,11, and 22 is not

disturbed by vegetation and has higher temporal stability. However,

SWC in the deep layer of HA at 34-,46-year-old was greatly disturbed

by vegetation, so the temporal stability of SWC did not show a

decreasing trend with soil depth., which was consistent with the

MRD analysis above. Temporal stability of SWC is the result of the

interaction of many factors such as vegetation, topography, climate and

soil (He et al., 2021). The study area is on the edge of the desert. The

climate environment of low rainfall and high evaporation has its own

special effects on the temporal stability of soil water; long time soil

freezing makes the mid-soil flow a predominantly vertical movement;

meanwhile, the soil dry layer induced by vegetation water depletion

hinders the vertical movement of soil water and limits the recharge of

deep soil water. Ding et al. (Ding et al., 2020) concluded that artificially

restored vegetation has a certain impact on SWC in the rhizosphere,

but it has less impact below the rhizosphere, mainly because the

vegetation growth period is short and the vegetation characteristics of

slow growth make its ecological water consumption low, and the

precipitation basically meets the vegetation growth demand.

However, this study found that as the growth years of HA

plantations increased, it had a non-negligible effect on the changes of

SWC dynamics; precipitation and evaporation are the most direct

influencing factors of SWC, but there are large differences in response

to different soil depths. Surface runoff caused by strong rainfall on the
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slope surface replenishes surface SWC significantly; while it is not

conducive to deep SWC infiltration and evaporative dissipation of

surface SWC is large, the rough soil texture is weak in lifting deep SWC,

and the combined factors lead to deep SWC in favor of maintaining a

higher temporal stability. However, with the introduction of artificial

vegetation, the growth of stand age gradually overshadows the soil

depth factor, making the temporal stability of deep SWC lower.

The results of the above-mentioned study showed that the

temporal stability of deep soil layers was higher than that of

shallow layers, and the temporal stability characteristics of SWC

were depth-dependent for HA plantations before 22 years of age.

This is consistent with the results of related studies (Gao and Shao,

2012a). However, for older HA plantations there is an opposite

performance in deeper soils (200–400 cm). It is worth to note that,

limited by the experimental conditions, this study only studied SWC

in HA plantation with a stand age of 5,11,22,34, and 46 years, and

could not find a continuous stand that met the experimental

conditions. Therefore, appropriate models should be selected for

future research in order to evaluate SWC more accurately.
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3.3.3 Representative sampling locations
The correlation with the mean value of SWC in the corresponding

soil layer is high, and the average SWC of each soil layer in the study

area can be estimated more accurately. Zhang et al. (Zhang et al.,

2016) show that representative sampling locations (RSL) can be

selected to estimate the regional average SWC according to the

principle that the MRD is close to 0 and the SDRD is relatively

small. To verify the reasonableness of the RSL, the SWC of each RSL

was compared with the average SWC of each soil layer, and it was

found that the SWC of each measurement point fluctuated slightly

around the average SWC (Figure 6). Meanwhile, the regression

analysis between the mean SWC values of different soil layers and

the RSL during the observation period showed that the coefficient of

determination R2 of each soil layer from 0 to 400 cm varied in the

ranges of 0.88–0.95, 0.60–0.95, 0.49–0.95 and 0.53–0.95, indicating

that the correlation between the mean SWC values of each RSL and

the corresponding soil layer was high. The correlation with the mean

value of SWC in the corresponding soil layer is high, and the average

SWC of each soil layer in the study area can be estimated more
FIGURE 5

Ranked mean relative difference (MRD) of SWC in the diverse soil layers in HA plantations, the letters in the figure represent different stand ages: (A) 5-
year-old, (B) 11-year-old, (C) 22-year-old, (D) 34-year-old and (E) 46-year-old. The numbers in the figure are the sample point numbers. The solid gray
line indicates MRD, the red line is the baseline with an average relative deviation of 0. Error bars represent the standard deviation of relative difference
(SDRD). The most time-stable locations are indicated by the red dots. The blue dotted line indicates index of temporal stability at depth.
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accurately, but the temporal stability of the deep SWC gradually

decreases with increasing growth years of HA plantations.
3.4 Implications for future
afforestation activities

In order to prevent further desert expansion, China introduced

many plant species in the 1970s (Ahrends et al., 2017). The excessive

water consumption of artificial vegetation has broken the dynamic

balance between precipitation and native vegetation, and many new

environmental problems have emerged (Gao and Shao, 2012b; He

et al., 2019). In recent years, there have been numerous studies

showing that the massive consumption of soil water by artificial

vegetation leads to a decrease in SWC and has a negative impact on

vegetation growth, which in turn threatens the health of the

ecosystem (Chang et al., 2007; Xin et al., 2008; Zhang and Shao, 2013).

In our field survey, we found that when the SWC dropped to 0.02-

0.03 cm3cm-3 after 30a of HA planting, the leaves fell off in large

numbers and the individual biomass decreased significantly.

Moreover, when the SWC was at 0.01-0.02 cm3cm-3, the sand-

fixing plants appeared to decline; at about 1% the sand-fixing plants

died in large numbers. Although HA can reduce the water

consumption of aging photosynthetic organs by withering leaves

and branches, the water scarcity of old leaves, branches and stems

is extremely serious and has basically reached its limit. The further

shedding of a large number of leaves and branches reduces its

individual biomass and deteriorates its survival ability. Finally, the
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stems also dry up and break due to too little water in the plant.

Therefore, based on the above findings, we suggest that moderate

manual interventions, such as pruning of dead branches, proper

irrigation and some level of crop flattening or intercropping after

30–40a of HA planting, may have positive implications for the revival

and rejuvenation of HA plantations. It is worth noting that this study

based on the same planting density on the SWC of different age HA

plantations, to avoid the planting density to interfere with the results

of the study. In the actual afforestation project, usually through

adjusting the planting density to reduce the deep soil water

consumption. Therefore, future research should further establish

mechanism models through vegetation growth and soil water

consumption to provide theoret ica l bas is for rat ional

afforestation engineering.
4 Conclusions

1. The SWC of 0-400 cm of Haloxylon ammodendron plantations

t in the study area showed a decreasing trend with the increase of HA

planting age, and the HA plantations consumed mainly shallow soil

water in 5- and 11-year-old stands, while 22-,34-and 46- year-old

consumed mainly deep soil water.

2. The distribution of SWC at 0-400 cm depth in the HA

plantations in the study area was characterized by temporal stability

during the study time period, but it should be noted that the temporal

stability showed a time-dependent trend, with the correlation

coefficient increasing the closer the sampling time and tending to
B

C D

A

FIGURE 6

Comparisons of measured SWC at the most time-stable location with the estimated values in the four soil layers under five different stand ages: (A) 0—
100 cm, (B) 100—200 cm, (C) 200—300 cm, (D) 300—400 cm.
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decrease as the time interval increased. This result indicates that the

duration of temporal stability of SWC is limited.

3. Afforestation (e.g., Haloxylon ammodendron) is an important

measure to prevent wind and sand fixation in desert areas, which is of

great significance to the sustainable development of the ecosystem.

Our study found that the age of vegetation has an important influence

on the deep SWC dynamics, and with the increase of forest age, the

water depletion of vegetation roots leads to the degradation of SWC in

the study area, and the temporal stability also decreases with the

increase of forest age and soil depth, therefore, in the future

afforestation work in the Alxa desert area, appropriate moisture

control measures should be taken for HA plantations of advanced

forest age.
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

DZ: conceptualization, data curation, investigation, methodology,

formal analysis, roles/writing—original draft, writing—review and

editing. JS: conceptualization, data curation, formal analysis, funding

acquisition, methodology. BJ: investigation. CZ: conceptualization,

data curation, formal analysis, investigation. JQ: investigation, XH:

investigation. CW: investigation. XZ: investigation. ZL: investigation.

All authors read and approved the final manuscript. All authors

contributed to the article and approved the submitted version.
Frontiers in Plant Science 10
Funding

This study was supported by the Major Science and Technology

Project in Inner Mongolia Autonomous region of China (No.

Zdzx2018057), the Innovation Cross Team Project of Chinese

Academy of Sciences, CAS (No. JCTD-2019-19), Transformation

Projects of Scientific and Technological Achievements in Inner

Mongolia Autonomous region of China (No. 2021CG0046), and the

National Natural Science Foundation of China (No. 42001038).
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.2023.1099217/

full#supplementary-material
References
Ahrends, A., Hollingsworth, P. M., Beckschaefer, P., Chen, H., Zomer, R. J., Zhang, L.,
et al. (2017). China's fight to halt tree cover loss. Proc. Of R. Soc. B-Biological Sci. 284
(1854). doi: 10.1098/rspb.2016.2559

Brocca, L., Melone, F., Moramarco, T., and Morbidelli, R. (2009). Soil moisture
temporal stability over experimental areas in central Italy. Geoderma 148 (3), 364–374.
doi: 10.1016/j.geoderma.2008.11.004

Brocca, L., Melone, F., Moramarco, T., and Morbidelli, R. (2010). Spatial-temporal
variability of soil moisture and its estimation across scales.Water Resour. Res. 46 (2). doi:
10.1029/2009WR008016

Chang, X., Zhao, W., and Zhang, Z. (2007). Water consumption characteristic of
haloxylon ammodendron for sand binding in desert area. Acta Ecological Sin. 27 (5),
1826–1837. doi: 10.1016/S1872-2032(07)60017-1

Cho, E., and Choi, M. (2014). Regional scale spatio-temporal variability of soil moisture
and its relationship with meteorological factors over the Korean peninsula. J. Hydrology
516, 317–329. doi: 10.1016/j.jhydrol.2013.12.053

Ding, C., Wang, D., He, K., Li, P., Zhang, P., and Liang, S. (2020). Study of temporal
stability of soil moisture on hillslope in loess regions of China. Acta Ecological Sin. 40 (1),
151–160. doi: 10.5846/stxb201809272104

Fagan, W. F., Fortin, M. J., and Soykan, C. (2003). Integrating edge detection and
dynamic modeling in quantitative analyses of ecological boundaries. Bioscience 53 (8),
730–738. doi: 10.1641/0006-3568(2003)053[0730:IEDADM]2.0.CO;2

Gao, L., and Shao, M. (2012). Temporal stability of soil water storage in diverse soil
layers. Catena 95, 24–32. doi: 10.1016/j.catena.2012.02.020

Gong, X., Lu, G., He, X., Sarkar, B., and Yang, X. (2019). High air humidity causes
atmospheric water absorption via assimilating branches in the deep-rooted tree haloxylon
ammodendron in an arid desert region of Northwest China. Front. In Plant Sci. 10. doi:
10.3389/fpls.2019.00573
Grant, L., Seyfried, M., and McNamara, J. (2004). Spatial variation and temporal
stability of soil water in a snow-dominated, mountain catchment. Hydrological Processes
18 (18), 3493–3511. doi: 10.1002/hyp.5798

Guo, J., Li, C., Zeng, F., Zhang, B., Liu, B., and Guo, Z. (2016). Relationship between
root biomass distribution and soil moisture, nutrient for two desert plant species. Arid
Zone Res. 33 (1), 166–171. doi: 10.13866/j.azr.2016.01.21

Haque, S., Billett, M. F., Grayston, S., and Ord, B. G. (1999). Effects of afforestation on
ammonification and nitrification rates in former agricultural soils. Soil Use Manage. 15
(2), 117–122. doi: 10.1111/j.1475-2743.1999.tb00074.x

Heathman, G. C., Cosh, M. H., Merwade, V., and Han, E. (2012). Multi-scale temporal
stability analysis of surface and subsurface soil moisture within the upper cedar creek
watershed, Indiana. Catena 95, 91–103. doi: 10.1016/j.catena.2012.03.008

He, F., Tong, Z., Hannaway, D. B., and Li, X. (2021). Erratic precipitation and clipping
frequency reshape the community structure and species stability of leymus chinensis
steppe. Ecol. Indic. 133. doi: 10.1016/j.ecolind.2021.108432

He, Z., Zhao, M., Zhu, X., Du, J., Chen, L., Lin, P., et al. (2019). Temporal stability of soil
water storage in multiple soil layers in high-elevation forests. J. Hydrology 569, 532–545.
doi: 10.1016/j.jhydrol.2018.12.024

Huang, M., Liu, X., and Zhou, S. (2020). Asynchrony among species and functional
groups and temporal stability under perturbations: Patterns and consequences. J. Ecol. 108
(5), 2038–2046. doi: 10.1111/1365-2745.13418

Hu, W., Shao, M., and Reichardt, K. (2010). Using a new criterion to identify sites for
mean soil water storage evaluation. Soil Sci. Soc. America J. 74 (3), 762–773. doi: 10.2136/
sssaj2009.0235

Jia, Y., and Shao, M. (2013). Temporal stability of soil water storage under four types of
revegetation on the northern loess plateau of China. Agric. Water Manage. 117, 33–42.
doi: 10.1016/j.agwat.2012.10.013
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fpls.2023.1099217/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1099217/full#supplementary-material
https://doi.org/10.1098/rspb.2016.2559
https://doi.org/10.1016/j.geoderma.2008.11.004
https://doi.org/10.1029/2009WR008016
https://doi.org/10.1016/S1872-2032(07)60017-1
https://doi.org/10.1016/j.jhydrol.2013.12.053
https://doi.org/10.5846/stxb201809272104
https://doi.org/10.1641/0006-3568(2003)053[0730:IEDADM]2.0.CO;2
https://doi.org/10.1016/j.catena.2012.02.020
https://doi.org/10.3389/fpls.2019.00573
https://doi.org/10.1002/hyp.5798
https://doi.org/10.13866/j.azr.2016.01.21
https://doi.org/10.1111/j.1475-2743.1999.tb00074.x
https://doi.org/10.1016/j.catena.2012.03.008
https://doi.org/10.1016/j.ecolind.2021.108432
https://doi.org/10.1016/j.jhydrol.2018.12.024
https://doi.org/10.1111/1365-2745.13418
https://doi.org/10.2136/sssaj2009.0235
https://doi.org/10.2136/sssaj2009.0235
https://doi.org/10.1016/j.agwat.2012.10.013
https://doi.org/10.3389/fpls.2023.1099217
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhou et al. 10.3389/fpls.2023.1099217
Kang, J., Yu, J., Zhang, J., Xu, J., andWang, S. (2021). Na Compound fertiliser improves
growth performance, drought resistance, and water-saving efficiency of the succulent
xerophyte haloxylon ammodendron in the alxa desert region of China. Aust. J. Bot. 69 (5),
318–327. doi: 10.1071/BT20107

Li, X., Shao, M., Jia, X., and Wei, X. (2015). Landscape-scale temporal stability of soil
water storage within profiles on the semiarid loess plateau of China. J. Soils And Sediments
15 (4), 949–961. doi: 10.1007/s11368-015-1059-9

Liu, B., and Shao, M. (2014). Estimation of soil water storage using temporal stability in
four land uses over 10 years on the loess plateau, China. J. Hydrology 517, 974–984. doi:
10.1016/j.jhydrol.2014.06.003

Li, P., Wang, N., He, W., Kruesi, B. O., Gao, S., Zhang, S., et al. (2008). Fertile islands
under artemisia ordosica in inland dunes of northern China: Effects of habitats and plant
developmental stages. J. Arid Environments 72 (6), 953–963. doi: 10.1016/
j.jaridenv.2007.11.004

Martinez-Fernandez, J., and Ceballos, A. (2003). Temporal stability of soil moisture in a
large-field experiment in Spain. Soil Sci. Soc. America J. 67 (6), 1647–1656. doi: 10.2136/
sssaj2003.1647

Moradi, M., Naji, H. R., Imani, F., Behbahani, S. M., and Ahmadi, M. T. (2017).
Arbuscular mycorrhizal fungi changes by afforestation in sand dunes. J. Arid
Environments 140, 14–19. doi: 10.1016/j.jaridenv.2017.01.006

Nan, G. W., Wang, N., Jiao, L., Zhu, Y. M., and Sun, H. (2019). A new exploration for
accurately quantifying the effect of afforestation on soil moisture: A case study of artificial
robinia pseudoacacia in the loess plateau (China). For. Ecol. Manage. 433, 459–466. doi:
10.1016/j.foreco.2018.10.029

Nasta, P., Sica, B., Mazzitelli, C., Di Fiore, P., Lazzaro, U., Palladino, M., et al. (2018).
How effective is information on soil-landscape units for determining spatio-temporal
variability of near-surface soil moisture? J. Agric. Eng. 49 (3), 174–182. doi: 10.4081/
jae.2018.822

Penna, D., Brocca, L., Borga, M., and Dalla Fontana, G. (2013). Soil moisture temporal
stability at different depths on two alpine hillslopes during wet and dry periods. J.
Hydrology 477, 55–71. doi: 10.1016/j.jhydrol.2012.10.052

Quan, Q., Zhang, F., Jiang, L., Chen, H. Y. H., Wang, J., Ma, F., et al. (2021). High-level
rather than low-level warming destabilizes plant community biomass production. J. Ecol.
109 (4), 1607–1617. doi: 10.1111/1365-2745.13583

Sun, G., Zhu, Y., Ye, M., Yang, Y., Yang, J., Mao, W., et al. (2022). Regional soil salinity
spatiotemporal dynamics and improved temporal stability analysis in arid agricultural
areas. J. Of Soils Sediments 1), 272–292. doi: 10.1007/s11368-021-03074-y

Vachaud, G., Desilans, A. P., Balabanis, P., and Vauclin, M. (1985). Temporal stability
of spatially measured soil-water probability density-function. Soil Sci. Soc. America J. 49
(4), 822–828. doi: 10.2136/sssaj1985.03615995004900040006x

Van Pelt, R. S., and Wierenga, P. J. (2001). Temporal stability of spatially measured soil
matric potential probability density function. Soil Sci. Soc. America J. 65 (3), 668–677. doi:
10.2136/sssaj2001.653668x
Frontiers in Plant Science 11
Vereecken, H., Huisman, J. A., Franssen, H. J. H., Brueggemann, N., Bogena, H. R.,
Kollet, S., et al. (2015). Soil hydrology: Recent methodological advances, challenges, and
perspectives. Water Resour. Res. 51 (4), 2616–2633. doi: 10.1002/2014WR016852

Wang, G., Chen, Z., Shen, Y., and Yang, X. (2021). Efficient prediction of profile mean
soil water content for hillslope-scale caragana korshinskii plantation using temporal
stability analysis. Catena 206. doi: 10.1016/j.catena.2021.105491

Xin, X., Zhang, J., and Zhu, A. (2008). Temporal stability of spatial distribution pattern
of soil water tension at different scales. Trans. Chin. Soc. Agric. Eng. 24 (5), 15–19.
doi: 10.3901/JME.2008.09.177

Yang, Q., and Zhao, W. (2014). Responses of leaf stomatal conductance and gas
exchange of haloxylon ammodendronto typical precipitation event in the hexi corridor. J.
Desert Res. 34 (2), 419–425. doi: 10.7522/j.issn.1000-694X.2013.00333

Zeng, C., Shao, M. A., Wang, Q. J., and Zhang, J. (2011). Effects of land use on
temporal-spatial variability of soil water and soil-water conservation. Acta Agriculturae
Scandinavica Section B-Soil Plant Sci. 61 (1), 1–13. doi: 10.1080/09064710903352589

Zhang, Y., Huang, M., Hu, W., Suo, L., Duan, L., and Wu, L. (2018). How shallow and
how many points of measurements are sufficient to estimate the deep profile mean soil
water content of a hillslope in the loess plateau? Geoderma 314, 85–94. doi: 10.1016/
j.geoderma.2017.11.013

Zhang, P., and Shao, M. (2013). Temporal stability of surface soil moisture in a desert
area of northwestern China. J. Hydrology 505, 91–101. doi: 10.1016/j.jhydrol.2013.08.045

Zhang, P., Shao, M., and Zhang, X. (2016). Temporal stability of soil moisture on two
transects in a desert area of northwestern China. Environ. Earth Sci. 75 (2). doi: 10.1007/
s12665-015-4914-5

Zhang, Y., Xiao, Q., and Huang, M. (2016). Temporal stability analysis identifies soil
water relations under different land use types in an oasis agroforestry ecosystem.
Geoderma 271, 150–160. doi: 10.1016/j.geoderma.2016.02.023

Zhao, W., Cui, Z., Zhang, J., and Jin, J. (2017). Temporal stability and variability of soil-
water content in a gravel mulched field in northwestern China. J. Hydrology 552, 249–257.
doi: 10.1016/j.jhydrol.2017.06.031

Zhao, Y., Peth, S., Wang, X.Y., et al (2010). Controls of surface soil moisture spatial
patterns and their temporal stability in a semi-arid steppe. HYDROLOGICAL
PROCESSES, 24 (18), 2507–2519. doi: 10.1002/hyp.7665

Zhao, Y. N., Zhou, Y. R., and Wang, H. M. (2018). Spatial heterogeneity of soil water
content under introduced shrub (Caragana korshinskii) in desert grassland of the eastern
ningxia, China. Ying yong sheng tai xue bao = J. Appl. Ecol. 29 (11), 3577–3586.
doi: 10.13287/j.1001-9332.201811.001

Zhou, D., Si, J., He, X., Jia, B., Zhao, C., Wang, C., et al. (2022). The process of soil
desiccation under haloxylon ammodendron plantations: A case study of the alxa legue
desert, China. Plants-Basel 11 (3). doi: 10.3390/plants11030235

Zhou, M., Yang, Q., Zhang, H., Yao, X., Zeng, W., and Wang, W. (2020). Plant
community temporal stability in response to nitrogen addition among different degraded
grasslands. Sci. Total Environ. 729. doi: 10.1016/j.scitotenv.2020.138886
frontiersin.org

https://doi.org/10.1071/BT20107
https://doi.org/10.1007/s11368-015-1059-9
https://doi.org/10.1016/j.jhydrol.2014.06.003
https://doi.org/10.1016/j.jaridenv.2007.11.004
https://doi.org/10.1016/j.jaridenv.2007.11.004
https://doi.org/10.2136/sssaj2003.1647
https://doi.org/10.2136/sssaj2003.1647
https://doi.org/10.1016/j.jaridenv.2017.01.006
https://doi.org/10.1016/j.foreco.2018.10.029
https://doi.org/10.4081/jae.2018.822
https://doi.org/10.4081/jae.2018.822
https://doi.org/10.1016/j.jhydrol.2012.10.052
https://doi.org/10.1111/1365-2745.13583
https://doi.org/10.1007/s11368-021-03074-y
https://doi.org/10.2136/sssaj1985.03615995004900040006x
https://doi.org/10.2136/sssaj2001.653668x
https://doi.org/10.1002/2014WR016852
https://doi.org/10.1016/j.catena.2021.105491
https://doi.org/10.3901/JME.2008.09.177
https://doi.org/10.7522/j.issn.1000-694X.2013.00333
https://doi.org/10.1080/09064710903352589
https://doi.org/10.1016/j.geoderma.2017.11.013
https://doi.org/10.1016/j.geoderma.2017.11.013
https://doi.org/10.1016/j.jhydrol.2013.08.045
https://doi.org/10.1007/s12665-015-4914-5
https://doi.org/10.1007/s12665-015-4914-5
https://doi.org/10.1016/j.geoderma.2016.02.023
https://doi.org/10.1016/j.jhydrol.2017.06.031
https://doi.org/10.1002/hyp.7665
https://doi.org/10.13287/j.1001-9332.201811.001
https://doi.org/10.3390/plants11030235
https://doi.org/10.1016/j.scitotenv.2020.138886
https://doi.org/10.3389/fpls.2023.1099217
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Response of soil water content temporal stability to stand age of Haloxylon ammodendron plantation in Alxa Desert, China
	1 Introduction
	2 Materials and methods
	2.1 Description of study site
	2.2 Experimental design and measurements
	2.3 Statistical analysis

	3 Results and discussion
	3.1 Distribution characteristics of SWC variability
	3.2 The spatiotemporal behavior of SWC
	3.3 Temporal stability of SWC
	3.3.1 Spearman’s rank correlation coefficient
	3.3.2 Relative difference analysis
	3.3.3 Representative sampling locations

	3.4 Implications for future afforestation activities

	4 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 /sRGB
  /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


