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New strategies are desperately needed for restoring the millions of hectares of
degraded grasslands in arid and semiarid areas of northern China. This study
evaluated using different combinations of manure amendments and shrub
branch shelters for their impacts on soil moisture, nutrient availability, and
plant growth over two growing seasons in a degraded grassland in Ningxia,
China. A two-factor experiment was conducted, with three concentrations of
1.2 gm™, 442 gm™, and 884 g m~ native Tan sheep manure as the main plots.
Cut caragana (Caragana intermedia) branches were used to create branch
shelters covering 0%, 20%, 40%, and 60% of ground area, and these acted as
sub-main plots. Soil water storage, soil temperature, manure decomposition,
branch decomposition, soil nutrients, and plant growth were monitored for
2 years. Results indicated that soil water storage was significantly increased, and
soil temperature decreased, under the 40% and 60% branch shelters.
Decomposition rate of manure and shrub branches also increased with
increasing soil water availability associated with the higher branch sheltering
effects, although soil carbon and nitrogen concentrations were primarily driven
by the decomposing manure. The combination of high levels of shrub branch
shelter and manure application significantly enhanced plant production,
although the bulk of the biomass was concentrated in one species,
Artemisia scoparia. In conclusion, our study successfully demonstrated
feasible and inexpensive solution for the restoration of degraded grasslands,
which takes advantage of resources associated with overgrazing Tan sheep and
Caragana shrub encroachment in arid and semiarid areas.
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caragana branch shelters, soil water availability, sheep manure decomposition, soil
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1 Introduction

Grassland ecosystems account for approximately 40% of the
Earth’s surface (Luan et al., 2014), and fulfil important functions
and services in agricultural systems (Liu et al., 2011). Grasslands
provide the basis for agriculture with 3.38 billion ha (26%) used
as livestock pasturing and 1.53 billion ha (12%) for cropland
(Foley et al.,, 2011). However, due to climate change and human
disturbance, grassland degradation has become a serious global
ecological problem (Akiyama and Kawamura, 2007; Dong et al.,
2019). Clearing of natural vegetation followed by chronic tillage
for crops degrades soil structure, oxidizes soil organic matter, and
kills the soil microbial communities that help bind the soil,
2022).
Overgrazing also kills the plants whose roots bind the soil and

resulting in increased erosion (Reichert et al,
contribute to soil organic matter in grasslands (Klumpp et al,
2009). In summary, both systems lead to grassland degradation
which has been described as an inverse succession that combines
the deterioration of vegetation and soil (Gang et al., 2014).
Therefore, many practices such as reseeding, fertilization,
irrigation, organic amendments, and enclosure have been
adopted to restore degraded grasslands (Zhang Q et al,, 2021).

Presently, overgrazing is widely regarded as a major factor
with
and

contributing to grassland degradation. However,

appropriate  grazing practices, manure deposition
decomposition by livestock can play a positive role in
grassland soil nutrient cycling and grassland restoration
(Schuman et al., 2002), since about 50% (range 40%-60%) of
total animal N excretion is voided in grasslands (Oenema and
Tamminga, 2005). Numerous studies have demonstrated that
returned or applied livestock manure to grasslands can effectively
improve grassland soil fertility and productivity (Min et al., 2014;
Duftkova et al, 2015; Zhang et al, 2015; Bai et al, 2017).
Moreover, livestock manure has high concentrations of easily-
decomposable C and N compounds, providing readily-accessible
nutrients to the soil micro- and macrobiota decomposers (Knops
et al., 2002; Bakker et al., 2004). Conversely, chronic export of
animal manure from the grassland ecosystem can result in
deterioration of soil fertility and decline of grassland primary
productivity (Xu et al.,, 2012). However, in degraded grassland
systems, manure application alone is generally insufficient to
restore the soil health and other types of amendments are needed.
In particular, strategies are needed to improve soil water
availability in these dry environments, since the activities of
microbial manure decomposers are usually positively correlated
with increasing soil moisture in arid areas (Zhu et al., 2020).
Hence, the measures for improving soil water condition may
have benefit for livestock manure decomposition and soil
nutrient improvement in grazed grasslands.

In natural, undisturbed grasslands, the thick layer of leaf litter
that forms across the surface has been shown to increase rain
capture and shade and cool the soil (Deutsch et al., 2010).
Similarly, the use of mulch and other surface organic
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amendments is also gaining recognition for their value in
shading and cooling soils, and reducing evaporative losses. For
instance, addition of a thick layer of wood chips as mulch over the
soil surface, can cool the soil, reduce evaporative loss, and
enhance plant growth in arid areas (Li et al, 2018, 2019).
Mulch is also used as a common landscaping practice, to
prevent weed germination and growth, which it does by
inhibiting light from reaching the surface (Cochran et al,
2009). Alternative strategies are needed that help shade and
cool, but also allow some light penetration to help seed
germination.

Previous research has shown that piling branches over the
soil can shade and cool the soil yet allow seed germination and
plant growth (Li et al., 2018, 2019; Leger et al., 2022). And unlike
wood chip mulch, the sturdier longer branches facilitate the
formation of a loose three-dimensional structure of material
above the soil surface. One potential source of woody
material, namely invading shrubs, may be a useful source of
material for these amendments, while countering shrub
encroachment, which has become another factor which is
contributing to grassland degradation worldwide (Wilson
et al, 2022). The proliferation of shrubs in grasslands can
substantially change the pattern of soil water resources, which
in turn leads to changes in the structure and function of the
ecosystem (Jia et al., 2018; D’Odorico et al,, 2012). Presently,
about 10%-20% of arid and semi-arid grasslands are undergoing
shrub encroachment (Watson et al., 2018). This phenomenon
has
(Caracciolo et al, 2016), the Mediterranean Basin (Maestre
et al, 2009), Australia (Eldridge and Koen, 2003), and South
Africa (Kerley and Whitford, 2009). Some grasslands in Inner

been documented in southwestern North America

Mongolia, Gansu, Ningxia, and other provinces of northern
China are also exhibiting shrub encroachment (Wei et al,
2019). China,
intermedia) were extensively planted in grasslands (accounting

In eastern Ningxia, caragana (Caragana
for about 33% of grassland area) for wind prevention and sand
stabilization (Zheng et al., 2019). In the period immediately
following planting, the caragana was deemed successful in
stabilizing the sandy soils, however it was subsequently found
to consume large amounts of water, decreasing overall soil water
availability (Dan et al., 2020). As a result, with increasing time
since planting of the caragana, a suite of problems occurs,
including reduction in perennial herbs, water deficit, and soil
degradation gradually developed in local grasslands (Zhao et al.,
2020). Therefore, fire management and other measurements
have being extensively adopted to reduce shrub encroachment
for grassland restoration (Killgorea et al., 2009; Wang et al., 2018;
Wilcox et al.,, 2018). However, fire management may also cause
environment pollution and waste of potentially valuable
resources.

Interestingly, previous research has demonstrated that tree
branch shelters were successful in achieving benefits to cool
temperatures and increase soil moisture contents in forests
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FIGURE 1

Shrub encroached grassland (A) in study site and schematic (B) and photo (C) showing layout of the experimental study site and plots. L, M and H
in figure b are low, medium, and high amount of manure accumulated in grassland surface.

that had been thinned (Morreale and Sullivan, 2010). Even when
laid directly atop forest soils coarse woody debris also has benefits
in improving soil moisture, increasing soil organic matter, and
reducing bulk density (Bulmer et al., 2007). Our earlier studies in
semi-arid environments have also demonstrated that tree branch
shelters effectively and immediately decrease evaporation, retain
more precipitation, and enhance plant growth in desertified
grassland soils (Li et al, 2018, 2019). Moreover, over longer
term periods of three or more years, tree branch shelters were
found to improve soil physical properties and increase soil
nutrients of desertified grassland (Li et al., 2019). In addition,
moderate shading level, for example <60%, had minimal negative
effects on overall annual grassland net herbage accumulation
(Dodd et al., 2005). Furthermore, unlike light organic materials
such as straw and other herbaceous materials that may easily
decompose in as little as 2 years even in more arid regions, woody
materials (for instance shrub and tree branches) can last for years
to decades (Weedon et al., 2009) when used for soil restoration.
Therefore, woody materials have an additional advantage of
reducing the cost of soil restoration over the long term, since
constant re-application is not needed.

Frontiers in Environmental Science

Given this framework, it is likely that caragana branches can
also be viable for use as in-situ shelters to improve grassland soil
moisture and jump-start restoration of degraded grasslands in
Ningxia, where the climate is semi-arid and this shrub is
abundant. We hypothesize that (a) caragana branch shelters
can facilitate nutrient cycling of livestock manure in grassland
by improving soil moisture availability, and (b) then enhancing
plant growth via improving soil moisture and nutrient
availability. The overall goal of this study was to evaluate the
potential of utilizing various combinations of two readily
available resources, caragana branch shelters and sheep
manure, to improve the soil environment and support
increased native plant productivity in highly degraded arid
landscapes of northern China. The specific objectives of this
study were to: (a) analyze the effect of using caragana branch
shelters versus manure on the soil physical environment,
including soil temperatures and soil water storage in the study
site; (b) evaluate the interactive effects of different sheltering
levels and amounts of manure amendment on decomposition
rates of the two materials, as well as soil nutrient levels, and (c)
evaluate interactive effects of manure and branch shelter
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The precipitation (A,B) over the two growing seasons, and the maximum soil temperatures (C,D) and soil water storages (E,F) of degraded
grassland under different branch sheltering levels in 2017 and 2018. Data in parentheses were average soil temperature +SE (C,D) and average soil
water storage +SE (E,F), and different letters indicate significant differences among different treatments at the 0.05 level.

treatments on plant production, as indicated by biomass, average
plant height, and cover.

2 Materials and methods
2.1 Site description

The study site is located in Yanchi County, Ningxia (106
30'—107° 47" E, 37° 04'—38° 10’ N), Northern China. The
regional climate is a typical temperate continental and
monsoonal climate. The average annual temperature is 8.1°C.
The annual precipitation is 295 mm, and the average annual
potential evapotranspiration is 2,132 mm, and the frost-free
period is about 162 days (Zhang Y et al, 2021). The soil
texture is primary sandy loam, and the soil characteristics of
the 0-20 cm layer as follows: pH was 8.69, 0.18 gkg™ total N,
0.53 gkg™' total P, 229 gkg™' organic matter content. The
natural vegetation of the site is desert steppe, and the plant
species mainly consist of Artemisia scoparia, Corispermum
mongolicum, Heteropappus —altaicus, Agropyron cristatum,
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Salsola ruthenica, Agropyron mongolicum, Bassia dasyphylla,
and planted Caragana intermedia. However, caragana shrubs
were extensively planted in grasslands (account for about 33% of
3,327 km” grassland area) for wind prevention and sand
stabilization in this area, and the total above-ground caragana
biomass (dry weight) in grassland can be as high as 8.4 x
10*kg km™ (Zheng et al., 2019).

2.2 Field experiment design

The field experiment was set up in October in 2016 in a
degraded 60 hm® grassland, and the measurements were
conducted during the two subsequent growing seasons of
2017 and 2018. Prior to the experiment, this grassland was
intensively grazed by Tan sheep, a native species to this
region. The grazing density was 3-4 Tan sheep-hm™, and the
whole grassland was enclosed by fences with a gate. The
vegetation of the site consisted of mixed grass species and
shrub caragana. The cumulative amount of oven-dried (85°C)
sheep manure was 872 g m™ at the gate and 1.2 gm™ at 800 m
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Decomposition rates of manure (A,C) and caragana branches (B,D) under different treatments evaluated as % weight loss from the initial weight,
as well as regressions of decomposition rate against soil water storage (mm) for manure treatments (E) and caragana treatment (F) in 2017 and 2018.
Different letters above columns in Figs a, b, ¢, and d indicate significant differences among different sheltering levels in Figs a and b (p < 0.05).
Different p values in Figs a, b, ¢, and d show the effects of branch sheltering (Br), manure concentration (Ma), and their interaction (Br x Ma) on

decomposition by two-way ANOVAs.

from the gate, based on an initial sampling of the surface soil
(0-5 cm depth) throughout the field.

In order to ensure the homogeneity both for soil properties
and vegetation, all experimental plots were set up 200 m far away
from the gate, ie., at sites where the concentration of sheep
manure was approximately 442 gm™ Then, a split-plot
experiment was designed (Figure 1), and the main plots were
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comprised of three treatments where the cumulative manure
concentrations were 1.2 g m ™ (thus near to zero), 442 g m ™, and
884 g m™? for low (L), medium (M) and high (H) concentrations,
respectively. Thus, for L, almost all manure had been removed
from the plots, by shoveling. Whereas, for H, the manure
removed from L plots were added into H plots. The M plots
had no manure removed or added. The sub-main plots were
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TABLE 1 The evaluation of potential maximum C and N which decomposed sheep manure and caragana branches input to soil.

Treatments The potential maximum C and N
input to soil after 1 year (2017)
decomposition (g kg™")

The potential maximum C and N input to soil after 2 years (2018) decomposition (g kg™")

Manure Sheltering levels (%) C Input by = C Input by N input by N input by CInput by C Input by N input by N input by
concentrations manure branches manure branches manure branches manure branches
L 0 <0.01 0.00 <0.01 0.00 <0.01 0.00 <0.01 0.00b

20 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01b

40 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.007 + 0.00b

60 <0.01 <0.01 <0.01 <0.01 . <0.01 <0.01 <0.01 0.012 + 0.00a
M 0 0.07 + 0.00c 0.00 <0.01c 0.00 0.09 + 0.01c 0.00 0.01 + 0.00b 0.00b

20 0.08 + 0.00c <0.01 <0.01c <0.01 0.11 + 0.01c <0.01 0.01 + 0.00a <0.01b

40 0.16 + 0.00b <0.01 0.01 + 0.00b <0.01 0.16 + 0.02b <0.01 0.01 + 0.00b 0.006 + 0.00a

60 0.17 + 0.02a <0.01 0.01 + 0.00a <0.01 0.19 + 0.01a <0.01 0.01 + 0.00a 0.010 + 0.00a
H 0 0.15 + 0.01c 0.00 0.01 # 0.00c 0.00 0.19 + 0.01b 0.00 0.01 + 0.00b 0.00c

20 0.18 + 0.01c <0.01 0.01 + 0.00c <0.01 0.24 + 0.02b <0.01 0.01 + 0.00b <0.01c

40 0.25 + 0.01b <0.01 0.02 + 0.01b <0.01 0.37 + 0.02a <0.01 0.02 + 0.00b 0.075 + 0.00b

60 0.33 + 0.03a <0.01 0.02 + 0.00a <0.01 0.38 + 0.02a <0.01 0.02 + 0.00a 0.012 + 0.00a

Different letters following means indicate significant differences among different sheltering levels at 0.05 level (p < 0.05).
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FIGURE 4
Soil organic carbon (A,B), total N (C,D), total P (E,F), available N (G,H), and available P (I,J) between 0—-20 cm depth under different shrub branch
sheltering levels and cumulative sheep manure concentrations in degraded grassland in 2017 and 2018. L, M, and H denote sheep manure with low,
medium, and high concentration in grasslands. Different uppercase letters indicate significant differences among different concentrations of sheep
manure (p < 0.05), while lowercase letters indicate significant differences among different levels of shrub branch shelters (p < 0.05). Different p
values show the effects of branch sheltering (Br), manure concentration (Ma), and their interaction (Br x Ma) on soil nutrients by two-way ANOVAs.

comprised of four different branch shelters based on our previous
studies (Li et al., 2018, 2019). Thus 0%, 20%, 40%, and 60% of
grassland surface area were overlaid by the cut caragana branch
shelters. Caragana branches of ~0.7 cm diameter were obtained
from throughout the study site. Then branches, with length of
~1m, were selected and layered over the soil surface, criss-
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crossing to form a lattice type structure, after the manure
plots were set up. The sheltering levels were adjusted and
measured by LAI-2200C plant canopy analyzer (Li-COR Inc.,
United States) in October, when there was no aboveground plant
foliage to interfere with the measurements. The branch shelter
treatments were randomly distributed in each main block. The
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FIGURE 5

Plant coverage (A,B), height (C,D), and biomass (E,F) under different shrub branch sheltering levels and cumulative sheep manure
concentrations in degraded grassland in 2017 and 2018. L, M, and H denote sheep manure with low, medium, and high concentration in grasslands.
Different uppercase letters indicate significant differences among different concentrations of sheep manure (p < 0.05), while lowercase letters
indicate significant differences among different levels of shrub branch shelter (p < 0.05). Different p values show the effects of branch sheltering
(Br), manure concentration (Ma), and their interaction (Br x Ma) on plant growth by two-way ANOVAs.
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shelter treatments of 20%, 40%, and 60% surface coverage
corresponded approximately to 660 gm™, 1,320gm™, and
1980 g m™ (dry weight) caragana branches, respectively.
Increasing extent of the branch shelters provided increasing
amounts of shade, a thicker boundary layer above the soil
surface which would act to reduce evaporative losses, as well
as a greater amount of wood for potential decomposition into
the plot.

In total, 12 treatments with four replicate plots per
treatment were set up for the experiment. Each plot size was
16 m* (4 x 4 m), and each pair of plots were separated from each
other by 2m spacing, and 4 m alleys between the two main
blocks. There was no grazing allowed in the field plots during
the experimental period, and the whole experiment site was
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enclosed with fences to prevent intrusion by Tan sheep and
other large herbivores. The organic carbon content of manure
and branch are 198.55 g kg 'and 453.94 g kg ™', respectively; the
total N of manure and branch are 12.27 gkg™' and 14.82 gkg ™',
respectively.

2.3 Monitoring of soil water content and
associated soil temperature

The soil volumetric water content within the 0-20 cm soil
layer was monitored using AZS - 100 Handheld Meter (Aozuo
Ecology Instrumentation Ltd., Beijing China), but calibrated by
the gravimetric method. Measurements were made every 10 days
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from April to October both in 2017 and 2018. Finally, the soil
water storage was calculated with the following equation:

SWS=VW x H (1)

where SWS (mm) is soil water storage; VW is volumetric water; H
(mm) is soil depth = 200 mm.

Additionally, soil temperature at the depth of 20cm was
monitored at 14:00h on the same day as the soil moisture
measurements were made, using a soil thermometer (Changzhou
Rui Ming Instrument and meter plant thermometer, Changzhou
China).

2.4 Measurement of decompositions and
nutrient inputs both for manure and
caragana branches

Decomposition rates of manure and caragana branches were
measured using nylon bags (with 2 mm mesh). For manure bags,
100 g oven-dried (85°C) and intact sheep manure were placed
into a bag, then two bags were laid on the surface of the soil
within each plot (totally, four sheltering levels x 3 manure
concentrations x 2 sampling dates x 4 replicates = 96 bags).
For branch bags, 100 g oven-dried (85°C) air-dried caragana
branches (~0.7 cm in diameter and 10 cm in length) were
placed into each bag, then two bags were placed into each
plot for which there was branch sheltering (thus totally, three
sheltering levels x 3 manure concentrations x 2 sampling dates x
4 replicates = 72 bags).

Both for manure and branches, one bag in each plot was
collected at the end of September in 2017, and another was
collected at the end of September in 2018. Then the
decomposition rate was determined as the change in oven-
dried weight loss determined after oven drying at 85°C.
Organic carbon was assayed by the acidified potassium
dichromate (K,Cr,0;-H,SO,) heating method (Bao, 2013).
Total nitrogen (N) was determined using the Kjeldahl
procedure (Bao, 2013). Considering the influence of soil to
interfere accurate evaluation for manure decomposition, ash
correction was applied according to Rashid et al. (2017).
Thus, a muffle furnace was used to determine ash content in
bags by loss-on ignition at 550°C for 4 h, and the soil dry weight
that contaminated the manure calculated as following equations:

ASg — Arc
Agr

CDW = @)
where CDW is soil dry weight (g) than contaminated the manure
bag, ASr is ash content (mg) that remained in manure bag, Ay is
the initial ash content (mg) in manure bag and Ag; is the soil ash
content (mg g'). After ash correction, cumulative decomposition
rate of manure and branches, as well as the potential maximum C
and N which manure and branches input into soil were evaluated
with the following equations:
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DR =100 x (DM pitiar — DMe"d)/DMiniziab (3)
Creleased OF Nreteased = DR X D Mipitiar X Ceontent O N content X 0.001,
)
G, or N,
Cinput O N = Zreleased OY Nreleased )

BDxSxH

where, DR (%) is cumulative decomposition rate of manure or
branches after one or 2 years; DM, (g m™) is the initial dry
matter weight of manure or sheltered branches in each plot; DM,
is the dry matter weight of manure or sheltered branches were
decomposed after one or 2 years in each plot; Crefeased OF Nyeleased
(g m™) is cumulative released C or N from decomposed manure or
branches after one or 2 years in each plot; C.oyzens (kg ™) 0 Nogpurent
(gkg™) is the concentration of C or N in manure or branches; Cinpur
(g kg™) or Ny (g kg™) is the potential maximum C or N which
manure or branches cumulatively input into soil; BD (g cm™) is soil
bulk density, and in this study BD = 1.4 g cm™; S (m?) is soil area in
calculation, and 1 m” soil area was applied in calculation in this
study; H is soil depth, H = 20 cm in this study.

2.5 Soil sampling and soil chemical
property measurement

Samples were also collected at the end of September in both
2017 to 2018. Three soil samples between 0 and 20 cm were collected
in each plot, and then mixed together to get about a 500-g composite
sample for each plot. Four replicate samples were then analyzed from
each composite for each treatment. Soil samples were sieved through
a 2-mm mesh and oven-dried for chemical property analysis.

Soil organic carbon (SOC) was assayed by the acidified
potassium dichromate (K,Cr,O,-H,SO,4) heating method (Bao,
2013). Total nitrogen (N) was determined using the Kjeldahl
procedure (Bao, 2013); total phosphorus (P) was determined
using H,SO, + HCIO, digestion (Bao, 2013); available N was
determined by the alkaline diffusion method (Bao, 2013); available
P was exacted with 0.5 mol/L NaHCO; (pH 8.5) (Bao, 2013).

2.6 Investigation of grassland vegetation

Within each plot, a 1 x 1 m quadrat was set aside for analyzed
vegetation in September in 2017 and again in 2018. The total
coverage and average height of vegetation was evaluated
according to point frame method (Byrne et al, 2011), then
the aboveground biomass was harvested, dried at 60°C for
48 h, and weighed (Bloor, 2015).

2.7 Statistical analyses

Two-way ANOVAs were applied to detect the effects of
shelters, sheep manure, and shelters X manure on each
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determined soil and plant index, respectively. And when the
results of two-way ANOVAs shown interaction effect is
significant, the simple effect analysis, thus One-way analysis of
variance (ANOVA), was used to determine the difference
between the effects of one factor at different levels of another
factor. Regression analysis was applied to reveal the correlation of
manure decomposition rate and soil water storage, as well as
branch decomposition rate and soil water storage. Correlation
analysis was used to reveal the relationships between plant
growth parameters and tested soil properties. All above
analyses were carried out using the “vegan” package in R. In
all tests, a p-value <0.05 was considered significant.

3 Results

There was slightly more rainfall in 2018 (374.6 mm) than in
2017 (353.4 mm), however in 2017 it was distributed as smaller but
more frequent storms throughout the growing season (Figures 2A,
B). Average air temperature was hotter in 2017 than in 2018 (Figures
2C, D). Soil temperatures reached a maximum of 45°C in 2017, but
maximums were 10° lower in 2018, at 35°C (Figures 2E, F).

3.1 Effect of shelters on soil water storage
and soil temperature of grassland

Branch shelters significantly decreased the average daily soil
maximum temperature in both 2017 and 2018 (Figures 2C, D).
Increasing the extent of branch shelter up to 60% resulted in 2°C
cooler average soil temperatures in 2017, and in 3.4°C cooler soil
temperatures in 2018, when compared with unsheltered
exposed soil.

Soil water storage was overall slightly higher in 2017 than in
2018. There was a significant increase in average soil water
storage associated with the 40% and 60% branch shelters as
compared to the 0% Control in both 2017 and 2018 (Figures 2E,
F). The 60% shelter increased the average soil water storage by
32% and 47.2% over the Controls in 2017 and 2018, respectively.
The 20% branch shelter also increased soil water storage above
the Control on several days, but was not statistically significant
on average. In contrast, increasing the amount of sheep manure,
without an associated shelter, was not found to significantly
increase soil water storage or decrease soil temperature in either
2017 or 2018 (p > 0.05) (Supplementary Figure S1).

3.2 Effect of branch shelters on
decomposition and nutrient releases of
manure and branches

Two-way ANOVAs indicated that branch shelters significantly
impacted both the manure and branch decomposition rates both in
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2017 and 2018 (p < 0.001), evaluated as % weight loss from the initial
weight. Manure concentrations also significantly impacted its own
decomposition in 2018 (p < 0.001), and branch shelters x manure
concentrations significantly impacted manure decomposition as
well both in 2017 and 2018 (p < 0.05 or 0.001) (Figure 3). By
the end of 2017, Control manure bags had lost ~25% of their initial
mass, while treatments with shelters of 40% and 60% significantly
increased the decomposition loss rate of the manure to roughly 50%
(Figure 3A). In 2018, manure bags with 0% or 20% shelters had only
lost an additional 5% of their initial weight but bags in the 40% and
60% shelters dramatically lost up to 65% of their initial weights
(Figure 3C).

In contrast, caragana branches had very low decomposition
rates, with less than 5% loss rate at the end of 2017 (Figure 3B).
Branch bags had only lost an additional 5% more after the next
2018 growing season (Figure 3D). However, increasing density of
the shelter did slightly increase the decomposition rate of the
caragana bags. Further analysis showed that, as a whole, the
decomposition rates of manure were increased with increasing
branch sheltering levels both in 2017 and 2018. In addition, the
decomposition rate of caragana branches also increased with
increasing sheltering levels both in 2017 and 2018. Regression
analysis revealed that both the manure decomposition and
branch decomposition rates were positively correlated with
soil water storage (p < 0.05 or 0.01) (Figure 3E and Figure 3F).

The potential maximum C and N which manure and branches
inputted into soil were estimated based on the rates of
decomposition (Table 1). Branch treatments had no substantial
effect in inputting C and N into soil during the whole experimental
period. However, with increased sheltering levels, the potential of
manure inputted C and N did increase. Manure had potential input
of maximum C into the soil between 0.07—0.33 g kg™ in 2017 and
0.06 gkg'—0.29 gkg™' C in 2018. Potential maximum inputs of
Nitrogen into the soil from manure were 0.01-0.02 g kg™ both in
2017 and in 2018.

3.3 Effect of branch shelters on soil
nutrients of grassland

Overall, branch shelter, sheep manure, and branch shelter x
sheep manure generally had a positive effect on enhancing soil
nutrients (Figure 4). However, patterns differed depending on year
and on chemical species. SOC started with a low concentration of
approximately 2.5gkg™ in the Controls in 2017. SOC was
significantly increased in the High manure treatments, when
there were increases in branch sheltering levels. SOC responded
more strongly to the increase in branch shelters in 2018 with a
maximum concentration of 3.7 gkg'g under High manure and
60% shelter. Increasing manure amounts, and especially increasing
sheltering levels, resulted in increased concentrations of Total P,
Available N, and Available P in both 2017 and 2018. However,
Total N concentrations overall decreased by half in the second
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year, whereas Available N almost doubled in the second year. In
contrast, phosphorus concentrations exhibited the reverse pattern,
with Total P increasing from year one to year two while Available P
was reduced to less than 10% in the second year.

3.4 Effect of branch shelters on plant
growth of grassland

Under the lowest manure treatment, and without branch
shelters, plant growth at the end of 2017, was extremely low,
measured respectively as average coverage (20%), average height
(12 cm), and biomass (30 g m™) (Figures 5A, C, E). Without the
addition of branch shelters, increasing the amount of sheep
manure from Low to High in year 1, during the plant
establishment phase, resulted in limited plant growth and only
slightly increased plant biomass (Low avg 32.1 g m™ High avg
69.7 gm% Figure 5E). Without shelters in year 2, the final
biomass was approximately four-fold higher in the Low
manure treatment (Avg 128.4 g m™?) as compared with year 1,
but the plant growth was significantly higher in the Medium
manure treatment (Avg 167.4 g m~*) and High manure treatment
(Avg 192 g m?) than Low manure treatment. Addition of branch
shelters to the Low manure treatment, significantly increased the
plant biomass production in year 1 as compared with no shelters
(60% and Low manure in year 1: avg 134.3 gm™).

When manure and shelter treatments were combined, there
were impressive increases in production. During the plant
establishment phase in year 1, High amounts of manure
combined with 60% sheltering level resulted in an average
134.3 gm™ of biomass (Figure 5E), and by the end of year 2,
biomass under Medium manure had reached 238.4 gm™ and
3109 gm™ under the 40% and 60% shelters respectively
(Figure 5F). Plant biomass in year two under High manure
was comparable or slightly lower than Medium manure,
under the same sheltering levels. Similar patterns were
observed for the two other indices of plant response, i.e., plant
coverage and plant height. However in all cases, plant biomass
was dominated by, or consisted solely of one native annual
species, Artemisia scoparia.

10.3389/fenvs.2022.1089645

Correlation analysis revealed that all tested soil properties
positively correlated with plant heigh and biomass (p < 0.01), yet
not correlated with plant coverage (p > 0.05) in 2017 (Table 2).
However, in 2018, all tested soil properties (except available P)
were positively correlated with plant coverage, height, and
biomass (p <0.01 or 0.05; Table 2).

4 Discussion

Overall, the results of this study demonstrated that
combining two readily available and inexpensive resources,
sheep manure and caragana branches in the form of a branch
shelter, can significantly improve the soil environment and foster
native plant growth in the severely degraded grassland soils, such
as those of Ningxia, China. The branch shelters act to shade and
cool the soil, and help maintain significantly higher soil moisture
availability. This pattern was consistent across the two growing
seasons. Addition of manure significantly increased the
availability of nitrogen and phosphorus for plant growth.
Application of manure alone, which is the traditional
amendment approach, only had a minor effect on soil
properties and plant growth, even at the highest levels. In
contrast, increasing the branch sheltering level up to 60%, at
the lowest manure rate, doubled plant production which suggests
that limited water availability may be a stronger driver in these
semi-arid environments. In fact, after 2 years, treatments with the
highest amounts of both branch shelters and manure
amendments combined resulted in a nearly doubling of the
soil organic carbon and greatly boosted plant production to
311gm™ (3,110kgha™) by the end of year 2. Continued
observations of the plants after the study ended indicated that
they maintained enhanced production under the amendments in
the subsequent year as well.

Notably, plant biomass in the treatment plots was dominated by
a single native annual, wormwood Artemisia scoparia. Although the
substantial increase in plant production can help jumpstart
ecosystem processes and begin the self-healing of the grassland,
additional inputs would likely be needed, either in the form of seeds
or seedlings, to more quickly re-establish the diverse grassland flora

TABLE 2 The correlations between plant growth parameters and soil properties.

Year Plant growth parameters SWS SOC N TP AN AP

2017 Plant coverage 0.184 -0.008 0.056 -0.053 0.006 -0.124
Plant height 0.527** 0.666** 0.532%* 0.507** 0.583** 0.526**
Plant biomass 0.667** 0.815% 0.653* 0.809** 0.809** 0.674**

2018 Plant coverage 0349 0.609** 0.624** 0.759** 0.630** 0310
Plant height 0.471% 0.802% 0.783* 0.788* 0.836** 0.368*
Plant biomass 0.422** 0.663** 0.660** 0.868** 0.715%* 0232

SWS, mean soil water storage; SOC, soil organic carbon; TN, total N; TP, total P; AN, available N; AP, available P. *p < 0.05, **p < 0.01.
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communities key to a stable and resilient ecosystem. This simple and
inexpensive solution employing readily available amendment
materials has strong potential for application in other severely
degraded landscapes. The research findings also provide new
insights into the valuable benefits of a different form of organic
amendment, namely branch shelters derived from encroaching
shrubs, to help restored degraded grasslands.

In arid and semiarid regions, agricultural production is being
exacerbated by increasing droughts associated with climate
change (Pachauri and Meyer 2014). Hence, improvement of
soil water capture and availability is pivotal in these water-
limited regions and our research provides useful new insights
about the role and efficacy of woody amendments in this regard.
This study demonstrated that soil water availability can be
significantly increased by the use of branch shelters in
degraded soils. Our previous research demonstrated that
branch shelters combined with woodchip incorporation into
the soil could increase average soil water content by as much
as 5 mm above the unamended soil, (from 7 to 11 mm in year
2012 and 11-16 mm in the same plots 3 years later) and by ~
2 mm above the unamended soil in the woodchip treatment
without branches in the same time periods (Li et al., 2019). This
was a substantial improvement in soil water availability given the
annual rainfall of ~150 mm during both growing seasons. In
comparison, the current study demonstrated that only using
branch shelters, with no woodchip incorporation, had an average
increase of ~3.5 mm in soil water storage, under conditions of
more than twice the total rainfall, and also decreased the
maximum soil temperatures by at least 2°. Although less
effective at improving soil moisture than the combined branch
plus woodchips, the branch shelters alone are a simpler solution
to implement than incorporation of woodchips into the soil. The
successful use of branch shelters provides a new and
complementary type of organic amendment, along with
mulch, composts, and woodchip incorporation, that can help
to restore degraded grasslands.

The impacts of the woody amendments are apparently
complicated by the specific temperature and precipitation
regimes experienced in a given year. The study year 2018 was
significantly cooler and only slightly dryer than 2017, which may
explain why the branch shelter treatments exhibited greater
success in reducing soil temperatures and increasing soil water
storage in the second year. But, when the results of all these
studies are integrated, it is clear that woody amendments can play
a key role in restoring grassland soils, with significant reductions
in soil temperatures and increases in soil water availability. These
results can be achieved with just the use of branch shelters, with
greater benefits achieved by combining shelters with woodchip or
manure incorporation into the soil.

A few other studies have also corroborated this finding. For
example, the use of long plum tree branches increased soil
moisture in the jujube orchard in the Loess Plateau of China
(Yang et al,, 2010). Even loose piles of wood latticed above the
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forest floor achieved similar benefits of cooler temperatures and
higher soil moisture contents (Morreale and Sullivan, 2010). It is
likely that the use of branch shelters retains soil moisture through
a combination of processes including increasing the boundary
layer thickness, which acts to reduce evaporation, and by shading
(Flerchinger et al., 2003; Fuchs and Hadas, 2011). However, more
research is needed to understand the underlying mechanisms so
that appropriate restoration applications can be developed. For
example, plastic branch shelters may not provide the same
benefits as wood branches, because they can’t absorb and
release water and contribute to evaporative cooling. In a
similarly vein, our previous research showed that rubber
woodchips did not provide the same benefits as true
woodchips incorporated into the soil because they couldn’t
absorb and then release water (Menzies-Pluer et al., 2020).

In all, the utility of small branch material for ecological
restoration is particularly useful given that shrub encroachment
has become a global nuisance contributing to grassland
degradation. For instance, previous studies have showed that
caragana growth depleted or even exhausted soil water of the
grassland in our study site (Zhao et al., 2020). Historically, these
invasive shrubs are removed mechanically, or herbicides and fire
are used to destroy the shrubs (Killgorea et al.,, 2009; Wang et al.,
2018). However, our study suggests that shrubs can be cut and used
for shelter for grassland restoration in the future.

This study also revealed that utilizing Tan sheep manure as a
soil amendment proved to be a vital strategy for soil nutrient
enhancement in a region where this material is widely available.
Previous studies have shown that 75%-95% of the nitrogen of the
forages consumed by grazing livestock is returned to the
grassland in the form of both manure and urine (Cai et al,
2014). Schuman et al. (2002) also reported that manure
deposition by grazing livestock has a significant impact on
grassland soil nutrient cycling. However, as has been
demonstrated elsewhere, manure decomposition and increased
nutrient availability were positively correlated with soil water
availability (Zhu et al., 2020). In this study, branch shelter levels
of 40%-60% significantly improved soil water content and
accelerated manure decomposition, and manure
decomposition rate was significantly positively correlated with
soil water condition. Manure inputs of C and N into the soil
increased as branch sheltering levels increased, and with inputs
0.07—0.33gkg™ C in 2017
0.06 gkg'—0.29 gkg™ C in 2018, and maximum N inputs
were 0.01-0.02gkg™" both in 2017 and in 2018. It is
acknowledged that the manure used in this study was already

ranging  from and

1 year old when it was re-distributed and the experiment started.
Much of the nutrients are leached out and/or volatilized after the
first few weeks and months post animal defecation (Zhu et al.,
2020), so decomposition rates and nutrient inputs of fresher
manure would likely be more extreme.

In contrast, decomposition rates of the caragana branches
were extremely slow, at approximately 3-6% weight loss per year.

frontiersin.org


https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.1089645

Liu et al.

They were therefore a limited source of nutrients to the soil and
their key role appeared to be increasing soil moisture retention.
Serendipitously, the low decomposition rate of branches also
translated to a low-cost application for soil restoration
underscoring our previous observation that one of the
advantages of woody amendments over other organic
materials is that the benefits achieved are maintained more
than 5years post implementation (Li et al, 2019). So, we
speculate that shrub branch shelters will also benefit grassland
restoration for a comparatively long period without requiring
replenishment.

Ultimately, our study demonstrated that the use of shrub
branch shelters and sheep manure had significant positive
effects on plant growth in this degraded grassland. Under
the combined treatment of High manure levels and
40—60% coverage by branch shelters, aboveground plant
biomass reached ~300gm™ in the second year. This
biomass is comparable to levels reported from short-grass
prairie steppes of comparable climate in the western Great
Plains (Reeves et al., 2021). The current condition of the soil at
this site is so degraded that, when unamended, there are
insufficient nutrients and water to allow plants to get
established and grow. The system had degraded to such a
level that it had reached a new stable state or equilibrium
condition (Scheffer et al, 2015). Inputs were needed to
jumpstart the ecosystem to a different equilibrium. So, this
is a feasible solution for plant production in grassland in arid
and semiarid areas of China, since water and soil nutrients are
regarded as most limiting factors for plant/crop production in
these areas (Wang et al., 2016). Actually, this research also
found that caragana branch shelter significantly improved soil
water content and reduced soil temperature in a degraded
grassland, and created a beneficial environment for reseeded
forage growth (Zhang R et al., 2021). Our previous studies had
also demonstrated that poplar branch shelters improved soil
water condition and enhanced plant growth in arid areas (Li
et al,, 2018, 2019). Similarly, Fehmi et al. (2020) showed that
adding a thin layer of wood chips on the surface increased plant
growth. Besides, return of livestock manure in typical
grasslands (Zhang et al., 2015), alpine grasslands (Min
et al,, 2014), dry grasslands (Duffkova et al, 2015), and
desertified grasslands (Bai et al., 2017) had also showed the
effectively potential in improving productivity. Wang et al.
(2016) also found that, dry matter accumulation and rainfall
use efficiency of crop significantly increased as chicken manure
application rate increasing (from 750 gm>-2,250 gm™>) in
semiarid areas of China. Our experimental design allowed
us to separate the influence of the two different amendment
types and demonstrated that it was the combination of cooler
temperatures, higher moisture availability and increased
nutrients that resulted in the highest plant production.
Actually, there was also a very similar study demonstrated
that woody branch shelter combined with a thin layer of
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compost can improve success rates of revegetation in
dryland ecosystems by moderating the soil microclimate
(such as improving soil moisture and enhancing soil
nutrients) (Leger et al., 2022). In this study, the correlation
analysis also showed that plant growth was significantly
influenced by all tested indices including soil water, soil
organic carbon, Total N, Total P, Available N, and Available
P during whole period. In conclusion, this study revealed that
the improved soil moisture promoted the transformation of
manure nutrients and finally enhanced plant growth of
grassland (Bang et al,, 2005; Aarons et al., 2009; Saarijarvi
and Virkajédrvi, 2009).

5 Conclusion

This study demonstrated that 40%-60% cover of shrub
branch shelters effectively increased soil water availability of

degraded
decomposition of manure and shrub branches. The soil C

grassland, and  consequently  promoted
and N were substantially inputted by decomposed manure
rather than shrub branches, while the low decomposition
rate of branches also means low-cost application in soil
restoration. The combination of shrub branch shelter and
growth

improving soil water availability and soil nutrients. In

manure application also enhanced plant via
summary, our study provided a template using shrub
branches and livestock manure to restore degraded grassland

in arid and semiarid areas.
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