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ABSTRACT

Biological soil crust (BSC) exists widely in many kinds of grassland, its effect on soil mineralization in grazing
systems has well been studied, but the impacts and threshold of grazing intensity on BSC have rarely been re-
ported. This study focused on the dynamics of nitrogen mineralization rate in biocrust subsoils affected by
grazing intensity. We studied the changes in BSC subsoil physicochemical properties and nitrogen mineralization
rates under four sheep grazing intensities (i.e., 0, 2.67, 5.33, and 8.67 sheep ha™!) in seasons of spring (May-
—early July), summer (July-early September), and autumn (September—November). Although this moderate
grazing intensity contributes to the growth and recovery of BSCs, we found that moss was more vulnerable to
trampling than lichen, which means the physicochemical properties of the moss subsoil are more intense.
Changes in soil physicochemical properties and nitrogen mineralization rates were significantly higher under
2.67-5.33 sheep ha~! than other grazing intensities (Saturation phase). In addition, the structural equation
model (SEM) showed that the main response path was grazing, which affected subsoil physicochemical prop-
erties through the joint mediation of BSC (25%) and vegetation (14%). Then, the further positive effect on ni-
trogen mineralization rate and the influence of seasonal fluctuations on the system was fully considered. We
found that solar radiation and precipitation all had significant promoting effects on soil nitrogen mineralization
rates, the overall seasonal fluctuation has a direct effect of 18% on the rate of nitrogen mineralization. This study
revealed the effects of grazing on BSC and the results may enable a better statistical quantification of BSC
functions and provide a theoretical basis to formulate grazing strategies in the grazing system of sheep in Loess
Plateau even worldwide (BSC symbiosis).

1. Introduction

(Bethany et al., 2019). Crushing and fertility both affect the structure
and function of grassland ecosystems. Previous studies on the effect of

Biological soil crusts (BSCs) occur worldwide in grasslands, which
cover approximately 50 million km? (~40% of the terrestrial area on
Earth) (Liang et al., 2021), and occupy approximately 40% of arid and
semi-arid areas (Stephens et al., 2019). BSCs play important roles in
controlling surface runoff, preventing soil erosion, improving soil
moisture, and mediating soil temperature and element transformations
(Bi et al., 2021). Grazing is one of the main uses of grasslands, livestock
dependent on grasslands provide livelihoods for more than one billion
people worldwide and account for one-third of the global protein con-
sumption requirements (Taugourdeau et al., 2016), it has a direct
crushing effect on the BSC and indirectly affects the fertility of grass-
lands through fecal and urine matter by influencing soil mineralization

grazing on nitrogen mineralization rate under BSCs have focused on
different pathways, such as microbial and subsurface pathways (Wil-
liams et al., 2021). However, the response of varying grazing intensities
on soil nitrogen mineralization rate at seasonal scales remains unknown.

In undisturbed grassland systems (primary succession systems), BSCs
can represent grassland succession process to some extent, while in
artificially disturbed grassland systems, the types and coverage of BSCs
can represent grassland health status. The succession of BSC under un-
disturbed circumstances begins with the colonization of algae, gradually
followed by moss and lichen after the ground surface is fixed, moss are
more sensitive than lichen to grazing (Maestre et al., 2011; Chamizo
et al., 2012). Some cyanobacteria in the BSC are capable of fixing
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atmospheric nitrogen and making it available to plants (Robinson,
2021), and can also fix carbon dioxide by photosynthesis, eventually
converting it into soil organic carbon (SOC) (Chamizo et al., 2021). In
grazing grasslands, the BSC is fragile during dry periods and its
destruction by overgrazing cannot be naturally restored in a short period
of time (Bo et al., 2019). Grazing management is therefore critically
important to regulate the BSC (Robinson, 2021). Moderate grazing is
beneficial to BSC development, whilst a high grazing intensity leads to
their decline, or even complete disappearance (Ayuso et al., 2019). The
nitrogen fixation effect of BSCs primarily results from the type and
composition of coverage. At the same time, grazing reduced the abun-
dance of cyanobacteria and the proportion of lichen, thereby signifi-
cantly reducing the nitrogen fixation rate of the BSC (Kuske et al., 2012).
Mineralization has important agricultural significance, and mineralized
nitrogen is an important source of nitrogen for absorption by plants.

Although some studies have focused on the effect of grazing on the
structural composition and soil mineralization under BSCs, further
research is needed in order to predict the threshold levels of factors that
influence trends in the BSC (Root et al., 2019; O’Connor and Germino,
2020; Robinson, 2021). The effects of grazing on soil moisture and BSC
type tend to be synchronized because the BSCs have a certain protective
effect on soil moisture (Li et al., 2021). So, we hypothesize (1) the
mineralization rate of the soil under the BSC correspondingly changes as
‘Hump curve’ with the increase in grazing intensity; (2) The length of
time the two curves reach their peak shows the difference between the
two BSCs and because the sensitivity of moss is higher than that of lichen
(concluding coverage and their subsoil physicochemical property); (3)
Before the peak value of the curve rises rapidly, the grazing intensity
promote the soil mineralization rate, crossing the threshold shows the
opposite trend, in addition, warm season and cold season have syner-
gistic or antagonistic effects on mineralization rate with grazing in-
tensity (Fig. 1).

The typical steppe of China Loess Plateau is one of the most impor-
tant parts in the Eurasian steppe, with a long grazing history of over
7000 years (Chen et al., 2017), and the high sensitivity to rainfall
because the inter-annual precipitation fluctuates greatly (Huang et al.,
2022). To test the above hypotheses (Fig. 1), a long rotational grazing
experiment of Tan sheep in the loess Plateau was conducted to identify
how the grazing intensity and growing season affect (1) the coverage of
BSCs and vegetation and both relationships, (2) the nitrogen minerali-
zation rate and physicochemical properties of soil under BSCs and the
mechanism of climate, vegetation and soil properties on soil nitrogen
mineralization. Our research results were expected to provide the key

—  Moss

= Lichen

Warm season

Cold scason

Soil mineralization rate

Grazing intensity

Fig. 1. Diagram of the grazing effects on BSCs and physicochemical charac-
teristics

Note: The blue and red curves show the response of soil nitrogen mineralization
under moss and lichen to grazing intensity, respectively. The solid line and
dotted line of the arrow respectively represent the response of soil minerali-
zation rates in the warm season and cold season under different grazing
intensities.
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threshold value of grazing intensity and the seasonal grazing period for
the sustainability of BSC in global grazing lands, especially in arid and
semiarid ecoregions.

2. Materials and methods
2.1. Study site

The field experiments were conducted at Huanxian Grassland Agri-
culture Research Station of Lanzhou University, Gansu Province, China
(37°07'N, 106°48'E; altitude 1700 m). The climate is characterized as
temperate continental monsoon and the soil is classified as sandy, free-
draining loess (Gong, 2007; Ren et al., 2008). The average annual
temperature was 7.5 °C and the average annual rainfall was 269 mm
yr~1, over 70% of which took place between late June and September
(Fig. 2). The frost-free period was 125 days yr1, in accordance with the
Comprehensive and Sequential Classification, the grassland is a typical
temperate steppe (Ren et al., 2008). Spring and autumn are typically
short, summer hot and humid, and winter long and cold. The soil is
classified as sandy, free-draining loess. The plant growth period was
from late March to early September. The main vegetation species were
Lespedeza bicolor Turcz. (Lespedeza davurica (Laxm.) Schindl.), Stipa
bungeana Trin., Artemisia capillaries Thunb. (Artemisia capillaris f. glabra),
Heteropappus altaicus (Willd.) Novopokr., and Potentilla bifurca Linn. (Hu
et al., 2019). The dominant agricultural system in the region is the in-
tegrated crop/grassland livestock production system (Hou et al., 2021).

2.2. Study design

A group of paddocks were set up for rotational Tan sheep grazing and
every paddock was 50 x 100 m (Chen et al., 2015). There were four
grazing intensities, including 0 (control), 2.67, 5.33, and 8.67 sheep
ha~!, with 3 replicates. The rotational grazing of Tan sheep started from
the beginning of June and ended in late September each year, with a
rotation period of 30 days and a grazing period of 10 days in each
paddock for each rotation. The physicochemical properties under
different BSCs were measured four times, before grazing in May, during
grazing in July, after grazing in September, and two months after
grazing in November. These months represented the spring (May to
early July), summer (July to early September), and autumn (September
to November) seasons of the study area.

2.3. Soil sample collection

In September 2015 and 2016, five (0.5 x 0.5 m) sampling areas were
designed according to the “W" form in each pasture. The quadrat was
then further divided into 36 small squares and each one was tested using
acupuncture methods. Specifically, the same sized small sample cross
intersects between the vertical needle were taken through the whole
community, needle samples of moss, lichen, and bare land were taken,
and the number of needles that hit a species in the samples (N) and the
ratio of the total number is the coverage of the species (Eq. (1)) (Zhang
et al., 2001).

Cn (%) = s

= x 100% 1
Ny + N, + N3 + Ns + Ns ’ )

In this experiment, the resin core in-situ culture method was used to
test the influence of different types of BSC on the physicochemical
properties of the soil. This began with an in-situ soil culture in May,
when three quadrats measuring 3 x 3 m were set diagonally in each
grazing plot. Moss and lichen in a good growth state were selected for
culture. The soil in-situ culture was carried out in May, July, September,
and November to measure nitrate and ammonia nitrogen. All soil sam-
ples (0-10 cm) were divided into two parts; one part was used to mea-
sure the soil moisture (SM) content using the weighing method, the
second parts were air-dried and then taken to the laboratory to measure
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Fig. 2. The air temperature and precipitation of the study site in 2015 and 2016 (Data sources: the experiment station weather experimental station).

the soil pH, nitrate-nitrogen (NO3-N), ammonium nitrogen (NHZ-N),
soil organic carbon (SOC) and total nitrogen (TN) contents. We also did a
vegetation survey during the growing season.

2.4. Measurement method and index calculation

The samples used to determine the physicochemical properties of the
subsoil of BSCs were air-dried, the plant roots and insects growing in the
soil were removed with an 80-mesh sieve. SM was measured using a soil
multi-parameter rapid measuring instrument (TZS-ECW-G, China). The
pH value of the soil was determined by a pH meter, and SOC was
determined using the Walkley-Black dichromate oxidation method (Hu
et al., 2020). TN was measured using the Kjeldahl method (Pruden et al.,
1985). NHZ-N and NO3-N were extracted with 2-M KCl solution and
analyzed with a flow injection auto-analyzer (Sah, 1994). The nitrogen
mineralization rate of soil was calculated by the formula used in Magill
and Aber (2000).

Potential evapotranspiration (ET;) was measured using the Mc
Cloud method (Mc method for short), and ET, was an exponential
function of temperature (Eq. (2)) (Mccloud, 1955).

ETomc =K x W' 2

ETomc is the ETy value calculated by the Mc method, mm/d; K =
0.254; W = 1.07. Tpaqe represents the average temperature range in
each month (Eq. (3)) (Sharafkhani et al., 2017).

nge :Avemge (Tmax - Tm[n) (3)

2.5. Statistics analysis

We used Two-way ANOVA with Duncan’s significant difference (P <
0.05) test to assess the effects of grazing intensity on the mean SM, pH,
SOC, TN, NO3-N, NHj-N, and nitrogen mineralization rate in our study.
We use the Mixed model to consider the grazing intensity and growth
seasons interactions, and the contribution rate and effect size of envi-
ronmental factors, grazing intensity and growth season are also
considered, interannual variations were treated as duplications. For
vegetation conditions, we considered the interaction of years and
grazing intensity. All statistical analyses were conducted using SPSS
25.0 (SPSS Inc., Chicago, IL, USA), and scatter plots and bar graphs were
drawn using Origin 2021. The structural equation model (SEM) was
used to evaluate the direct and indirect effects of grazing intensity on
BSC, vegetation status, and soil nitrogen mineralization rates under
BSCs, and to consider their seasonal changes. We considered all possible
paths, arranged them in a logical order from top to bottom and obtained
the final structural equation model after model verification. Before

building the SEM model, the least square correlation matrix was derived
for all variables, and the analysis was performed using AMOS 23.0 (SPSS
Inc., Chicago, IL, USA).

3. Results
3.1. The coverage of BSC and vegetation under four grazing intensities

With the increase in stocking rate, the coverage of moss, lichen,
vegetation, bare land and litter generally showed the same trend, while
the regression trend of lichen coverage in 2015, lichen and vegetation in
2016 was not significant (P > 0.05). The coverage of moss and vegeta-
tion showed a trend of first increased then decreased. When the stocking
rate was 2.67 sheep ha!, the moss coverage reached the highest value
(17.22% and 22.22%, respectively), whereas the vegetation reached the
highest value of 33.14% and 32.81% respectively. The coverage of
lichen was lowest (27.51%) in 2015 and rose to 37.82% in 2016 under
2.67 sheep ha™!. The litter coverage and bare land increased gradually
as the stocking rates increased (Fig. 3).

3.2. Monthly fluctuations of soil physicochemical properties under
different grazing intensities

Grazing intensity ( GI ) had significant effects on SOC and SM under
BSCs and bare land soil, with the contribution rate of about 40% (P <
0.05). In addition, solar radiation (SR), precipitation (PR), temperature
range (Trage), ETp and excreta (EX) had significant effects on SOC, TN,
SM and pH to varying degrees (P < 0.05).

SOC and TN showed the same trends with no significant difference
under 0, 2.67, and 5.33 sheep ha™! grazing intensities, however, the
SOC and TN in the control group (0 sheep ha™!) were significantly
higher than that under 8.67 sheep ha™! (P < 0.05) (Fig. 4 A and B).
Furthermore, the SOC content under moss and lichen was higher than
that under bare land, and the SOC under moss was higher than that
under lichen (P < 0.05). Under each grazing treatment, the SM under
moss, lichen, and bare land decreased in July, then increased in
September, followed by a small decrease in November (Fig. 4 C). As for
the SM in the same season, the value of all BSC types showed a similar
trend. The lower grazing intensities (0 and 2.67 sheep ha™!) had
significantly higher SM than those under 5.33 and 8.67 sheep ha™! (P <
0.05). The soil pH under moss, lichen, and bare land decreased from May
to July, and there were no significant differences between July,
September, and November under each grazing treatment. Overall, there
was a small fluctuation in soil pH in the growing season (Fig. 4 D).



J. Zhang et al.

Journal of Environmental Management 336 (2023) 117647

40

(\I = \'To,z 102X+16.756 Y a . N Y wee Y=0.5753X+17.005 Y=0.1104X%1.0381X+5.316
YXGI s R=0.078 P=0.168 | : . [ R*=0.2651 3] R=0.4718"
. 30 . 1 YxGI ns |30
20 . = - . .
“ : . 5 130 . . '3 6
] H . L]
g | . . : 0] P H— )
' K 20 P ) L ot .
1s{ = = . : . . * 1 :
: :
. 3 Y=0.2619X7-1.1382X+31.654 1o 101 = Y wah ¢
® 10 . - Y=-0.3355X+1.4866X+29.604 S e . .
J : . R*=0.4371 2 Gl Gl e
< R*=0.596 YXGI ns YxGI ns
= 0 0
o 0 10
w - | .
2 w . . s e ¥=0.5466X:42.350 : o Y=0.1481X21.2975X+6.5429
o ' . : . . . 8 R*=0.7807 . 5, R=062887
0{ 1 . o —_—t 40 £
. 1 1 : : - . : 6 . - 6 g
2 s af ¢ 30 :—’—’:‘——?\: . . B
= » . . b . .
~ 4 S 4
! N = ) I ' / ' : :
s Y=-0.1307X7+0.4855X+21.688 10 Y:"*’“"”ﬂ"'"” ]  YF01624X2+0.1692X+29.318 S 2
R=0.3054" R*=0.0383 P=0.359 R2=0.085 P=0.393
0 o
0 2.67 £ 8.67 0 2.67 £33 8.67 0 267 £33 8.67 0 267 533 8.67 0 267 833 867
Moss Lichen Vegetation Bare land Litter

Fig. 3. The coverage change of BSC and vegetation on the aboveground with the increasing stocking intensity. Note: Y, GI represent the year and grazing intensity,

respectively. *P <0.05, **P <0.01, ***P <0.001, the same below.

3.3. Changes of BSCs subsoil nitrate, ammonium and mineralization rate
under different grazing intensities

SR, PR, Trage, ETo, EX all had significant effect on the content of ni-
trate and ammonium, but almost all of them have no significant effect on
the rate of nitrogen mineralization (P < 0.05). For each grazing treat-
ment, the soil NH4-N, and NO3-N content under moss, lichen, and bare
land increased from May to September, then showed a slight decline in
November (Fig. 5A and B). The soil NH4-N content under moss at 2.67
sheep ha™! in 2015 increased to 13.18 mg/kg in July, continued to rise
to 18.81 mg/kg in September, and then sharply declined to 14.59 mg/kg
in November. The soil NHj-N under the grazing intensity of 2.67 sheep
ha~! was higher than that of the other grazing intensities in the same
season (P < 0.05).

We also found that the soil nitrogen mineralization rates under moss
and lichen increased, then decreased as the grazing intensities increased
(Fig. 5 C). Additionally, the mineralization rate under 2.67 sheep ha™*
was the highest when compared to the other grazing intensities in the
same season (P < 0.05). The mineralization rates under moss were
0.183, 0.213, 0.194, and 0.138 mg/kg-d in spring as the grazing in-
tensity increased, respectively. As for the different seasons, the miner-
alization rates in spring and summer were significantly higher than that
in autumn (P < 0.05), besides, the negative value appeared in autumn
(P < 0.05). In addition, the soil nitrogen mineralization rates under
moss, lichen, and bare land showed a gradually decreasing trend.

3.4. Response mechanism of grazing intensity to BSCs subsoil
mineralization in different grazing seasons

When the data from both years of the experiment are combined, the
SEM revealed that grazing intensity had significant inhibitory effect on
vegetation and biocrust coverage (P < 0.001, P < 0.01), which directly
explain the 28% and 24% change in vegetation status and BSCs. But
environmental change (rainfall, air temperature etc.) did not signifi-
cantly affect them directly. Both the BSCs and vegetation layer had a
significant effect on the physicochemical properties of the BSCs subsoil.
Moreover, the grazing intensity and seasonal dynamic all had a signif-
icant promoting effect on the physicochemical properties of the soil,
which directly explained the changes of 25% and 14%, respectively (P <
0.001). The changes in the physicochemical properties of the soil
significantly promoted the change in its mineralization rate, and the
mineralization rate was significantly affected by seasonal dynamics (P <
0.001) (Fig. 6 A). Grazing intensity and seasonal dynamics showed in-
direct negative effect on the soil mineralization rate. The BSCs and
vegetation status had the indirect positive effect on the soil

mineralization rate, while soil physicochemical properties showed
direct positive effect (Fig. 6B).

4. Discussion
4.1. BSCs differ in their tolerance to grazing intensity

Trampling by grazing animals is one of the most common and direct
disturbances to BSC (Maestre et al., 2016). This was confirmed by our
study that found that the BSC coverage was destroyed by an increasing
grazing intensity (Yang et al., 2020). Notably, it was previously thought
that lichen coverage would decrease with the increasing grazing in-
tensity (Bao et al., 2019), but the current study showed the opposite
effect, the lichen gradually increased with the increasing grazing in-
tensities (Fig. 3). However, it is still reasonable that lichen in this study
has not shown a downward trend, it probably because the grazing in-
tensity in this grazing system has not reached the critical point where
lichen coverage begins to decline. Some studies about red deer and BSCs
are justify our case of our experiment (Joly et al., 2010; Moore and
Crawley, 2014). The results of this experiment could prove that lichen
has stronger resistance to trampling than moss, and that the grazing
intensity in the current study may not have reached the tolerance
threshold of lichen. This might be due to the high tolerance of lichens in
comparison to mosses in various situations (Mcclelland, 2011; Pentecost
and Whitton, 2012), which was consistent with our first hypothesis.
Grazing not only directly affected the coverage of BSCs but also affected
their function in other ways. For example, litter first decreased as the
grazing intensity increased and this was attributed to foraging and
trampling by animals (Larreguy et al., 2017), then it increased, possibly
because the trampling was higher than foraging. However, litter and
vegetation can somewhat protect BSCs under trampling conditions. BSCs
need to fix solar energy for photosynthesis (Munzi et al., 2019) and a
high litter coverage may have affected the existence of moss and lichen
by limiting photosynthesis. Alternatively, grazing may also have
increased the gaps between plants through foraging, leading to an in-
crease in bare land and the amount of light reaching the soil, thereby
affecting the BSCs, which can offset some of the damage caused by
trampling. For the interannual differences, we found that the variation
in trends of vegetation coverage and BSC were generally in agreement
between 2015 and 2016 (Fig. 3). Interannual differences were most
likely caused by variations in precipitation because there is sufficient
evidence of the impact of precipitation on BSC (Scholer et al., 2017).
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4.2. Threshold of grazing intensity on soil properties and soil nitrogen
characteristics under BSCs

SM under BSC increased first and then decreased with the increase in
grazing intensities (Fig. 4 C), indicating that moderate grazing was
beneficial to maintaining SM (Bowker et al., 2013). Trampling by live-
stock forms localized hoof marks on the soil surface, which could
accumulate more water and reduce the evaporation area (Yang et al.,
2019), thus providing a more suitable growth environment for fungi in
BSCs. Moreover, previous studies have suggested that the BSC separates
the soil from the atmosphere and reduces SM loss through evaporation
(Xiao and Hu, 2017). This supports the findings in our study, which
showed changes of the above crust coverage and SM under moderate
grazing intensities. As for the seasonal dynamics of SM, the trend was
associated with the change of rainfall in the Loess Plateau, whereby

rainfall is mainly concentrated from July to September; the SM value
reached its maximum in September and then declined from November to
the following July and stayed low until the next rainy season (Zhi et al.,
2010). Our results also demonstrated the water retention performance of
the BSC and its high correlation with precipitation (Li et al., 2021).
Moreover, the fluctuation of SM also explained the change in soil pH,
and our findings are supported by previous research that showed how
soil pH was affected by the excrement of poultry (Olden et al., 2016),
while the increase in precipitation in the rainy season diluted the effect
of feces and urine on soil pH, keeping it within a reasonable range to
ensure plant growth (Fig. 4D).

Taking full account of its separation and blocking function, the BSC
also plays an energy supply role by fixed energy (Monica et al., 2014).
BSCs are an important carbon and nitrogen source in the ecosystems of
arid and semi-arid regions (Chamizo et al., 2015; Aanderud et al., 2018)
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to improve soil fertility, which explains why the change in SOC and TN
under the BSC was higher than that under bare land (Fig. 4 A, B). BSCs
had a certain protective effect on the soil at lower grazing intensities.
However, the protective effect was lost when the tolerance threshold of
BSCs was broken with the increase in grazing intensity, but its energy
could be directly returned to the soil. However, this energy return was
not enough to compensate for the trampling and damage caused by a
high grazing intensity. Compared with the SM fluctuations, the stability
of SOC, TN and pH were relatively high, which also demonstrated the
strong stability and buffer capacity of the soil.

In addition, it was observed that soil inorganic nitrogen (NH4-N and
NO3-N) in different growing seasons changed significantly under the
four grazing intensities (Fig. 5 A, B), and this phenomenon has been
widely recognized (Britto and Kronzucker, 2013; Jiang et al., 2016).
Nitrogen mineralization rate is a multi-factor process (Maes et al.,
2014); the two most important factors are the associated microorgan-
isms and oxygen (Uteau et al., 2015). This could explain the effects of

grazing intensity and season on nitrogen mineralization rate from three
aspects (Fig. 5 C). First, the excreta of grazing animals increased soil
nutrients, and the breaking of the BSC increased the available raw ma-
terial for mineralized nitrogen (Wang et al., 2012), which was conducive
to the mineralization rate process. Second, grazing affects nitrogen
mineralization rate by changing the microbial community, moderate
grazing promoted the activity of rhizosphere microorganisms by
improving the soil temperature and moisture (Zhang et al., 2017),
whereas high-intensity grazing could not, which explains the advantages
of maintaining grazing intensities of 2.67-5.33 sheep ha™! (Saturation
phase) for promoting the mineralization rate in this experiment. The
third factor is oxygen, which affects the conditions of microbial activ-
ities in the process of mineralization, and directly affects the process of
soil ammonification (Haney et al., 2008), especially nitrification. Mild
grazing may promote the increase in soil porosity, but high grazing in-
tensity changes the spatial pattern and size of soil pores on bare land
(Rauber et al., 2021), which led to changes in soil oxygen content and
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Fig. 6. The structural equation model of grazing intensity and seasonal response on the soil mineralization (A) and the total, direct, and indirect effect of factors on

the soil nitrogen mineralization (B)

Note: (A) The structural equation model considered all possible ways and was screened by variance expansion coefficient (VIF <10). The numbers indicate the
standard path coefficients. The arrow width is proportional to the strength of the relationship, blue indicates a positive effect, and orange indicates a negative effect.
R? represents the proportion of variance explained for each dependent variable in the model. CHI/DF = 1.074, P = 0.377, RMSEA = 0.023. *P < 0.05, **P < 0.01,

***P < 0.001. The double-layer rectangle represents the first principal component of PCA, where the symbols ‘1‘and ‘| ‘represent the positive or negative relationship
between variables and the first principal component in PCA, respectively. (B) SD, VS, SC and NM represent seasonal dynamics, vegetation status, soil characteristics,

and nitrogen mineralization, respectively.

directly affected the rate of nitrogen mineralization. For the seasonal
dynamics of nitrogen mineralization, the microbial activity and inor-
ganic nitrogen content increased correspondingly under high tempera-
tures and suitable water conditions in the growing season (Yan et al.,
2011). When combined with the seasonal response by nitrogen miner-
alization, the obtained results are consistent with our third hypothesis.
The changes in SM and pH might also have a certain influence on ni-
trogen mineralization. Regarding their specific roles, it has been re-
ported that they mainly affect the living environment of microorganisms
in the process of mineralization (Zhang et al., 2016; Li et al., 2020). In
general, the intensity and trend of moss variation compared with lichen
also verified the correctness of the second hypothesis, and the advan-
tages of moss and lichen compared with bare soil were also obvious.

4.3. Path and mechanism of grazing management strategy for soils under
BSCs

In this study, the diversity and complexity of the influencing factors
of soil nitrogen mineralization rates were recognized, therefore, the ef-
fects of different grazing intensities and seasonal fluctuations on soil
nitrogen mineralization rates were quantified using an SEM structural
equation, which included vegetation coverage changes to ensure the
study design was thorough (Fig. 6 A). The fitted SEM results were
strongly consistent with the change of physicochemical properties and
nitrogen mineralization rates mentioned above, clearly demonstrating
the weakening effect of grazing intensity on BSC and vegetation
coverage. Furthermore, the results clearly showed the protective effect
of BSC coverings compared with bare land, which not only supported the
protective effect of BSCs (Jian et al., 2015) but also showed the
vulnerability of bare land in the grazing system (Lazaro et al., 2008).
However, the physicochemical properties of soil in subcutaneous layer
are not mediated by the crust alone, but also by vegetation status. The
fluctuation of physicochemical properties will further promote the
change of mineralization rate. In addition, seasonal fluctuations also
indirectly affect the change of mineralization rate through the physi-
cochemical properties of soil.

The main effects of grazing on the soil were primarily caused by
livestock excretion and trampling (Butler-Lapointe, 2014). Their impact
on the BSCs and vegetation were mainly caused by the feeding and
trampling. BSCs are also sheltered and protected by the plants to a
certain extent due to their growth environment. The grazing intensity
indirectly affects the mineralization rates of the underlying soil through
the physicochemical properties of the BSC and vegetation. The change in
the mineralization rate will affect the cycle of the entire grazing system.
When the grazing intensity is the main influencing factor, we also
considered the impact of different environmental factors (SR, PR, T,
Trage and ETp) on the entire grazing system.

As for the response to different growth seasons, it has previously
been confirmed that the BSC is highly sensitive to precipitation and
temperature (Coe et al., 2012), and their effects will be more prominent
in the season with a rainfall deficit, such as that experienced on the Loess
Plateau (Mha et al., 2021). It was also observed that the physicochemical
properties under BSCs influence the mineralization rate, which is
recognized widely (Ugawa et al., 2020).

Although such experimental results were consistent with our hy-
potheses, there were still some differences. However, these differences
can be logically explained. The experimental results confirmed the
protective effect of BSC on soil in the grazing system, at the same time,
the segmentation function and energy source function of BSCs have been
digitally presented, which demonstrated that the increase of grazing
intensity will remove the barrier effect, but the change was not large
enough to detect in this study. In other words, compared with soil and
plant fertility, the effect of the BSC in the microenvironment was still
small. As for the comparison between the two types of BSC, the com-
bined effect of moss was better than that of lichen, which may be due to
their structural differences (Capozzi et al., 2020). Although the results of
this study demonstrated the importance of the BSC, they also identified
its limitations, which strongly highlighted the importance of grazing
management measures in the Loess Plateau. However, it is worth noting
the diversity and extensive existence of BSCs (Belnap and Lange, 2017),
which deserve study.
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4.4. Future perspectives

It is also important to note the limitations of this study, which was
conducted as part of a BSC study in a long-term grazing trial. The reli-
ability of the results was supported by long-term and stable observa-
tions, but we believe that multi-site observations may improve the
results, although environmental factors are also taken into account. In
addition, although many studies have been conducted on microbial and
soil mineralization pathways, we believe that the role of livestock-grass-
BSC-soil surface adhesion microorganisms in the matter and energy
cycle of the whole grazing system needs further attention.

4.5. Concluding remarks

Biocrust acts as the connection part between vegetation and soil and
it covers 40% of the terrestrial areas in the world (Liang et al., 2021). It
has been estimated that the annual import of N from BSCs into the soil
can reach 0.7-100 kg hm™2 (Barger et al., 2016), which improvement
effect on soil cannot be ignored. Therefore, this study revealed the
threshold range of soil nitrogen mineralization of BSC under different
grazing intensities, and further revealed the importance of BSC on soil
nitrogen mineralization rate. The results of this study can provide some
new ideas for the formulation of grazing strategy in sheep grazing sys-
tem, and the combination of BSC type and coverage may make the de-
cision more scientific.

5. Conclusion

The results showed that the grazing intensity promoted the BSC
status significantly in the grazing saturation phase (2.67-5.33 sheep
ha™!), and moss was more effective than lichen at promoting soil
mineralization, but it was more vulnerable to trampling than lichen.
Moreover, grazing had a 25% and 14% effect on soil physicochemical
properties by regulating vegetation and BSCs. In addition, the soil ni-
trogen mineralization is also indirect affected by seasonal fluctuations in
the environment (solar radiation etc.). The three pathways together
account for 25% of the variation in the mineralization rate through
perturbation of physical and chemical properties. Therefore, the results
of the current study have revealed the effects of grazing intensity on soil
physicochemical properties and nitrogen mineralization rates under
BSCs. The crusting effect under grazing intensity was tracked and
quantified, which provided a baseline for the establishment of sustain-
able sheep grazing systems worldwide.

Author contributions

Fujiang Hou designed and directed the study, Jing Zhang carried out
the data analysis and wrote the manuscript. Qianwen Duan and Jie Ma
collected samples, analyzed the data, and contributed to the final
writing of the manuscript.
Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.
Data availability

Data will be made available on request.
Acknowledgements

This study was funded by the National Program for S&T Collabora-

tion of Developing Countries, Grant/Award Number: KY202002011, the
Innovative Research Team in University Grant/Award Number:

Journal of Environmental Management 336 (2023) 117647

IRT_17R50, ‘Lanzhou City’s Scientific Research Funding Subsidy to
Lanzhou University, Grant/Award Number: GSRCZC2021001, the Key
R&D Program of Ningxia Hui Autonomous Region, Grant/Award
Number: 2019BBF02006. We would also like to thank Editage (www.ed
itage.com) for English language editing.

References

Aanderud, Z.T., Smart, T.B., Wu, N., Taylor, A.S., Zhang, Y., Belnap, J., 2018. Fungal
loop transfer of nitrogen depends on biocrust constituents and nitrogen form.
Biogeosciences 15, 3831-3840. https://doi.org/10.5194/bg-15-3831-2018.

Ayuso, S.V., Oatibia, G.R., Maestre, F.T., Yahdjian, L., 2019. Grazing pressure interacts
with aridity to determine the development and diversity of biological soil crusts in
Patagonian rangelands. Land Degrad. Dev. 31, 488-499. https://doi.org/10.1002/
1dr.3465.

Bao, T., Zhao, Y., Yang, X., Ren, W., Wang, S., 2019. Effects of disturbance on soil
microbial abundance in biological soil crusts on the Loess Plateau, China. J. Arid
Environ. 163, 59-67. https://doi.org/10.1016/j.jaridenv.2019.01.003.

Barger, N.N., Weber, B., Garcia-Pichel, F., 2016. Patterns and Controls on Nitrogen
Cycling of Biological Soil Crusts. Springer International Publishing, Cham,
pp. 257-285. https://doi.org/10.1007/978-3-319-30214-0_14.

Belnap, J., Lange, O.L., 2017. Lichens and Micro Fungi in Biocrusts: Structure and
Function Now and in the Future, pp. 137-158. https://doi.org/10.1201/
9781315119496-11 (Chapter 10).

Bethany, J., Giraldo-Silva, A., Nelson, C., Barger, N.N., Garcia-Pichel, F., 2019.
Optimizing production of nursery-based biological soil crusts for restoration of arid
land soils. Appl. Environ. Microbiol. 85 https://doi.org/10.1128/AEM.00735-19
e00735-19.

Bi, Y., Guo, Y., Sun, H., 2021. Arbuscular mycorrhizal fungal diversity in soils underlying
moss biocrusts in coal mining subsidence areas. Environ. Sci. Pollut. Control Ser. 28,
3484-3493. https://doi.org/10.1007/511356-020-10726-y.

Bo, X., Kh, A., Mvc, D., Gjk, E., 2019. Natural recovery rates of moss biocrusts after
severe disturbance in a semiarid climate of the Chinese Loess Plateau - ScienceDirect.
Geoderma 337, 402-412. https://doi.org/10.1016/j.geoderma.2018.09.054.

Bowker, M.A., Maestre, F.T., Mau, R.L., 2013. Diversity and patch-size distributions of
biological soil crusts regulate dry land ecosystem multifunctionality. Ecosystems 16,
923-933. https://doi.org/10.1007/s10021-013-9644-5.

Britto, D.T., Kronzucker, H.J., 2013. Ecological significance and complexity of N-source
preference in plants. Ann. Bot. 112, 957-963. https://doi.org/10.1093/aob/mct157.

Butler-Lapointe, N., 2014. Grazing livestock to increase soil carbon and nitrogen. J. Nat.
Resour. Life Sci. Educ. 43, 5-7. https://doi.org/10.4195/nse2014.0001se.

Capozzi, F., Sorrentino, M.C., Palma, A.D., Mele, F., Arena, C., Adamo, P., Spagnuolo, V.,
Giordano, S., 2020. Implication of vitality, seasonality and specific leaf area on PAH
uptake in moss and lichen transplanted in bags. Ecol. Indicat. 108, 105721-105727.
https://doi.org/10.1016/j.ecolind.2019.105727.

Chamizo, S., Cantén, Y., Miralles, 1., Domingo, F., 2012. Biological soil crust
development affects physicochemical characteristics of soil surface in semiarid
ecosystems. Soil Biol. Biochem. 49, 96-105. https://doi.org/10.1016/j.
s0ilbi0.2012.02.017.

Chamizo, S., Rodriguez-Caballero, E., Moro, M.J., Cantén, Y., 2021. Non-rainfall water
inputs: a key water source for biocrust carbon fixation. Sci. Total Environ. 792,
148299 https://doi.org/10.1016/j.scitotenv.2021.148299.

Chamizo, S., SanchezCanete, E.P., Canton, Y., Rodriguez Caballero, E., Oyonarte, C.,
Domingo, F., 2015. Spatiotemporal Patterns of Soil CO5 Efflux in Drylands Are
Modulated by the Type of Cover: the Role of Biocrusts. EGU General Assembly
Conference Abstracts, p. 9637.

Chen, X., Hou, F., Matthew, C., He, X., 2017. Soil C, N, and P stocks evaluation under
Major land uses on China’s Loess Plateau. Rangel. Ecol. Manag. 70, 341-347.
https://doi.org/10.1016/j.rama.2016.10.005.

Chen, J., Hou, F., Chen, X., Wan, X., Millner, J., 2015. Stocking rate and grazing season
modify soil respiration on the Loess Plateau, China. Rangel. Ecol. Manag. 68, 48-53.
https://doi.org/10.1016/j.rama.2014.12.002.

Coe, K.K., Belnap, J., Sparks, J.P., 2012. Precipitation-driven carbon balance controls
survivorship of desert biocrust mosses. Ecology 93, 1626-1636. https://doi.org/
10.1890/11-2247.1.

Gong, Z., 2007. Chinese soil taxonomy: a milestone of soil classification in China.
Chinese Soil Taxonomy. Bull. Chin. Acad. Sci. 21, 36-38. https://doi.org/10.1360/
aps040178.

Haney, R.L., Brinton, W.H., Evans, E., 2008. Estimating soil carbon, nitrogen, and
phosphorus mineralization from short-term carbon dioxide respiration. Commun.
Soil Sci. Plant Anal. 39, 2706-2720. https://doi.org/10.1080/00103620802358862.

Hu, A., Zhang, J., Chen, X.J., Millner, J.P., Chang, S.H., Bowatte, S., Hou, F.J., 2019. The
composition, richness, and evenness of seedlings from the soil seed bank of a semi-
arid steppe in northern China are affected by long-term stocking rates of sheep and
rainfall variation. Rangel. J. 41, 23-32. https://doi.org/10.1071/RJ18025.

Hou, F,, Jia, Q., Loy, S., Yang, C., Ning, J., Li, L., Fan, Q., 2021. Grassland agriculture in
China—a review. Front. Agric. Sci. Eng. 8, 35-44. https://doi.org/10.15302/J-FASE-
2020378.

Hu, A., Millner, J., Hou, F., 2020. Introduction of woody and herbaceous legumes
influences productivity, diversity and soil properties in a degraded grassland. Land
Degrad. Dev. 32, 3762-3772. https://doi.org/10.1002/1dr.3853.

Huang, X., Liu, Y., Cong, Y., Zhang, Y., Zhao, X., Huang, L., Li, Q., Li, L., Hou, F., 2022.
Soil moisture stability of rangeland is higher than that of woodland and cropland in


https://www.editage.com
https://www.editage.com
https://doi.org/10.5194/bg-15-3831-2018
https://doi.org/10.1002/ldr.3465
https://doi.org/10.1002/ldr.3465
https://doi.org/10.1016/j.jaridenv.2019.01.003
https://doi.org/10.1007/978-3-319-30214-0_14
https://doi.org/10.1201/9781315119496-11
https://doi.org/10.1201/9781315119496-11
https://doi.org/10.1128/AEM.00735-19
https://doi.org/10.1007/s11356-020-10726-y
https://doi.org/10.1016/j.geoderma.2018.09.054
https://doi.org/10.1007/s10021-013-9644-5
https://doi.org/10.1093/aob/mct157
https://doi.org/10.4195/nse2014.0001se
https://doi.org/10.1016/j.ecolind.2019.105727
https://doi.org/10.1016/j.soilbio.2012.02.017
https://doi.org/10.1016/j.soilbio.2012.02.017
https://doi.org/10.1016/j.scitotenv.2021.148299
http://refhub.elsevier.com/S0301-4797(23)00435-8/sref16
http://refhub.elsevier.com/S0301-4797(23)00435-8/sref16
http://refhub.elsevier.com/S0301-4797(23)00435-8/sref16
http://refhub.elsevier.com/S0301-4797(23)00435-8/sref16
https://doi.org/10.1016/j.rama.2016.10.005
https://doi.org/10.1016/j.rama.2014.12.002
https://doi.org/10.1890/11-2247.1
https://doi.org/10.1890/11-2247.1
https://doi.org/10.1360/aps040178
https://doi.org/10.1360/aps040178
https://doi.org/10.1080/00103620802358862
https://doi.org/10.1071/RJ18025
https://doi.org/10.15302/J-FASE-2020378
https://doi.org/10.15302/J-FASE-2020378
https://doi.org/10.1002/ldr.3853

J. Zhang et al.

the Loess Plateau, China. Ecol. Indicat. 144, 109543 https://doi.org/10.1016/j.
ecolind.2022.109543.

Jian, C., Ivanov, V., Jia, H., Maeimi, M., Wu, S., 2015. Use of biogeotechnologies for soil
improvement. Ground Improvement Case Histories 571-589. https://doi.org/
10.1016/B978-0-08-100191-2.00019-8.

Jiang, L., Wang, S., Pang, Z., Wang, C., Kardol, P., Zhou, X., Rui, Y., Lan, Z., Wang, Y.,
Xu, X.L., 2016. Grazing modifies inorganic and organic nitrogen uptake by
coexisting plant species in alpine grassland. Biol. Fertil. Soils 52, 211-221. https://
doi.org/10.1007/s00374-015-1069-1.

Joly, K., Chapin, F.S., Klein, D.R., 2010. Winter habitat selection by caribou in relation to
lichen abundance, wildfires, grazing, and landscape characteristics in northwest
Alaska. Ecoscience 17, 321-333. https://doi.org/10.2980/17-3-3337.

Kuske, C.R., Yeager, C.M., Johnson, S., Ticknor, L.O., Belnap, J., 2012. Response and
resilience of soil biocrust bacterial communities to chronic physical disturbance in
arid shrublands. ISME J. 6, 886-897. https://doi.org/10.1038/ismej.2011.153.

Larreguy, C., Carrera, A.L., Bertiller, M.B., 2017. Reductions of plant cover induced by
sheep grazing change the above-belowground partition and chemistry of organic C
stocks in arid rangelands of Patagonian Monte, Argentina. J. Environ. Manag. 199,
139-147. https://doi.org/10.1016/j.jenvman.2017.04.086.

Lazaro, R., Canton, Y., Sole-Benet, A., Bevan, J., Alexander, R., Sancho, L.G.,
Puigdefabregas, J., 2008. The influence of competition between lichen colonization
and erosion on the evolution of soil surfaces in the Tabernas badlands (SE Spain) and
its landscape effects. Geomorphology 102, 252-266. https://doi.org/10.1016/j.
geomorph.2008.05.005.

Li, L., Wang, Y., Hu, S.Y., Li, Y., Wang, C., 2020. Responses of soil potential carbon/
nitrogen mineralization rates and microbial activities to extreme droughts in a
meadow steppe. J. Appl. Ecol. 31, 814-820. https://doi.org/10.13287/j.1001-
9332.202003.005.

Li, X., Hui, R., Zhang, P., Song, N., 2021. Divergent responses of moss- and lichen-
dominated biocrusts to warming and increased drought in arid desert regions. Agric.
For. Meteorol. 303, 108387 https://doi.org/10.1016/j.agrformet.2021.108387.

Liang, M., Liang, C., Hautier, Y., Wilcox, K., Wang, S., 2021. Grazing-induced
biodiversity loss impairs grassland ecosystem stability at multiple scales. Ecol. Lett.
24, 2054-2064. https://doi.org/10.1111/ele.13826.

McCloud, D.E., 1955. Water requirements of field crops in Florida as influenced by
climate. Proc. Soil Sci. Soc. Fla 15, 165-172.

Maes, S.L., Frenne, P.D., Brunet, J., Eduardo, D., Chabrerie, O., Cousins, S., Decocg, G.,
Diekmann, M., Gruwez, R., Hermy, M., 2014. Effects of enhanced nitrogen inputs
and climate warming on a forest understorey plant assessed by transplant
experiments along a latitudinal gradient. Plant Ecol. 215, 899-910. https://doi.org/
10.1007/511258-014-0341-z.

Maestre, F.T., Bowker, M.A., Canton, Y., Castillo-Monroy, A.P., Cortina, J., Escolar, C.,
Escudero, A., Lazaro, R., Martinez, I., 2011. Ecology and functional roles of
biological soil crusts in semi-arid ecosystems of Spain. J. Arid Environ. 75,
1282-1291. https://doi.org/10.1016/j.jaridenv.2010.12.008.

Maestre, F.T., Eldridge, D.J., Soliveres, S., Kéfi, S., Berdugo, M., 2016. Structure and
functioning of dryland ecosystems in a changing world. Annu. Rev. Ecol. Evol.
Systemat. 47, 215-237. https://doi.org/10.1146/annurev-ecolsys-121415-032311.

Magill, A.H., Aber, J.D., 2000. Variation in soil net mineralization rates with dissolved
organic carbon additions. Soil Biol. Biochem. 32, 597-601. https://doi.org/
10.1016/50038-0717(99)00186-8.

Mcclelland, R., 2011. Ground Layer Response to Disturbance in the Pine-Dominated
Eastern Foothill Region of West-Central Alberta, Canada. Southern Illinois University
at Carbondale. https://opensiuc.lib.siu.edu/dissertations/436/.

Mha, B., Xz, A., Gna, B., Ywa, B., Qga, B., Quan, Q.C., Sca, B., Xha, B., Jha, B., 2021. Soil
moisture, temperature and nitrogen availability interactively regulate carbon
exchange in a meadow steppe ecosystem. Agric. For. Meteorol. 304, 108389 https://
doi.org/10.1016/j.agrformet.2021.108389.

Monica, L., Lazaro, R., Quero, J.L., Ochoa, V., Gozalo, B., Berdugo, M., Uclés, O.,
Escolar, C., Maestre, F.T., 2014. Simulated climate change reduced the capacity of
lichen-dominated biocrusts to act as carbon sinks in two semi-arid Mediterranean
ecosystems. Biodivers. Conserv. 23, 1787-1807. https://doi.org/10.1007/s10531-
014-0681-y.

Moore, O., Crawley, M.J., 2014. The natural exclusion of red deer from large boulder
grazing refugia and the consequences for saxicolous bryophyte and lichen ecology.
Biodivers. Conserv. 23, 2305-2319. https://doi.org/10.1007/s10531-014-0725-3.

Munzi, S., Varela, Z., Paoli, L., 2019. Is the length of the drying period critical for
photosynthesis reactivation in lichen and moss components of biological soil crusts?
J. Arid Environ. 166, 86-90. https://doi.org/10.1016/j.jaridenv.2019.04.019.

O’Connor, R.C., Germino, M.J., 2020. Comment on: grazing disturbance promotes exotic
annual grasses by degrading soil biocrust communities. Ecol. Appl. 31 https://doi.
org/10.1002/eap.2277 e 02277.

Olden, A., Raatikainen, K.J., Tervonen, K., Halme, P., 2016. Grazing and soil pH are
biodiversity drivers of vascular plants and bryophytes in boreal wood-pastures.
Agric. Ecosyst. Environ. 222, 171-184. https://doi.org/10.1016/j.
agee.2016.02.018.

Journal of Environmental Management 336 (2023) 117647

Pentecost, A., Whitton, B.A., 2012. Subaerial Cyanobacteria Ecology of Cyanobacteria II.
Springer, Dordrecht, pp. 291-316. https://doi.org/10.1007/978-94-007-3855-3_10.

Pruden, G., Powlson, D.S., Jenkinson, D.S., 1985. The measurement of N-15 in soil and
plant-Material. Fert. Res. 6, 205-218. https://doi.org/10.1007/BF01048795.

Rauber, L.R., Sequinatto, L., Kaiser, D.R., Bertol, L., Pinto, C.E., 2021. Soil physical
properties in a natural highland grassland in southern Brazil subjected to a range of
grazing heights. Agric. Ecosyst. Environ. 319, 107515. https://doi.org/10.1016/j.
agee.2021.107515.

Ren, J., Hu, Z., Zhao, J., Zhang, D., Hou, F., Lin, H., Mu, X., 2008. A grassland
classification system and its application in China. Rangel. J. 30, 199-209. https://
doi.org/10.1071/RJ08002.

Robinson, N., 2021. Resting subtropical grasslands from grazing in the wet season boosts
biocrust hotspots to improve soil health. Agronomy 12, 62. https://doi.org/
10.3390/agronomy12010062.

Root, H.T., Miller, J., Rosentreter, R., 2019. Grazing disturbance promotes exotic annual
grasses by degrading soil biocrust communities. Ecol. Appl. 30, €02016 https://doi.
org/10.1002/eap.2016.

Sah, R.N., 1994. Nitrate-nitrogen determination - a critical review. Commun. Soil Sci.
Plant Anal. 25, 2841-2869. https://doi.org/10.1080/00103629409369230.

Scholer, A., Jacquiod, S., Vestergaard, G., Schulz, S., Schloter, M., 2017. Analysis of soil
microbial communities based on amplicon sequencing of marker genes. Biol. Fertil.
Soils 53, 485-489. https://doi.org/10.1007/s00374-017-1205-1.

Stephens, L., Fuller, D., Boivin, N., Rick, T., Gauthier, N., Kay, A., Marwick, B.,
Armstrong, C.G., Barton, C.M., Denham, T., 2019. Archaeological assessment reveals
Earth’s early transformation through land use. Science 365, 897-902. https://www.
science.org/doi/10.1126/science.aax1192.

Sharafkhani, R., Khanjani, N., Bakhtiari, B., 2017. Diurnal temperature range and
mortality in Urmia, the Northwest of Iran. J. Therm. Biol. 69, 281-287. https://doi.
0rg/10.1016/j.jtherbio.2017.08.011.

Taugourdeau, S., Julien, L., Capron, J.M., Barradas, A., Huguenin, J., 2016. Assessments
of the values of multi-species grassland for grazing, silage and hay production.
European Grassl. Fed. 21, 216-221. https://isidore.science/document/10670/1.
pptls5.

Ugawa, S., Inagaki, Y., Karibu, F., Tateno, R., 2020. Effects of soil compaction by a
forestry machine and slash dispersal on soil N mineralization in Cryptomeria
japonica plantations under high precipitation. N. For. 51, 1-21. https://doi.org/
10.1007/511056-019-09768-z.

Uteau, D., Hafner, S., Pagenkemper, S.K., Peth, S., Wiesenberg, G., Kuzyakov, Y.,
Horn, R., 2015. Oxygen and redox potential gradients in the rhizosphere of alfalfa
grown on a loamy soil. J. Plant Nutr. Soil Sci. 178, 278-287. https://doi.org/
10.1002/jpln.201300624.

Wang, S., Duan, J., Xu, G., Wang, Y., Zhang, Z., Rui, Y., Luo, C., Xu, B, Zhu, X.,
Chang, X., 2012. Effects of warming and grazing on soil N availability, species
composition, and ANPP in an alpine meadow. Ecology 93, 2365-2376. https://doi.
org/10.1890/11-1408.1.

Williams, W.J., Schmidt, S., Zaady, E., Alchin, B., Myint Swe, T., Williams, S., Dooley, M.,
Penfold, G., O’reagain, P., Bushell, J., 2021. Resting subtropical grasslands from
grazing in the wet season boosts biocrust hotspots to improve soil health. Agronomy
12, 62. https://doi.org/10.3390/agronomy12010062.

Xiao, B., Hu, K., 2017. Moss-dominated biocrusts decrease soil moisture and result in the
degradation of artificially planted shrubs under semiarid climate. Geoderma 291,
47-54. https://doi.org/10.1016/j.geoderma.2017.01.009.

Yang, H., Sun, J., Xu, C., Zhang, J., Chai, J., Jiao, T., Yu, X., 2019. Hoof pressure and
trampling intensity of yaks are higher than those of Tibetan sheep in a Tianzhu
alpine meadow. Rangel. J. 41, 125-133. https://doi.org/10.1071/RJ18073.

Yan, R, Yan, Y., Xin, X., Yang, G., Wang, X., 2011. Changes in microorganisms and
enzyme activities in soil under different grazing intensities in meadow steppe, Inner
Mongolia. Ecol. Environ. Sci. 20, 259-265. https://doi.org/10.16258/j.cnki.1674-
5906.2011.02.018.

Yang, X., Xu, M., Zhao, Y., Bao, T., Ren, W., Shi, Y., 2020. Trampling disturbance of
biocrust enhances soil carbon emission. Rangel. Ecol. Manag. 73, 501-510. https://
doi.org/10.1016/j.rama.2020.02.005.

Zhang, C., Nie, S., Liang, J., Zeng, J., Wu, H., Hua, S., Xiang, H., 2016. Effects of heavy
metals and soil physicochemical properties on wetland soil microbial biomass and
bacterial community structure. Sci. Total Environ. 557, 785-790. https://doi.org/
10.1016/j.scitotenv.2016.01.170.

Zhang, H., Zang, X., Cai, Z., Cheng, L., Yuandan, M.A., Baoyintaogetao Zhang, R.,

Gao, Y., 2017. Effects of grazing intensity on soil microbial flora and soil enzyme
activities in the Artemisia frigida rhizosphere. J. Zhejiang A & F Univ. 34, 679-686.
https://doi.org/10.11833/j.issn.2095-0756.2017.04.014.

Zhi, L., Zheng, F., Liu, W., Flanagan, D.C., 2010. Spatial distribution and temporal trends
of extreme temperature and precipitation events on the Loess Plateau of China
during 1961-2007. Quat. Int. 226, 92-100. https://doi.org/10.1016/j.
quaint.2010.03.003.

Zhang, W., Fu, S., Liu, B., 2001. Error assessment of visual estimation plant coverage.
J. Beijing Normal Univ. (Nat. Sci.) 37, 402-408. https://doi.org/10.16742/j.
zgcdxb.20180128.

10


https://doi.org/10.1016/j.ecolind.2022.109543
https://doi.org/10.1016/j.ecolind.2022.109543
https://doi.org/10.1016/B978-0-08-100191-2.00019-8
https://doi.org/10.1016/B978-0-08-100191-2.00019-8
https://doi.org/10.1007/s00374-015-1069-1
https://doi.org/10.1007/s00374-015-1069-1
https://doi.org/10.2980/17-3-3337
https://doi.org/10.1038/ismej.2011.153
https://doi.org/10.1016/j.jenvman.2017.04.086
https://doi.org/10.1016/j.geomorph.2008.05.005
https://doi.org/10.1016/j.geomorph.2008.05.005
https://doi.org/10.13287/j.1001-9332.202003.005
https://doi.org/10.13287/j.1001-9332.202003.005
https://doi.org/10.1016/j.agrformet.2021.108387
https://doi.org/10.1111/ele.13826
http://refhub.elsevier.com/S0301-4797(23)00435-8/sref35
http://refhub.elsevier.com/S0301-4797(23)00435-8/sref35
https://doi.org/10.1007/s11258-014-0341-z
https://doi.org/10.1007/s11258-014-0341-z
https://doi.org/10.1016/j.jaridenv.2010.12.008
https://doi.org/10.1146/annurev-ecolsys-121415-032311
https://doi.org/10.1016/S0038-0717(99)00186-8
https://doi.org/10.1016/S0038-0717(99)00186-8
https://opensiuc.lib.siu.edu/dissertations/436/
https://doi.org/10.1016/j.agrformet.2021.108389
https://doi.org/10.1016/j.agrformet.2021.108389
https://doi.org/10.1007/s10531-014-0681-y
https://doi.org/10.1007/s10531-014-0681-y
https://doi.org/10.1007/s10531-014-0725-3
https://doi.org/10.1016/j.jaridenv.2019.04.019
https://doi.org/10.1002/eap.2277
https://doi.org/10.1002/eap.2277
https://doi.org/10.1016/j.agee.2016.02.018
https://doi.org/10.1016/j.agee.2016.02.018
https://doi.org/10.1007/978-94-007-3855-3_10
https://doi.org/10.1007/BF01048795
https://doi.org/10.1016/j.agee.2021.107515
https://doi.org/10.1016/j.agee.2021.107515
https://doi.org/10.1071/RJ08002
https://doi.org/10.1071/RJ08002
https://doi.org/10.3390/agronomy12010062
https://doi.org/10.3390/agronomy12010062
https://doi.org/10.1002/eap.2016
https://doi.org/10.1002/eap.2016
https://doi.org/10.1080/00103629409369230
https://doi.org/10.1007/s00374-017-1205-1
https://www.science.org/doi/10.1126/science.aax1192
https://www.science.org/doi/10.1126/science.aax1192
https://doi.org/10.1016/j.jtherbio.2017.08.011
https://doi.org/10.1016/j.jtherbio.2017.08.011
https://isidore.science/document/10670/1.ppt1s5
https://isidore.science/document/10670/1.ppt1s5
https://doi.org/10.1007/s11056-019-09768-z
https://doi.org/10.1007/s11056-019-09768-z
https://doi.org/10.1002/jpln.201300624
https://doi.org/10.1002/jpln.201300624
https://doi.org/10.1890/11-1408.1
https://doi.org/10.1890/11-1408.1
https://doi.org/10.3390/agronomy12010062
https://doi.org/10.1016/j.geoderma.2017.01.009
https://doi.org/10.1071/RJ18073
https://doi.org/10.16258/j.cnki.1674-5906.2011.02.018
https://doi.org/10.16258/j.cnki.1674-5906.2011.02.018
https://doi.org/10.1016/j.rama.2020.02.005
https://doi.org/10.1016/j.rama.2020.02.005
https://doi.org/10.1016/j.scitotenv.2016.01.170
https://doi.org/10.1016/j.scitotenv.2016.01.170
https://doi.org/10.11833/j.issn.2095-0756.2017.04.014
https://doi.org/10.1016/j.quaint.2010.03.003
https://doi.org/10.1016/j.quaint.2010.03.003
https://doi.org/10.16742/j.zgcdxb.20180128
https://doi.org/10.16742/j.zgcdxb.20180128

	Nitrogen mineralization in grazed BSC subsoil is mediated by itself and vegetation in the Loess Plateau, China
	1 Introduction
	2 Materials and methods
	2.1 Study site
	2.2 Study design
	2.3 Soil sample collection
	2.4 Measurement method and index calculation
	2.5 Statistics analysis

	3 Results
	3.1 The coverage of BSC and vegetation under four grazing intensities
	3.2 Monthly fluctuations of soil physicochemical properties under different grazing intensities
	3.3 Changes of BSCs subsoil nitrate, ammonium and mineralization rate under different grazing intensities
	3.4 Response mechanism of grazing intensity to BSCs subsoil mineralization in different grazing seasons

	4 Discussion
	4.1 BSCs differ in their tolerance to grazing intensity
	4.2 Threshold of grazing intensity on soil properties and soil nitrogen characteristics under BSCs
	4.3 Path and mechanism of grazing management strategy for soils under BSCs
	4.4 Future perspectives
	4.5 Concluding remarks

	5 Conclusion
	Author contributions
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


