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Abstract
Phosphorus (P) de�ciencies are widespread in calcareous soils. The poor availability of nitrogen (N) and
P in soils often restricts crop growth. However, the effects of P addition on plant growth and plant nutrient
transport changes during the establishment of Leymus chinensis �elds in Xinjiang are not clear. We
investigated the responses of Leymus chinensis biomass and nutrient absorption and utilization to
changes in soil N and P by adding P (0, 15.3, 30.6, and 45.9 kg ha-1 year-1) with basally applied N fertilizer
(150 kg ha-1 year-1). The results showed that (a) Principal component analysis (PCA) of biomass, nutrient
accumulation, soil available P, and soil available N during the different periods of Leymus chinensis
growth showed that their cumulative contributions during the jointing and harvest periods reached 95.4%
and 88%, respectively. (b) Phosphorus use e�ciency (PUE) increased with the increase of P fertilizer
gradient and then decreased and the maximum PUE was 13.14% under P2 treatment. The accumulation
of biomass and nutrients in Leymus chinensis can be effectively improved by the addition of P fertilizer
at P2. Different P additions either moderately promoted or excessively inhibited Leymus chinensis growth
and nutrient utilization.

Introduction
China's natural grassland area is approximately 4 million km2, accounting for 41.7% of China's total land
area [1–2]. Grassland ecosystems, an important type of natural ecosystem, have high geographical value
because they maintain ecological balance, in�uence the regional economy and affect human history [3–4].
In addition, they also play important roles in windbreak provision, sand �xation, soil improvement, climate
regulation and inter-regional biodiversity [3]. Xinjiang is one of the �ve pastoral areas in China, and its
grassland area is second only to that in Inner Mongolia [5] (Fig. 1) (obtained from GlobeLand30 2020;
http://www.globallandcover.com/). However, in recent years, with the rapid development of animal
husbandry and the intrusion of human activities into natural spaces, grassland areas have decreased
dramatically, their productivity have been reduced [6]. To quickly restore degraded grasslands, numerous
researchers have carried out active and effective restoration strategies. For example, Zhang et al [7–8]

found that Leymus chinensis (Trin.) Tzvel has more advantages than other grass forages when used for
arti�cial grassland restoration and degraded grassland improvement. Leymus chinensis is a perennial
rhizomatous grass that is widely distributed in the eastern part of the Eurasian steppe belt, in the eastern
part of the Songnen Plain, and on the Inner Mongolia Plateau in China [9]. Many studies have shown that
Leymus chinensis has good palatability, a strong regeneration capacity, long green-holding periods, and
large leaf volumes [10]. Because Leymus chinensis is rich in the crude fats, crude proteins, and crude
�bres required for the growth of cattle and sheep, it is known as the �ne grain of forage [11]. Because of
its strong adaptability to different living environments and its salinity, infertility, trampling, cold, and
drought resistance, Leymus chinensis is a high-quality forage grass, especially for grassland restoration
[7, 12], and it has great signi�cance for the management and improvement of grassland ecosystems in
China [13].
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During agricultural production, fertilizers are consistently used to improve crop yields, but the overuse of
chemical fertilizers has led to the introduction of excessive quantities of nutrients and to eutrophication
in many countries and regions of the world, which eventually lead to the depletion of nutrients. In
particular, phosphorus (P) resources, such as inorganic phosphate (Pi), can be absorbed and used by
crops [14–15]. Phosphate is involved in energy transfer and the synthesis of macromolecules in cells. A
large number of elements and nutrient resources are required for the growth and development of plants
[16–18]. Phosphate not only is a component of many important organic compounds in plants but also
participates in different forms in the various metabolic processes active in plants [19–20][21–22], so it is
necessary to supplement soils with Pi in appropriate amounts during plant growth [23–24]. However, during
agricultural production and the growth of plants in the natural environment, only 10%~20% of the
available Pi is utilized during the growing season, and the vast majority of Pi is easily �xed by adsorption
to soil particles due to the low mobility of P [25]. In calcareous soils controlled by calcium and
magnesium, phosphate ions in the soil solution are in the form of HPO42−, which chemically interacts
with the exchangeable Ca+ on soil colloids to produce Ca-P compounds [26–27]. Due to widespread soil Pi
de�ciencies in the grasslands of northern China, Pi availability is closely related to the growth and
development of livestock and forage resources [28–29]. A study by Xu et al [30] on southern grasslands
showed that the continued application of calcium-magnesium and P fertilizer to grazed grasslands over
two years had a signi�cant effect on forage yield and quality in the region. He et al [31] showed that
during the early period of growth, forage grasses took up more Pi than was available in the surface soils,
and the mass fraction of soil microbial Pi decreased with an increasing soil available Pi content. Roberts
et al [22] showed that in grassland ecosystems, the growth and development of most species are often
limited by nutrients, especially P, which tends to be the least active major nutrient in most soils [32].

To date, there have been few studies on Leymus chinensis in Xinjiang and few reports on the restoration
and improvement of arti�cial Leymus chinensis lands by Pi amendment in Xinjiang. There is an urgent
need to develop a greater number of forage and livestock areas in the Xinjiang region due to the high
demand for forage grasses and the destruction of the ecological balance of grasses due to overgrazing.
Therefore, in this study, the predominantly calcareous soils of the Xinjiang grasslands were selected for
studying Leymus chinensis growth. The growth characteristics and nutrient utilization of Leymus
chinensis in response to different P application conditions were quantitatively analysed by pot
experiments, and the optimal P application for improving the biomass and phosphorus utilization
e�ciency (PUE) of Leymus chinensis was determined to provide a theoretical basis for future plantings
of arti�cial Leymus chinensis grasslands and for the restoration of degraded grasslands.

Materials And Methods

Study site and soil sampling
The experiment was conducted in the College of Resources and Environment of Xinjiang Agricultural
University from May to October 2020. The tested soil comes from the experimental station of Xinjiang
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Agricultural University, Sanping Farm (43°56’N, 87°35’E, altitude 580 m), which is located at the northern
foot of the Tianshan Mountains and the southern edge of the Zhunger Basin. The region belongs to the
continental semi-arid climate, the annual climate of aridity and little rain, abundant sunshine and light
resources, large temperature difference between day and night, long and cold winters, hot and dry
summers, Summer temperatures are highest in July and August when the average temperature reaches
23.0°C. The annual average temperature at 8.7°C, and the average annual precipitation is 199.6 mm,
while the average annual evaporation is 2647 mm (xihe-energy.com) Physicochemical properties of
experimental soil before the start of the experiment are shown in Table 1.

Table 1
Physicochemical properties of the experimental soil before the start of the experiment.

Soil type pH AP

(mg kg− 1)

OM

(g kg− 1)

AN

(mg kg− 1)

AK

(mg kg− 1)

TN

(g kg− 1)

Calcareous
soil

8.18 ± 
0.21

13.33 ± 
0.23

14.60 ± 
0.03

45.14 ± 
0.10

187.80 ± 
0.21

0.62 ± 
0.02

Notes: AP, available P; OM: organic matter; AN, available nitrogen; AK, available K; TN, total nitrogen.
Values in the table are mean ± standard error.

Design Of The Pot Experiments
In this experiment, Leymus chinensis (Zhongke No.1) was used as the test material, which was collected
from the Hutubi experiment site of Xinjiang Jinfangyuan Grassland Ecotourism Development Co., LTD in
2019. The seeds were sieved before sowing to select fuller seeds, and seeds of poor quality were rejected
to minimize the impact of poor seed quality on the test results. The soil was pre-treated, air-dried, de-
mixed, and sieved before the pot culturing experiments, and the air-dried soil was weighed into pots (20
cm in diameter, 15 cm height) at 4.2 kg per pot. Weighed fertilizer was mixed thoroughly with the soil and
added to the pots, and the seeds were sown after 24 h. The same number of seeds was sown into each
pot. The seeds were sown at a depth of 2 cm, and the number of plants in each pot was maintained at 30
by thinning seedlings after they had stabilized. During the experiment, the trial factors were strictly
controlled to eliminate errors as much as possible. Soil moisture was maintained according to weather
changes and to be consistent between treatments.

The experiments were designed with a gradient of four P applications, treatment 1: P0, no P treatment;

treatment 2: P1, 15.3 kg ha− 1 P; treatment 3: P2, 30.6 kg ha− 1 P; and treatment 4: P3, 45.9 kg ha− 1 P, with
12 replicates for each treatment. N fertilizer was used as the base fertilizer, and the same amount of N
fertilizer was applied in each treatment to ensure that the basic plant nutrient requirements for N were
met. The N fertilizer was applied at 150 kg ha− 1 N, and potassium fertilizer was not added during this
experiment because of the high content of available potassium in the soil used in the experiment. The N
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fertilizers used in the experiment were urea (46% N) and ammonium dihydrogen P (26.64% P, 12% N),
provided by Yunnan.

Sample Collection
In this experiment, soil samples and plant samples were collected during the jointing period (June 19,
2020) and during the harvest period (September 29, 2020) for Leymus chinensis. Sampling was carried
out via a completely destructive sampling method: the soil was emptied from each pot and mixed, and
then an appropriate amount of soil was collected using the quartation and passed through a 60-mesh
sieve after natural air-drying. The soil physicochemical indices, such as available P and available N, were
then measured. After the soil samples were separated from the roots of the plants, the plant was
separated from the root and above ground, rained with deionized water and put into a kraft paper bags,
and oven-dried at 70 ℃ for 24 h. The dry weight of each part was measured and recorded, and the
samples were crushed with a micro-crusher (FZ102) and used for plant nutrient measurements. Each test
was repeated three times.

Measurements

The measurement methods were based on "Soil Agrochemical Analysis" [33].

1) Measurements of the soil physical and chemical properties were conducted as follows. The pH of the
air-dried soil was measured potentiometrically at a ratio (v/v) of 1:2.5 in distilled water, and then pH metre
(FE22-Standard, Mettler, Shanghai) was used for pH determination. Soil organic matter (OM) was
measured by an external heating method using potassium dichromate. Available P (AP) was determined
by the sodium bicarbonate-molybdenum-antimony resistance calorimetric method. Soil available K (AK)
was determined by ammonium acetate extraction-�ame photometry. Available N (AN) was determined by
the alkaline hydrolysis diffusion method. Soil total P (TP) was determined by the molybdenum-antimony
resistance calorimetric method.

2) Plant nutrients were measured as follows. Plant tissue was digested by the H2SO4-H2O2 method; then,
plant total phosphorus (PTP) was determined by the vanadium molybdate yellow colorimetric method
(Parkinson and Allen, 2009; Wei 2009), and plant total nitrogen (PTN) was determined by the Kjeldahl
method [34–35].

Calculation Method
The indicators for P accumulation, P fertilizer partial productivity (PFPP) and PUE for each tissue of
Leymus chinensis under the different P application conditions were calculated according to the following
equations [36–37]:
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PA = Dw × Pc (1)

NA = Dw × Nc (2)

3

4

where PA and NA are the P accumulation and N accumulation (mg pot− 1), respectively, Dw is the dry
weight of the aboveground and belowground biomass, Pc and Nc are the percentages of P and N
contents of the treatments, respectively, PFPP is the phosphorus fertilizer partial productivity; P0 is the P
accumulation of control; Pa is the P application.

Data Analyses
The data of Xinjiang land-use type were obtained from GlobeLand30 2020
(http://www.globallandcover.com/). Meteorological data were obtained from the the Xihe Energy Big Data
Platform (xihe-energy.com). The differences in soil available P, available N, biomass, and nutrient
accumulation in the different organs of Leymus chinensis were tested using one-way analysis of
variance (ANOVA). All ANOVAs were tested for signi�cance at P < 0.05. The test data were compiled using
Microsoft Excel 2007 and analysed for signi�cant differences and correlation using SPSS 19.0 (IBM,
Chicago, IL) statistical software, and graphical analyses were performed using Origin 2021 (Systat
Software, Sanjose, CA). Principal component analysis (PCA) was conducted on biomass, nutrient
accumulation, and soil available P and N during the different periods of Leymus chinensis growth. The
data in the graphs are expressed as the mean (n = 3) ± standard error.

Permission Statement
This is a permission from College of Resources and Environment of Xinjiang Agricultural University to
collect samples of Leymus chinensis (Zhongke No.1) from the Hutubi experiment site of Xinjiang
Jinfangyuan Grassland Ecological Technology Development Co., LTD, were complied with relevant in-
stitutional, nation, and international guidelines and legislation and transferring them safely to
physicochemical analysis to Xinjiang Agricultural University, College of Resources and Environment. The
Leymus chinensis (Zhongke No.1) used in the study was identi�ed by National Grass Variety Council. The
voucher specimen of the Leymus chinensis (Zhongke No.1) is not deposited in the public herbarium.

PFPP =
Dw

Pa

PUE = × 100%
PA − P0

Pa
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Results

Responses of biomass accumulation and nutrient allocation
to different P treatments

Effect of different P application gradients on biomass
The aboveground biomass, belowground biomass, and total biomass of Leymus chinensis showed an
increasing and then decreasing trend with increasing P applications during the jointing period and the
harvest period and the aboveground biomass, belowground biomass, and total biomass reached a
maximum at a 30.6 kg ha− 1 P application (p < 0.05; Fig. 2). The biomass of each component was lowest
at P0, and there was a signi�cant difference between the P0 and P2 treatments. The accumulation of
aboveground biomass was greater than that of belowground biomass during the jointing period and
harvest period, and in terms of the effect on biomass accumulation, the P application treatments were
ordered P2 > P3 > P1 > P0.

During the jointing period, the aboveground biomass differed signi�cantly between the P2, P3, P1, and P0

treatments. It increased by 53.75%, 163.75%, and 155% along the P application gradient (P1, P2 and P3)
compared with P0. The accumulation of belowground biomass was signi�cantly different in the P1, P2,
and P3 treatments compared with the P0 treatment, increasing by 12.44%, 22.28%, and 22.28%,
respectively. The trend of total biomass accumulation was consistent with that of the accumulation of
aboveground biomass, which was signi�cantly different between the P2 and P0 treatments and 136.36%
higher in the P2 treatment than in P0. During the harvest period, the accumulation of aboveground
biomass was signi�cantly different between P0 and each P application, and the accumulation of
aboveground biomass increased by 13.80%, 35.29%, and 21.84% along the gradient. P2 was signi�cantly
different compared with P0, P1, and P3, and the accumulation of belowground biomass was signi�cantly
different between each P application along the gradient and P0. The belowground biomass increased by
8.23%, 19.97%, and 15.55% in P0, P2, and P3 compared with P1; the accumulation of total biomass was
signi�cantly different in P0 compared with P1, P2, and P3; and the accumulation of total biomass
increased by 12.26%, 31.05% and 20.10% at each P application along the gradient compared with P0.

As shown in Fig. 3, the accumulation of aboveground biomass reached 4.64%~9.77% of the overall
aboveground biomass accumulation over the reproductive period, while the remaining 95.36%~90.23% of
the aboveground biomass accumulation occurred mainly after the jointing period. The accumulation of
aboveground biomass occurred mainly during the early period of Leymus chinensis growth when it
reached 90% at 30.6 ~ 45.9 kg ha− 1 P application, and the accumulation of belowground biomass
gradually increased with the progression of the reproductive period. The biomass distribution for each
group was not greatly affected by the P applications. The root-shoot ratio of Leymus chinensis during the
harvest period was the lowest at a P application of 30.6 kg ha− 1, which was signi�cantly different from
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that in P0, P1, and P3 (p < 0.05), and the root-shoot ratio showed a decreasing and then increasing trend
with the increase in P application along the gradient. Compared with that in P0, the root-shoot ratio of
Leymus chinensis under P application (P1, P2, and P3) decreased by 5.22%, 10.53%, and 5.26% (p < 0.05;
Fig. 2b), respectively.

Effect of different P application treatments on nutrient accumulation in Leymus chinensis

P accumulation in the belowground and aboveground parts of Leymus chinensis showed a trend of
increasing and then decreasing with increasing P application, and the P accumulation in the belowground
and aboveground parts of Leymus chinensis signi�cantly increased with the application of 30.6 ~ 45.9 kg
ha− 1 P (p < 0.05; Fig. 4a-b). The accumulation of P was greatest for the P2 and P3 treatment during the
jointing period. Moreover, the accumulation of P in all parts of Leymus chinensis signi�cantly increased
for P2 and P3 compared with P0 and P1. Speci�cally, the accumulation of P in the aboveground parts
increased by 97.33% and 80.94% in P2 and P3, respectively, compared with P1, and the accumulation of P
belowground signi�cantly increased for P0 compared with the P2 and P3 treatments. The accumulation of
aboveground P increased signi�cantly in P2 and P3 compared with P0, with the largest increase occurring
in P2. The accumulation of aboveground P increased with increasing P application during the harvest
period, reaching a maximum in P3. In addition, the accumulation of aboveground P increased
signi�cantly in each P application along the gradient compared with P0, increasing by 36.44%, 71.83%,
and 72.29%, respectively, and the accumulation of belowground P increased signi�cantly for P2 and P3

compared with the P0 and P1 treatments.

The aboveground, belowground, and total N accumulation of Leymus chinensis showed a trend of
increasing and then decreasing with the increase in P application during the jointing period, showing the
highest values in the P2 treatment (P < 0.05; Fig. 4c), and the aboveground, belowground and total N
accumulation increased signi�cantly for each P application treatment compared with P0. The
belowground accumulation of N increased by 21.98%, 57.81%, and 55.17% for each P application
treatment along the gradient compared with P0. The accumulations of total N in P2 and P3 were
signi�cantly higher than that in the low P treatment (P1) by 76.09% and 67.81%, respectively. The
accumulation of aboveground N, belowground N, and total N was not signi�cantly different among the P
application treatments during the harvest period. The accumulation of N in each part showed a trend of
increasing and then decreasing with increasing P application, and the accumulation of N was highest in
P3 (p < 0.05; Fig. 4d). The accumulation of total N increased signi�cantly in P2 and P3, and it increased by
11.98%, 53.53%, and 28.59% in the P application treatments along the gradient compared with P0.

The Relationship Between The Observed Indices
The two principal components that could explain the effect of P application on the biomass, nutrients,
soil available P, and available N accumulation of Leymus chinensis were extracted and plotted using the
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criterion of an eigenvalue > 1. These results indicate that P application in the presence of su�cient N
fertilization has a positive effect on the biomass, nutrient accumulation, soil available P, and available N
accumulation of Leymus chinensis. The amount of variation explained by PC1 was 91.5% and that by
PC2 was 3.9% for the jointing period, with a cumulative contribution of 95.4%. Therefore, the �rst two
principal components re�ected the true in�uence of P applications on the indicators of Leymus chinensis
biomass and nutrient accumulation and soil available P and available N (p < 0.05; Fig. 5a). For the
harvest period, PC1 and PC2 explained 88.0% of the correlation between P application and Leymus
chinensis biomass accumulation, Leymus chinensis N and P accumulation, and soil available P and
available N accumulation (p < 0.05; Fig. 5b).

Dependence Of Nutrient Uptake Capacity On Soil Nutrient
Concentrations
The P accumulation in plants was positively correlated with the accumulation of available P in the soil
during each growth period of Leymus chinensis (p < 0.05; Fig. 6), indicating that the changes in available
P accumulation in the soil were closely related to the P uptake in each tissue of Leymus chinensis. Under
certain conditions, the available P in the soil facilitated P uptake and utilization by Leymus chinensis, and
this effect was signi�cant. The relationship between P uptake by the aboveground and belowground
parts and the amount of available P in the soil was stronger during the jointing period than during the
harvest period, and the �t values of R2 = 0.888 and R2 = 0.907 were higher than those of R2 = 0.815 and
0.884 during the harvest period.

As shown in Fig. 7, the differences in N:P ratios between the aboveground and belowground parts and the
total plant N:P ratios between treatments were not signi�cant, and the total N:P ratio of the belowground
parts and plants of Leymus chinensis was less than 10. The N:P ratio of the aboveground parts
�uctuated around 10, with values > 10 for P0 and P2 (Fig. 7a). In contrast, in the belowground parts of
Leymus chinensis, the N:P ratio was the lowest, with values less than 5 (Fig. 7b). The N:P ratio of Leymus
chinensis was close to 10 (Fig. 7c), and the N:P ratio decreased between growth stages in the order of
jointing period > harvest period. With an increase in P application, the N:P ratio showed a decreasing trend
for Leymus chinensis during the harvest period, decreasing by 11.46%, 9.15%, and 18.38% in P1, P2, and
P3, respectively, compared with P0.

A highly signi�cant linear regression relationship between biomass accumulation and P concentration
was �tted for Leymus chinensis (p < 0.05; Fig. 8a-b). The �tted equations for the aboveground biomass
versus plant P concentrations and the belowground biomass versus plant P concentrations during the
jointing period for Leymus chinensis were y = 0.019 + 345.744x (R2 = 0.981) and y = 0.057 + 11.207x (R2 = 
0.865), respectively, and those during the harvest period were y = 3.156 + 133.003x (R2 = 0.886) and y = 
1.625 + 29.733x (R2 = 0.875), respectively. Overall, the R2 values for Leymus chinensis P accumulation
and aboveground biomass were higher than those for the relationships between the accumulation of
belowground biomass and Leymus chinensis P accumulation.
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Effect Of Different P Applications On Pfpp And Pue
The phosphate fertilizer partial productivity (PFPP) varied considerably during the different periods of
Leymus chinensis growth, and it showed a decreasing trend with increasing P application during the
same growth period, reaching a maximum in the 15.3 kg ha− 1 P treatment, with values of 9.44 g g− 1 and
178.83 g g− 1 for the jointing period and harvest period, respectively (Table 2). During the jointing period,
the PFPP decreased by 18.18% and 47.42% in P2 and P3, respectively, compared with P1, while during the
harvest period, the PFPP decreased signi�cantly among the treatments and was lowest in P3, with
decreases of 41.01% and 64.24% for P2 and P3, respectively, compared with P1. The PUE increased and
then decreased along the P application gradient during the jointing period and the harvest period of
Leymus chinensis, the PUE for each growth period reached a maximum value at P2, and the lowest PUE
for each growth period of Leymus chinensis occurred at P3 (p < 0.05; Table 2). During the jointing period,
the difference in PUE along the P application gradient was not signi�cant, and the PUE in P2 was
comparable to that in P1. The PUE increased by 68.51% between P2 and P1 and decreased by 0.46%
between P3 and P0. In contrast, in the harvest period, the PUE was signi�cantly different between P2 and
P3.

Table 2
Nutrient accumulation in the aboveground and belowground parts of Leymus chinensis under different P

gradients.
Treatment Jointing period Harvesting period

PFPP(g.g− 1) PUE (%) PFPP(g.g− 1) PUE (%)

P0 - - - -

P1 9.44a 0.77a 173.83a 10.30ab

P2 7.73ab 1.29a 102.53b 13.14a

P3 4.97b 0.76a 62.17c 7.46b

Notes: PFPP, phosphate fertilizer partial productivity; PUE, phosphorus utilization e�ciency. Different
letters in the same column indicate signi�cant differences between treatments at p < 0.05. ‘-’ mean not
measured.

Discussion
Effect of different P applications on the growth of Leymus chinensis

The results of this study showed that the biomass accumulation of Leymus chinensis increased
signi�cantly under each P application treatment, and the best accumulation of biomass in each fraction
was achieved under 30.6 kg ha− 1 P application. There was a close relationship between crop biomass
and the nutrient content of the soil (Fig. 5). The nutrients required for crop growth come from the
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nutrients in the soil, but when the nutrients in the soil are not su�cient to meet the crop growth
requirements, they need to be added arti�cially [38]. For example, crops adapt to nutrient de�ciencies by
changing the amount of nutrients allocated to each organ, as shown by changes in biomass
accumulation and root-to-crown ratios [39].

The results of this study showed that additional P fertilization signi�cantly increased the accumulation of
belowground biomass in Leymus chinensis, indicating that additional P fertilization improves crop root
growth (Fig. 2a-b), which may be due to changes caused by the stimulatory effect of P addition on the
plant growth process. P affects crops by participating in the synthesis of macromolecules and by
contributing to a variety of important metabolic processes, which in turn affects crop yield [40]. However,
the distribution of biomass among the various parts of the crops was not affected by the amount of P
applied. Zhang et al [41] showed that the proportion of accumulated biomass in each part of maize does
not change with the amount of P applied, and the proportions of accumulated biomass are generally
similar among growth periods, while changes in the amount of P applied to affect only the amount of
accumulated biomass. This indicates that, within a reasonable range of P applications, supplementing
the P in the soil through arti�cial P amendments can promote the growth and development of the crop.
Combined with the observed effect of P applications on the nutrient uptake and P fertilizer utilization in
Leymus chinensis, these results further clari�ed that nutrient uptake was better at a P application rate of
30.6 kg ha− 1, which in turn promoted the growth of Leymus chinensis.

Effect of different P applications on the nutrient uptake and N:P ratios of Leymus chinensis

During the growth of Leymus chinensis, nutrient uptake by each organ shows a dynamic process, and
with the progression of the reproductive period, each organ has different nutrient requirements at
different growth periods [29, 42]. The amount of N and P accumulation in each organ of the plant can
characterize the ability of the plant to absorb and utilize nutrients in the soil. This study showed that with
an increase in P application, both P and N accumulation in Leymus chinensis increased and then
decreased, and the nutrient accumulation levels reached a maximum value at a P application rate of 30.6
kg ha− 1, although there was also an increase under a P application rate of 45.9 kg ha− 1. However, the
difference was not signi�cant compared with the 30.6 kg ha− 1 P treatment, and nutrient accumulation
even tended to decrease slightly under high-P conditions, indicating that the addition of P to the soil
under low-initial P conditions helped promote biomass accumulation, while under high-P conditions, the
growth and development of plants were negatively affected. Studies have shown that the N:P ratio can be
an important indicator for evaluating crop limitations of N and P accumulation; crop growth is usually
limited by N and P accumulation when N:P < 10 and > 20 and not inhibited when 10 < N:P < 20 [43]. The
results of this study showed that in the aboveground parts of Leymus chinensis, the N:P ratio was > 10
among all the treatments except for the P1 and P3 treatments at harvest time, indicating that Leymus
chinensis was less affected by N and P accumulation under P application conditions. In contrast, the N:P
ratio < 10 in the root system of Leymus chinensis indicated that root growth was limited by N and P
accumulation, but overall, the N:P ratio was close to 10, indicating that Leymus chinensis was not
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affected by N and P accumulation. It has also been shown that the average N:P ratio of terrestrial plants
under natural conditions is 12 ~ 13 [44]. In contrast, the N:P ratio obtained in this study was 8 ~ 12, which
may differ greatly due to the geographical distribution of the terrestrial plants in this study because most
of the soils in Xinjiang are calcareous and have low fertility, thus decreasing the N:P of local terrestrial
plants. When soil N:P accumulation inhibits the growth of crops, proper manipulation of the soil N:P ratio
will further promote the growth and development of crops [45].

Effect Of Different P Applications On P Fertilizer Utilization
The results of this study showed that the accumulation of aboveground nutrients was higher than that of
belowground nutrients throughout the reproductive period of Leymus chinensis, which is similar to the
results of Marque et al [46]. The accumulation of nutrients in tobacco plants was promoted by P
application, and the accumulation of nutrients in the leaves of tobacco plants was higher than that in the
roots. During each reproductive period of Leymus chinensis, with an increase in P application, the
aboveground, belowground and total P accumulation showed an increasing and then decreasing trend,
indicating the promotion of nutrient uptake and accumulation in the range of 0 ~ 30.6 kg ha− 1 P
application, although the accumulation of P also increased under P3 compared with no P treatment.
However, considering economic e�ciency and environmental issues, the optimal P application should be
approximately 30.6 kg ha− 1 P in future experiments. This is similar to the results of Xie et al [47], who
showed that the accumulation and uptake of P from soils can be promoted by P treatment. Other studies
have shown that the accumulation of P in wheat plants increases with an increase in P application during
all fertility periods within a certain range of P applications [48]. The results of this study showed that the
uptake of elements such as N, P, and K involves dynamic processes that change during the fertile period,
and the highest accumulation of each nutrient and the maximum amount of P accumulation were
reached during the harvest period in Leymus chinensis. This is contrary to the results of the investigation
by Peng et al on the dynamic change patterns of P in Leymus chinensis pastures. Their research showed
that the P accumulation of Leymus chinensis was highest during the spring growing period because of
the preferential transport of P to the growth organs of the plants. In the present study, the P accumulation
in the aboveground and belowground parts of Leymus chinensis increased with the progression of the
reproductive period because of P addition, and P accumulation decreased during the harvest period.

The results of this study indicated that the PFPP decreased gradually with increasing P applications
(15.3 ~ 45.9 kg ha− 1) and was lowest at 45.9 kg ha− 1 P, and the difference between the P3 and P1
treatments was signi�cant (Table 2). This indicated that the addition of P adversely affected the PFPP.
Similar results were found in a study by Fu et al [13], where the PFPP was reduced by P application
measures. The recovery e�ciency of fertilizers applied to the soil can be re�ected in the fertilizer
utilization e�ciency [49–50]. The results of this study indicated that with the increase in P application, the
PUE tended to increase and then decrease, and the PUE of Leymus chinensis in the P1 treatment was
higher than that in the P3 treatment. This illustrated that the PUE can increase with an increase in P
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applied within a certain range, but beyond that range, it instead tends to decrease the PUE, even more so
than the treatment with low P application. The PUE was even lower than that in the low-P treatment (P1),
and the economic and environmental bene�ts should be considered during future fertilization processes.
This is consistent with the �ndings of Xing et al [36] that excessive application of P resulted in lower yields
and smaller economic bene�ts. Thus, reasonable application of fertilizer is fundamental for ensuring
appropriate fertilizer utilization, and an increased application of P fertilizer within a certain range can
promote nutrient uptake and accumulation in crops and thus improve the PUE [51–52].

Conclusions
Our results demonstrated that excessive phosphorus application is not bene�cial for the growth of
Leymus chinensis but will cause resources wastage and a series of negative impacts on the environment.
Although the promotion effect was observed at the phosphorus application rate of 30.6 kg ha− 1 and 45.9
kg ha− 1, the promotion effect was not obvious at the phosphorus application rate of 45.9 kg ha− 1.
Considering the economic cost, it is proposed to recommend the phosphorus application rate of 30.6 kg
ha− 1 for fertilization. However, this study was carried out in pots, the conditions of which differ from
actual production conditions. In future studies, a large number of �eld trials should be carried out for
further veri�cation, and attention should also be given to combinations that optimize resource utilization
and are environmentally friendly.
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Figure 1

Types of land cover in Xinjiang

Figure 2
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Effects of different P gradients on biomass accumulation during the (a) jointing period and (b) harvesting
period. TB, total biomass; AB, aboveground biomass; BB, belowground biomass; P0, no P; P1, 15.3 kg ha-1;

P2, 30.6 kg ha-1; P3, 45.9 kg ha-1. Different letters indicate signi�cant differences among treatments at P <
0.05. The error bars indicate standard error.

Figure 3

Effects of different P applications on biomass allocation. Aggregate biomass distribution during (a) the
jointing period and (b) the harvesting period.
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Figure 4

Nutrient accumulation aboveground and belowground under different P gradients. Plant P accumulation
during the (a) jointing period and (b) harvest period. Plant N accumulation during the (c) jointing period
and (d) harvest period. The different small letters mean the signi�cant difference among treatments at p
< 0.05. The error bars indicate standard error.
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Figure 5

PCA of nutrient accumulation and biomass under different P applications. Notes: AN: available nitrogen;
AP: available phosphorus; AB: Aboveground biomass; BB: Belowground biomass; BPC: Belowground
phosphorus content; APC: Aboveground phosphorus content; BNC: Belowground nitrogen content; APC:
Aboveground nitrogen content.

Figure 6

Dependence of plant P accumulation and soil available P during the (a) jointing period and (b) harvest
period. R2 is given.
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Figure 7

Relationship between P application gradient and N:P ratios in (a) aboveground biomass, (b) belowground
biomass, and (c) total biomass.

Figure 8

Fitted relationships between P accumulation and biomass in plants. The relationships for plant biomass
during the (a) jointing period and (b) harvesting period.


