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Abstract: Semi-arid grassland in northern China faces degradation and desertification problems,
with fertilizer application appearing to be a potential solution by improving soil fertility and plant
fields or biodiversity. In this study, mineral and organic fertilizers were used in a semi-arid natural
grassland in Hebei Province for three years. The plant characteristics, biomass and species diversity
index were assessed and analyzed. In the years 2016 and 2017, mineral fertilizers (RC) significantly
increased the total aboveground biomass and the aboveground biomass, natural height, density
and coverage of Leymus chinensis compared with organic fertilizers (RO), especially at a moderate
application rate (RC2). Leymus chinensis was first divided into its own group and then separated into
four groups via cluster tree analysis. The importance values of Leymus chinensis showed continuous
increases in mineral fertilizer treatments, but not for organic fertilizers. Margalef’s species richness
indexes increased significantly (to 2.09) in the organic treatment (RO1) when compared with RC2.
Thus, it was concluded that mineral fertilizers could enhance the position of Leymus chinensis in
the natural grassland, while organic fertilizers could promote species biodiversity. This study also
provides recommendations regarding the use of fertilizers for the purposes of increasing plant biomass
and biodiversity in semi-arid grasslands of northern China.
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1. Introduction

In agricultural soil, fertilizer application potentially influences soil nutrients, their availability
properties and crop yields [1]. Organic fertilizers, such as animal manure, green manure crops,
compost, crop residues and sewage sludge, were vital components of integrated nutrient management
in traditional farming for making soil retain its beneficial qualities [2,3]. However, with the development
of modern agriculture, more mineral-based fertilizers, such as nitrogen and phosphorus fertilizers,
have been produced to replace organic fertilizers.

Nitrogen (N) was the dominant limiting nutrient in agricultural systems [4–6]. Numerous
fertilizer studies confirmed that supply of mineral nutrients, particularly N, were highly responsible
for increasing crop yields [7,8]. It has been proven that aboveground biomass increases with N input
across various ecosystems [9,10]. However, some studies have illustrated that irrational fertilization
would cause atmospheric N deposition and pollution, and that low-nutrient systems, such as natural
ecosystems, are especially sensitive to N inputs and are therefore more susceptible to N deposition [11].
Specifically, N deposition has been shown to affect species interaction at the trophic level [12] and then
change species abundance, plant community composition [13], and even decrease biodiversity [14].
Global nitrogen (N) deposition has been identified as one of the most important factors in the current
loss of biodiversity [15]. Additionally, more N input easily pollutes the water table in the instance of
heavy rains or in sand soils. Moreover, their nitrogen use efficiency can be very low; the nitrous oxide
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gas which can be emitted for volatilization by their land spreading is one of the main greenhouse
gases. Another important mineral nutrient for crop production is phosphate (P) [16], which improves
soil fertility and maintains the equilibrium of soil nutrients [17–19]. As we know, P is particularly
beneficial to the growth of legume species, so we suppose P could increase the diversity of a pasture
mainly made up of Poaceae. High rates of P, together with N, tend to result in basin eutrophication by
soil erosion due to rain or wind.

Based on the above background, we hypothesized that a combined application of N and P
fertilizers might increase the aboveground plant biomass and have positive effects on biodiversity.
It is well-known that organic fertilizers are beneficial to soil restoration [20,21]. Mineral fertilizers are
quick-acting fertilizers, favoring the growth of plants through rapid, increased soil fertility, whereas
organic fertilizers release nutrients at a lower rate but affect a longer time period [22–24]. Therefore, we
also hypothesized that organic fertilizers could replace mineral fertilizers to maintain field fertility and
safeguard it from the defect of mineral fertilizers. To verify these two hypotheses, an experiment was
conducted in the natural grassland, which is rich in both variability and multi-functionality, and is one
of largest ecosystems in the world. Grassland can provide excellent foraging opportunities for animals,
as well as many benefits to humans [25]. There has been an increasing concern regarding biodiversity
and its role in environmental conservation of grasslands over last few decades [26,27]. Two major
problems impacting the environment and resources of northern China is grassland degeneration and
desertification [28]. It is our responsibility to find a way to increase foraging biomass while having no
effect on species biodiversity.

The grassland in which we conducted our experiment lies in Inner Mongolia, northern China;
this is semi-arid grassland and was degenerated by intensive use and lack of effective management.
Leymus chinensis (Trin.) Tzvel., a eurytopic xerophytic grass, accounts for approximately half of the
biomass of the steppe [29]. This grass produces a high yield, has a strong tolerance to drought, high pH
and low fertility [30], and is usually used as hay to feed livestock. With the development of animal
husbandry and industry, overgrazing, mining and other actions of humans has led to degeneration
and desertization of the grassland [31,32]. In this paper, we added and screened mineral and organic
fertilizers to the Leymus chinensis grassland, aiming to improve soil fertility and enrich biodiversity of
the grassland.

2. Materials and Methods

2.1. Study Area

The experiment was conducted from 2015 to 2017 in Guyuan County, northern Hebei Province,
China (Figure 1); this zone has a national observation field station at the southern margin of Inner
Mongolia’s Xilingol Grassland, with a latitude of 41◦45’52” N, a longitude of 115◦39’51” E, and an
altitude of 1400 m. The annual average temperature was 2.5 ◦C, and the annual mean rainfall was
400 mm, primarily distributed between July and September. This region is considered a semi-arid
grassland. The major soil of this experimental field was kastanozems or meadow soil, with the
organic matter content found to be approximately 2.5% and the pH value 7.0–8.5. Leymus chinensis
is the dominant species in this steppe with absolute superiority; other zonal plants include some
pasture plants, such as Cleistogenes squarrosa (Trin.) Keng, Melissitus ruthenicus (L.) C. W. Chang,
Stipa krylovii Roshev., and Hedysarum gmelinii Ledeb., and some forbs, such as Potentilla tanacetifolia Willd.
Ex Schlecht., Artemisia frigida Willd., Thalictrumsquarrosum Steph. Ex Willd., Bupleurum chinensis DC.,
Saposhnikovia divaricate (Trucz.) Schischk., Potentilla bifurca L., Allium senescens L., Allium tenuissimum L.,
Heteropappus altaicus (Willd.) Novopokr., Artemisia eriopoda Bge. and Polygonum glaucum Willd.
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experiment (Table 1). Each treatment had three replications, totaling 21 plots, and each plot was 15 
m2 (3×5 m2). The mineral fertilizers were a combined application of urea (46% N) and diammonium 
phosphate (DAP, 18% N and 46% P2O5), while the organic fertilizer was sheep manure from a local 
farm. The fertilizers were dispersed on the soil surface by a strictly controlled and calibrated 
application. 

Table 1. Treatments of different fertilizers. 

Sample Treatment 
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N P2O5 Organic Matter 
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RC1 75 kg/ha urea, 45 kg/ha DAP 42.6 20.7 - 
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RC3 225 kg/ha urea, 135 kg/ha DAP 127.8 62.1 - 
RO1 1400 kg/ha organic fertilizer 42 21 630 
RO2 2800 kg/ha organic fertilizer 84 42 1260 
RO3 4200 kg/ha organic fertilizer 126 63 1890 

The fertilizers were applied in mid-May every year (2015–2017), and data was collected in late 
July of the same year. We set three sample quadrats (0.5 × 0.5 m2) in each treatment to obtain data on 
the species distribution over the whole plot, and then observed and graded each species and the 
vegetation coverage by eye, measured the species density by counting the number of individuals for 
each species present, and measured the plant height using a ruler. Then, we cut down the 
aboveground part of each species, divided them into different envelopes, and dried them in the 
drying oven at 65 °C for 48 hours to weigh.  

2.3. Statistical Analysis  

The species number, number of individuals in each species, and coverage and heights of each 
species was recorded for each quadrat. In this paper, the following indexes were adapted to analyze 
plant communities according to the reported formulae [33,34]: 
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2.2. Experimental Design and Measurement

This experiment consisted of the following two main treatments: A mineral fertilizer application
(RC) and an organic fertilizer application (RO). For the RC or RO treatment, there were three
sub-treatments based on increasing application rates, which are coded as RC1, RC2, RC3 and RO1, RO2,
RO3, respectively. Including the control (CK), there were a total of seven treatments in this experiment
(Table 1). Each treatment had three replications, totaling 21 plots, and each plot was 15 m2 (3 × 5 m2).
The mineral fertilizers were a combined application of urea (46% N) and diammonium phosphate (DAP,
18% N and 46% P2O5), while the organic fertilizer was sheep manure from a local farm. The fertilizers
were dispersed on the soil surface by a strictly controlled and calibrated application.

Table 1. Treatments of different fertilizers.

Sample Treatment
Nutrition Amount (kg/ha)

N P2O5 Organic Matter

- no fertilizer - - -
RC1 75 kg/ha urea, 45 kg/ha DAP 42.6 20.7 -
RC2 150 kg/ha urea, 90 kg/ha DAP 85.2 41.4 -
RC3 225 kg/ha urea, 135 kg/ha DAP 127.8 62.1 -
RO1 1400 kg/ha organic fertilizer 42 21 630
RO2 2800 kg/ha organic fertilizer 84 42 1260
RO3 4200 kg/ha organic fertilizer 126 63 1890

The fertilizers were applied in mid-May every year (2015–2017), and data was collected in late
July of the same year. We set three sample quadrats (0.5 × 0.5 m2) in each treatment to obtain data
on the species distribution over the whole plot, and then observed and graded each species and the
vegetation coverage by eye, measured the species density by counting the number of individuals for
each species present, and measured the plant height using a ruler. Then, we cut down the aboveground
part of each species, divided them into different envelopes, and dried them in the drying oven at 65 ◦C
for 48 h to weigh.

2.3. Statistical Analysis

The species number, number of individuals in each species, and coverage and heights of each
species was recorded for each quadrat. In this paper, the following indexes were adapted to analyze
plant communities according to the reported formulae [33,34]:



Sustainability 2019, 11, 2854 4 of 11

Species importance value (IV)

IV = (RH + RC + RF + RD)/4 (1)

where RH is relative height, RC is relative coverage, RF is relative frequency, and RD is relative density.
Species α diversity index (Dma) using the Margalef’s species richness index:

Dma = (S− 1)/ ln N (2)

where S is the number of individuals in each species and N is the number of all species.
Shannon–Wiener diversity index (H)

H = −
∑

pi ln Pi (3)

where Pi is the proportion of individuals of species.
Simpson’s dominance index (C)

C = 1−
∑

Pi2 (4)

where, again, Pi is the proportion of individuals of species.
Pielou’s equitability index (Epi)

Epi = H/ ln S (5)

where H is the Shannon–Wiener diversity index and S is the community species numbers.
All data were processed, and the graphs were plotted by Microsoft Excel 2010. The significance of

the differences between the treatments was analyzed using one-way ANOVA with SPSS statistical
software for the total aboveground biomass, species diversity importance values, and Leymus chinensis
aboveground biomass, natural height, density and coverage. An average method (by MEGA 5.1) was
used to create a cluster tree of all species in the whole experiment, based on their importance. The level
of statistical significance was set at 0.05.

3. Results

3.1. The Effect of Different Treatments on Plant Traits

Leymus chinensis, as the dominant species of the local grassland, was affected the most by the
fertilizer treatments. The effect of different treatments on total aboveground biomass (stems and
leaves) and the Leymus chinensis biomass in different years is shown in Table 2. Since the harvest
time was varied somewhat among years, it is hard to compare the mean biomass and other indexes
between different years. It can clearly be observed that in 2015, the total aboveground biomass
increased significantly to 210.14 g·m−2 in RC2, whereas Leymus chinensis biomass had no significant
differences for the different treatments (Table 2). However, in 2016, the total aboveground biomass
increased significantly to 363.99 g·m−2 in RC2 compared with the CK and all treatments of organic
fertilizer application (P < 0.05), while there was no significant difference compared with RC1 and RC3

(P > 0.05). The Leymus chinensis aboveground biomass significantly increased to 270.88 g·m−2 and,
in contrast, had no significant difference compared to the other treatments (Table 2). Similar to the
Leymus chinensis aboveground biomass, the height, density and coverage all significantly increased to
34.67 cm, 993.32 plant·m−2 and 69.44%, respectively, in RC2 (P < 0.05) (Table S2). In 2017, all indexed
characteristics of RC2 significantly increased compared with the CK and all treatments of organic
fertilizer application (P < 0.05), similar to the results of 2016 (Table 2 and Table S3). In general,
the total aboveground biomass and Leymus chinensis characteristics were higher in the continuous
mineral fertilizer application treatments than any other treatments in 2016 and 2017, especially for the
RC2 treatment.
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Table 2. Total aboveground biomass and L. chinensis biomass in different treatments (g/m2, mean±SE,
n = 3).

2015 2016 2017

Total L. chinensis Total L. chinensis Total L. chinensis

CK 126.82 ± 9.58 b 100.57 ± 10.20 a 122.81 ± 7.80 c 54.64 ± 3.65 b 102.41 ± 6.19b 59.24 ± 6.15b
RC1 176.30 ± 6.30 ab 131.62 ± 12.86 a 245.10 ± 4.68 ab 141.96 ± 20.15 b 242.64 ± 21.82ab 188.25 ± 8.89ab
RC2 210.14 ± 27.10 a 147.47 ± 21.27 a 363.99 ± 25.69 a 270.88 ± 35.56 a 264.87 ± 64.34a 218.68 ± 37.79a
RC3 175.67 ± 18.58 ab 98.45 ± 9.20 a 202.94 ± 14.29 abc 138.60 ± 14.82 b 255.70 ± 44.44ab 203.60 ± 17.95ab
RO1 136.36 ± 5.31 ab 101.18 ± 8.72 a 131.12 ± 5.45 bc 72.92 ± 9.19 b 143.47 ± 14.83ab 77.60 ± 15.35b
RO2 152.60 ± 3.36 ab 98.78 ± 9.87 a 187.54 ± 5.09 bc 52.92 ± 6.56 b 178.69 ± 15.09ab 125.98 ± 4.57ab
RO3 151.01 ± 2.54 ab 97.12 ± 4.59 a 207.06 ± 7.35 bc 52.96 ± 9.27 b 144.24 ± 4.31ab 73.43 ± 6.63b

Note: Different letters in the same column indicate a significant difference at the 0.05 level by Duncan’s test (P < 0.05).

3.2. The Importance Value Index of L. chinensis in Three Years

Species importance value (IV) indicated the specific species’ position or status in a certain
community; we analyzed the IVs of L. chinensis over three years (Figure 2). The values obtained
showed no significant differences among the various treatments in 2015 and 2016, but in 2017, IVs
in the mineral fertilizer group (RC) were higher than the organic fertilizer group (RO). Additionally,
for the mineral fertilizer group, IVs increased significantly with an increase of the year, while the
control and organic fertilizer group had no such change.
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the third group was Cleistogenes squarrosa, and the fourth group included all other species left, 
such as Cymbaria dahurica Linn, Phlomis umbrosa, and Heteropappus altaicus. As we know, 
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suggesting the grassland is in danger of degradation due to climate change and human activity 
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We created a cluster tree analysis by species IV for CK treatments in the year 2016 (Figure 3).
As shown in the tree map, from 0.4–0.5 spaces, we divided it into the following four species groups:
The first group was Leymus chinensis alone, the second group was Stipa krylovii and Artemisia frigida,
the third group was Cleistogenes squarrosa, and the fourth group included all other species left, such as
Cymbaria dahurica Linn, Phlomis umbrosa, and Heteropappus altaicus. As we know, Artemisia frigida is an
indicator of grassland degradation, with an abundance of Artemisia frigida suggesting the grassland is
in danger of degradation due to climate change and human activity [35,36]. With thousands of years
of natural evolution, Leymus chinensis and Stipa krylovii have already become the most common species
of the Inner Mongolia steppe.

In total, the IVs of Leymus chinensis in 2016 was as high as in 2015 and 2017 for each of the
treatments (data not shown). Obviously, Leymus chinensis is a major independent species in this steppe,
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or a dominant species. It was concluded that mineral fertilizers could enhance the role of the dominant
species in the community in the grassland, but the organic fertilizers could not.
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3.3. Species Proportion of Plant Community

The presence of different species in a plant community shows biodiversity. We divided the plant
species into five groups according to the cluster analysis: Leymus chinensis, Stipa krylovii, Artemisia
frigida, Cleistogenes squarrosa, and others. We also measured the proportional biomass of different
species in the community (Figure 4), with the results revealing that the proportion of Leymus chinensis
increased significantly in RC treatments, especially in RC2. Accordingly, the proportion of Artemisia
frigida and Cleistogenes squarrosa decreased, and Cleistogenes squarrosa reached a low of 0.01 in RC2 and
RC3 in 2017 (Figure 4c). The proportion of Stipa krylovii increased with an increase of mineral fertilizer
contents in 2015 and 2017 (Figure 4a,c). Thus, it can be concluded that mineral fertilizer improved
Leymus chinensis and Stipa krylovii, but restrained the growth of Cleistogenes squarrosa. On the other
hand, organic fertilizer was found to restrain the growth of Leymus chinensis, but enhance other plant
species. In 2016, organic fertilizer obviously increased the proportion of Artemisia frigida and other
species (Figure 4b), but returned to the distribution of 2015 in the following year (Figure 4c). This may
mean that organic fertilizer tended to maintain a stable biodiversity balance. Overall, mineral fertilizer
application enhanced the growth of the dominant species, Leymus chinensis, while organic fertilizer
application improved more species, thereby maintaining biodiversity of the grassland.

3.4. Changes of Species Biodiversity During Different Years

We analyzed species abundance in the community using four species diversity indexes: Margalef’s
species richness index, the Shannon–Wiener diversity index, Simpson’s dominance index and Pielou’s
evenness index. As shown in Figure 5a, changes in the community richness index (Dma) were different
for the three years studied. The decline was more significant in RC3 (1.16) than in RO2 (2.09) for the
second year (P < 0.05), and the RC treatments were sharply declined compared with the CK and RO
treatments in the third year. No significant differences in the various RO treatments were observed
in the three years. Margalef’s richness index showed a decreased tendency in RC treatments with
an increase in the year, and a stable level in RO treatment. Similar tendencies were also observed
in the Shannon–Wiener diversity index, Simpson’s dominance index and Pielou’s evenness index
(Figure 5b–d). A minimum value in RC3 and a maximum in RO2 were more apparent during the three
years. From these findings, it may be suggested that RC treatments can decrease biodiversity, while RO
treatments can stabilize or enhance biodiversity in temperate grasslands.
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In Figure 5, significant differences (P < 0.05) in the seven treatments are indicated by uppercase
letters (A, B, C) for each year. For each treatment, significant differences (P < 0.05) in the three years
are indicated by lowercase letters (a, b, c).

4. Discussion

We hypothesized that application of N and P fertilizers could have a beneficial effect on both
biomass and biodiversity, and we wanted to elucidate the effect of organic fertilizers vs. mineral
fertilizers over three years of treatment. In fact, the results of this experiment were different from
our hypotheses.

Our study showed that the total aboveground biomass had a significant increase for the
intermediate rate of mineral fertilizer treatment (RC2) in 2015 compared to the control. In addition,
the total aboveground biomass and all indexes of Leymus chinensis increased significantly compared to
the control and organic treatments with mineral fertilizer application, particularly at the intermediate
rate (RC2), for the years 2016 and 2017. These results indicate that some species were possibly more
sensitive to mineral fertilizer application than Leymus chinensis in the grassland, which might include
Potentilla tanacetifolia, Thalictrum petaloideum, and Saposhnikovia divaricate (Figure 3); however, relatively
long-term and continuous research is likely required to substantiate which species are more sensitive
to mineral fertilizers. The results were similar to previous studies conducted in the same steppe [37].
Our results also substantiated that a moderate rate of mineral fertilizer was an optimum choice for
increasing the aboveground biomass of L. chinensis.

The importance value reflects the role of a species and its status in the community, and it may
also indicate the dominant position of a species in the community [38,39]. It is known that Leymus
chinensis is an absolute dominant species in the steppe of northern China. Our results indicate that the
importance value of Leymus chinensis was higher in 2016 and 2017 than 2015 for the mineral treatments,
but there were no significant differences for the organic treatments (Figure 2). Additionally, through
the proportional biomass analysis of different species in the community (Figure 4), the results indicate
that the mineral fertilizer could not only improve Leymus chinensis yields, but also enhance the role of
the dominant species in the community; the structure of the community did not change significantly
in the organic treatments, although they could improve aboveground biomass. However, this area
was mowed grassland, and farmers needed to obtain forage grass to feed animals around this area.
Therefore, people were eager to raise a productive amount of Leymus chinensis. As a consequence,
the plant structure is prone to simplification and eventual instability of the community. This is a
controversial issue concerning the Leymus chinensis steppe. Researchers should pay particular attention
to this issue and take appropriate measures depending on the functions of this grassland.

The Margalef index reflects species abundance in the community. This index is how a large
number of species and their extent of abundance in a community are determined [40], and it is
a method widely used to compare species diversity [41]. The Shannon–Wiener diversity index,
Simpson’s dominance index and Pielou’s equitability index are also recognized as classic indicators
of biodiversity. Over the past decade, ecological literature has observed that species diversity could
increase yield stability [42]. Our results pointed to a tremendous difference in the Margalef index
and other indexes for the different treatments over the three-year study period. Sustainable mineral
fertilizers in the second and third year (2016 and 2017) showed a decline in richness index compared
with the first year (2015). According to a previous study, this could be explained by nitrogen (N) supply,
as N addition was found to reduce the compositional stability of grasslands [15]. In comparison,
the richness index of sustainable organic fertilizer application in the second and third year were
apparently higher than mineral fertilizers and even gained a maximum of 2.09 in the RO2 treatment
(Figure 5a). Furthermore, organic fertilizer appeared to restrain the growth of L. chinensis, but enhance
other plant species (Figure 4)—minor dominance of L. chinensis can greatly increase biodiversity in the
plant population. These findings indicate that organic fertilizers contribute towards the richness of
species in the sustainable development of grasslands.
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In summary, for mowed grassland, mineral fertilizers may be a quick method for increasing
Leymus chinensis aboveground biomass, but these fertilizers could also change grassland diversity
and alter community structure, thereby destroying the ecological balance. Consequently, we do not
suggest the use of mineral fertilizers on grasslands for a long periods of time. If a fertilizer is required,
it would be better to use organic fertilizers to ensure sustainable development or the intermittent and
interannual application of mineral fertilizers.

5. Conclusions

We hypothesized that the combined application of N and P fertilizers could enhance plant
aboveground biomass and even increase community diversity, and that organic fertilizers substituted
for mineral fertilizers could contribute to an increase in aboveground biomass and have a positive
effect on plant community diversity. In fact, during the three-year study period, the results of this
experiment showed that the combined application of sustainable N and P fertilizers over the course
of three years could increase the total aboveground biomass and the aboveground biomass, density,
coverage and height of L. chinensis. Furthermore, this treatment led to a decline in species richness.
The moderate application rate of sustainable organic fertilizer over three years resulted in a rise of
species richness, with no significant improvement in yields.

In summary, the grassland had the ability to recover by itself, even though this recovery was very
slow. For the Inner Mongolia grassland, mineral fertilizers increase L. chinensis proportion of plant
community and enhance the growth of the dominant species, but these fertilizers could also decrease
grassland biodiversity, while organic fertilizer application could improve and maintain biodiversity of
the grassland. So we should use mineral fertilizers or organic fertilizers in the grassland depending on
the purpose of the grassland, which used to product the forage or graze, or ecological function.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/11/10/2854/s1,
Table S1. The effect of different treatments on L. chinensis species characteristics in 2015. Table S2. The effect of
different treatments on L. chinensis species characteristics in 2016. Table S3. The effect of different treatments on
L. chinensis species characteristics in 2017.
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