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Improvement of wheat productivity and soil quality by arbuscular
mycorrhizal fungi is density- and moisture-dependent
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Abstract
Adaptivemanagement of arbuscular mycorrhizal fungi (AMF) provides a new option for sustainable agriculture. Previous studies
showed that the functional role of AMF was frequently dependent on soil moisture and planting densities in the semiarid
environment. However, a systematic quantitative analysis of the effects of AMF inoculation on crop productivity and soil quality
needs to be investigated. Therefore, a 2-year field experiment was conducted to test the inoculation effects of AMF
(Funneliformis mosseae) on wheat (Triticum aestivum L.) productivity and soil quality in the semiarid Loess Plateau under
two water regimes (irrigated and non-irrigated) with seven plant densities in year 2017 and 2018. Our results showed that in the
non-irrigated treatment, inoculation with AMF greatly increased dryland wheat aboveground biomass, crop productivity, water
use efficiency, rhizosphere soil organic carbon, soil organic carbon to total nitrogen ratio, microbial biomass carbon to nitrogen
ratio, and microbial biomass carbon and nitrogen (P < 0.05) compared to the non-inoculated treatment. For example, compared
with non-inoculated plants, the grain yield in the non-irrigated but inoculated plants increased by 59 ± 28% in 2017 and 36 ±
2.8% in 2018, and the water use efficiency for grain increased by 53 ± 26% and 25 ± 12% in 2017 and 2018, respectively.
However, the different results were observed under irrigated conditions. In the irrigated treatment, AMF inoculation had a
slightly positive effect on grain yield and soil quality at low plant density but was negative at higher plant densities. Here we
demonstrated for the first time that AMF inoculation significantly improved wheat productivity and soil quality, while its effects
were conditionally density- and moisture-dependent. Therefore, optimizing AMF addition is an effective measure for sustainable
agricultural development and provides a novel solution for the management of soil degradation management in the semiarid area
of the Loess Plateau.
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1 Introduction

As drylands cover more than 40% of the world’s land surface
and are home to one-third of the global population, half of the
inhabitants in the dryland depend directly on rainfed or irri-
gated farming (Farooq and Siddique 2016). Food insecurity,
frequent droughts, environmental degradation, and biodiver-
sity loss are widespread in these areas. Dryland agriculture is
becoming increasingly important to global food security

(Farooq and Siddique 2016) and agroecosystem sustainabili-
ty. However, meeting the challenge of increased food produc-
tion should not preclude the implementation of more sustain-
able farming approaches in dryland areas (Wezel et al. 2014).
Current trends in world agriculture show that it is imperative
to find a scientific and rational way to steadily increase the
crop yield, but also to ensure long-term sustainable use of soil
resources while promoting agricultural development (Mo
et al. 2020). Agroecological transition addresses the para-
mount challenge of feeding a growing population with scarce
resources without compromising the environment (Wezel and
Soldat 2009).

The Loess Plateau is the largest rainfed agricultural region
in China.Wheat is one of the most important food crops on the
Loess Plateau. Moreover, the low crop productivity in the
agroecosystems of the Loess Plateau is largely due to poor
soil fertility, inefficient rainwater use, and the frequency of
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drought (Mo et al. 2020). Water stress is one of the most
ominous abiotic factors to restrain the productivity of crops
in many regions of the world (Shukla et al. 2012), which is
putting the sustainability of plant production and dry matter
accumulation of crops at stake (Kahmen et al. 2015). In mod-
ern agriculture, farmers usually try to improve wheat yield
through increased plant density. With increased planting den-
sity, the main factor limiting crop yield is the limited re-
sources. Higher population density leads to stronger intraspe-
cific competition that consumes more environmental re-
sources that eventually will result in a decrease of grain yield
and soil quality (Sui et al. 2019).

Soil organic matter is an important basic component in the
terrestrial ecosystem, which determines the function and sus-
tainability of the ecosystem (Koch et al. 2004). Soil degrada-
tion, mainly featured by decreasing soil organic carbon, may
further accelerate a decrease in field productivity. Thus, soil
organic carbon and total nitrogen have gained greater atten-
tion. Maintenance of soil quality and crop yield relies on the
functioning of soil microorganisms for soil organic matter
decomposition, residue degradation, and nutrient transforma-
tions (Crouzet et al. 2016). Microbial biomass not only serves
as a medium for the decomposition of soil organic matter but
also determines the nutrient pool available to plants in the soil
(Hargreaves et al. 2003; Ren et al. 2020). The rhizosphere is
the soil layer affected by plant roots and microorganisms that
plays a key role in plant growth and soil quality.

Arbuscular mycorrhizal fungi (AMF) are relatively com-
mon plant symbiotic fungi, viewed as “microbial fertilizer”
that are beneficial to crop growth and productivity (Zhang
et al. 2016; Sui et al. 2019). There is increased recognition
that mycorrhizal fungi can significantly influence soil organic
matter decomposition and nutrient (especially nitrogen, N)
cycling (Bedini et al. 2009) that is a crucial aspect of sustain-
ability in agriculture (Wezel et al. 2014). AMF are generally
found to have positive effects on host plant growth and soil
quality, but intensive agricultural management practices are
often considered to reduce mycorrhizal function (Thirkell
et al. 2017). High nutrient availability from chemical fertil-
izers, high soil moisture, and disturbance may reduce the role
of mycorrhizas to neutral symbionts (Trejo et al. 2016) or even
to pathogens/parasites (Dai et al. 2014). Such a pattern may
confound the application of AMF inoculation in agriculture.
Therefore, more studies are needed to clarify how plant pro-
duction and soil organic matter decomposition differ in their
responses to environmental stress with AMF inoculation.
Importantly, exploring the response of the soil carbon and
nitrogen pool to AMF inoculation is crucial to evaluating the
effects of AMF usage on soil quality and agricultural sustain-
ability development in the semiarid areas.

The objective of this study was to investigate the effects of
allochthonous AM fungus on the diversity of native AM fun-
gal community, dryland wheat grain yield, aboveground

biomass, harvest index, water use efficiency, rhizosphere soil
quality, microbial biomass carbon, and nitrogen content under
different plant densities and water regimes in the field on the
semiarid Loess Plateau of China (Fig. 1). The following ques-
tions were addressed: (1) Does inoculation with AMF have
effects on the AMF community? (2) What is the effect of
inoculation with an AM fungus on dryland wheat grain yield
under density and drought stress? (3) What is the effect of
inoculation with an AM fungus on soil quality? And do pos-
itive effects of the AMF differ when the crops are subjected to
drought stress and different plant densities? We hypothesized
the following: (i) Exogenous AMF would be successfully col-
onized in rhizosphere soil and affect the native AMF commu-
nity composition. (ii) AMF inoculation would significantly
increase wheat productivity and soil quality, and (iii) the ef-
fects of AMF are density- and moisture-dependent.

2 Materials and methods

2.1 Experimental design

The field experiment was conducted at the Yuzhong
Experiment Station of Lanzhou University in Yuzhong
County, Gansu Province, China (35° 51′ N, 104° 07′ E, alti-
tude 1620 m), over two growing seasons (April–July) from
2017 to 2018. Conditions were kept similar throughout the
both experiments. The 2018 experiment is carried out on the
same plots as the 2017 experiment. The site has a semiarid
climate, typical of the gully region of the Loess Plateau with
annual rainfall of 512 mm (long-term wheat growing season
(April to July) rainfall = 150 mm) and mean annual air tem-
perature of 7.6 °C (long-term wheat growing season temper-
ature = 15.5 °C). In 2017 the growing season temperature was
15.8 °C, and rainfall was 156mm. In 2018 the growing season
air temperature was 15.9 °C, and growing season rainfall was
281 mm. The experimental plot had been under long-term
continuous cropping with spring wheat. The soil is predomi-
nantly clay textured according to the USDA texture classifi-
cation system with a pH of 8.0 and bulk density of
1.20 g cm−3. The rhizosphere soil (0–30 cm) had the following
physical and chemical properties at the beginning of the ex-
periment in 2017: soil organic carbon 8.04 g kg−1, total soil
nitrogen 0.82 g kg−1, soil microbial biomass carbon
64.5 mg kg−1, microbial biomass nitrogen 10.1 mg kg−1, and
pH 8.04; and soil organic carbon 8.47 g kg−1, total soil nitro-
gen 0.86 g kg−1, soil microbial biomass carbon 85.5 mg kg−1,
microbial biomass nitrogen 15.6 mg kg−1, and pH 8.01 at the
time of sowing in 2018.

In each year, a 2 × 2 × 7 factorial experiment was con-
ducted in a randomized complete block design with three
replications. The study tested two inoculation treatments
under irrigated and non-irrigated conditions to form four
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combinations: (1) irrigated and inoculated with AMF of
Funneliformis mosseae (WW + A), (2) irrigated and non-
inoculated (WW), (3) non-irrigated and inoculated with
AMF of F. mosseae (WS + A), and (4) non-irrigated
and non-inoculated (WS). In the irrigated treatments, the
total amount of irrigation water was 120 mm, supplied
with three splits of 20, 40, and 60 mm, respectively, at
the tillering, jointing, and flowering stages in both grow-
ing seasons. There were 7 plant densities: 50, 100, 200,
400, 800, 1600, and 3200 plants m−2 in both growing
seasons. Each treatment plot was 1.5 m × 1.5 m consisting
of 7 rows spaced 0.2 m apart and 1.5 m long; a 1 m buffer
zone was left between each plot. The distance between
irrigated and non-irrigated treatments was 5 m. Wheat
was sown on 1 April 2017 and 3 April 2018 and harvest-
ed on 31 July 2017 and 1 August 2018, respectively. Each
year, phosphate fertilizer and nitrogen fertilizer were ap-
plied once as a base fertilizer (150 kg P ha−1 and 225 kg
N ha−1) before seeding. The base fertilizer (N and P) was
applied broadcast and incorporated with cultivation to the
soil depth of 20 cm with a chisel plow (20 cm) equipped
with sweeps (heavy-duty cultivator). No herbicides were
applied during wheat growth.

2.2 Plant material and growth conditions

In this study, the modern spring-type wheat c.v. Longchun-29
with indehiscent awned ears and naked grains, released in

2009 and still widely grown on the Loess Plateau, was used.
The crop growing season was approximately 120 days in both
years.

The AMF species used in this study was Funneliformis
mosseae (syn. Glomus mosseae) provided by the Institute of
Agriculture, the University of Western Australia in 2015, and
identified as an aggressive colonizer of wheat (Graham and
Abbott 2000). The original spores used to start this culture
were extracted from a black Vertisol from a farm near
Macalister, Queensland, in 1990. Inoculum of F. mosseae
was propagated with Trifolium repens L. in sterilized soil in
the growth chamber for 4 months in 2016 and 2017. The
density of spores in the inocula of F. mosseae estimated by
microscopic examination after wet-sieving and centrifugation,
to be 50–80 spores per 10 g of soil. For the AMF treatment,
F. mosseae inoculum (667 g m−2; containing spores, hyphae,
and infected clover root fragments) was inoculated into the
furrow while sowing (the inoculum was evenly applied into
each furrow in all plots of AMF inoculation treatment).

2.3 Plant biomass production and mycorrhizal
colonization

All the plants were harvested in each plot to measure the grain
yield and aboveground biomass at the maturity stage (122 and
121 days after sowing in 2017 and 2018, respectively). The
grain yield and the total aboveground biomass for each plot
were air-dried naturally, to constant weight and weighed. The

Fig. 1 Photographs of the field
experiment in 2017 (a) and 2018
(b) and light micrographs of root
colonization of wheat root in (c)
non-AMF inoculation and (d)
AMF-inoculated soil
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harvest index (HI) was calculated: harvest index = grain yield/
total aboveground biomass.

Root colonization levels were determined microscopically
using the grid line intersect method (Giovannetti and Mosse
1980). This method uses a compound microscope (200 to ×
400) to measure the percentage of root length colonized by
hyphae, vesicles, hyphal coils, arbusculate coils, and
arbuscules. Samples were taken from the fresh root systems
of five plants per plot to assess mycorrhizal colonization.
Roots were carefully washed, fine roots (0.5 g fresh weight)
were picked out by hand from the samples and cut into 1-cm-
long fragments, cleaned in 10% KOH, stained with 0.05%
trypan blue for 3 min, and destained in lactate-phenol solution,
and then the root colonization was observed and recorded
under the microscope (Giovannetti and Mosse 1980).

2.4 Soil nutrients

In each plot, three fresh soil samples of rhizosphere soil (0–
30 cm) were carefully separated from the roots using a fine
nylon bristle brush and tweezers at the maturity stage in both
growing seasons. The three samples were combined into one
replicate sample; each treatment had three replicates. The vis-
ible plant residues were removed by hand and then passed
through a 2-mm sieve to remove the plant roots. Each soil
sample was divided into two parts: One part was naturally
air-dried for analysis of soil organic carbon (SOC) and total
nitrogen (TN), and the other part was sealed into airtight plas-
tic bags and transported to the laboratory under low-
temperature conditions for analysis of the soil AMF commu-
nity, soil microbial biomass carbon (MBC), microbial bio-
mass nitrogen (MBN), and soil extra-matrical hyphal length
(EMH). SOC was determined by the potassium dichromate-
concentrated sulfuric acid external heating oxidation method.
TN was measured by the Kjeldahl method-automatic nitrogen
analyzer (Beijing, China). The soil MBC and MBN were ex-
tracted via the chloroform fumigation extraction method
(Brookes et al. 1985). EMH was measured as described by
Jakobsen et al. (1992).

2.5 Crop water consumption and water use efficiency

Each plot was surrounded by high ridges to prevent runoff.
We calculated crop water consumption (CWC) using the fol-
lowing formula: CWC = P + I +ΔSWS, where P (mm) is the
total rainfall during the growing season, I (mm) is the irriga-
tion amount during the growing season, and ΔSWS (mm) is
the difference in soil water storage (0–100 cm) between the
beginning and the end of each growing season. Water use
efficiency for grain yield (WUEY) and aboveground biomass
(WUEB) was calculated as the ratio of grain and aboveground
biomass to CWC, respectively.

2.6 AMF community analysis in the rhizosphere soil

Total DNA from 0.5 g rhizosphere soil was extracted using
the E.Z.N.A. Soil DNA Kit (OMEGA, Bio-Tek, USA) ac-
cording to the manufacturer’s protocols. The DNA was used
as a template for nested PCR in AM fungal special primers.
The first primer pair were AML1 and AML2, and the second
primer pair were AMV4.5 NF and AMDGR. The second PCR
products were obtained using the AxyPrep DNA Clean-up
System kit (Axygen Scientific Inc., USA). Each sample was
quantified using QuantiFluor TM-ST (Promega, USA), and
the TruSeq TM DNA Sample Prep Kit (NEB, USA) was used
to set upMiseq DNA library. The qualified samples were then
loaded into an Illumina MiSeq platform, and the sequencing
was performed by Majorbio, Shanghai, China. The detailed
information was provided as previously described by Zhu
et al. (2017).

2.7 Data analysis

Data were analyzed by three-way ANOVA (AMF, water
treatments, and plant densities) using SPSS version 17.0
(SPSS Inc., Chicago, IL, USA). All univariate analyses were
performed in SPSS version 17.0. The Tukey test values at P ≤
0.05 are presented where significant effects were found. All
the figures were made using Origin 8.5.

3 Results and discussion

3.1 AM fungal root colonization rate and hyphal
length of the rhizosphere soil

Arbuscular mycorrhizal colonization levels in F. mosseae in-
oculated wheat were about 50.4 ± 5.5% of root length on av-
erage, but 20.4 ± 2.0% were observed in the non-mycorrhizal
treatments, and AMF inoculation significantly improved the
mycorrhizal root colonization rate of wheat (Table 1).
Meanwhile, AMF inoculation significantly increased the hy-
phal length in the soil. These results indicated that exogenous
F. mosseae had been successfully colonized in the wheat rhi-
zosphere and acted effectively in the soil. Moreover, plant
mycorrhizal root colonization rate increased in the non-
irrigated treatment, that is, the WS + A treatment had a higher
mycorrhizal colonization rate value than in the WW+ A treat-
ment, especially at high plant densities, and mycorrhizal col-
onization rate in the WS was higher than the corresponding
value in the WW (Table 1). In addition, increasing plant den-
sities caused a significant decrease in AMF colonization rate
(Table 1). Similarly, the hyphal length of soil had the same
trend as the root colonization rate (Table 1).

AMF colonization rate was significantly affected by water
availability and plant density; in most cases, the AMF
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colonization rate tended to decrease with increasing plant den-
sity, but plant density did not have a significant effect on the
AMF colonization rate in the non-irrigated treatment.
However, this result contradicts Eissenstat and Newman
(1990), who showed that AMF colonization rate increased
with the increase in plant density. This may be related to the
experimental conditions such as AM fungal species and plant
species. In our study, the intraspecific competition increased

with increasing planting density, but the dry matter production
of wheat decreased. Therefore, we conclude that the transport
of photosynthetic products from the host plants to the mycor-
rhizal fungi was restricted as planting density increased, so
that eventually the mycelial growth of mycorrhizal fungi
was restricted. Moreover, in the non-irrigated treatment, the
root colonization rate increased compared with well-irrigated
treatments, especially at high plant densities (Table 1). These

Table 1 AMF colonization rate of wheat root (%), soil extra-matrical
AMF hyphal length (m g−1), aboveground biomass water use efficiency
(WUEB, kg ha−1 mm−1), and grain yield water use efficiency (WUEY,

kg ha−1 mm−1) of wheat over two growing seasons under different water
regimes, AMF inoculations, and plant densities

Year Treatment Plant density (plants m−2)

50 100 200 400 800 1600 3200

Root colonization rate 2017 WW + A 56.7 a 56.9 a 56.0 a 56.0 a 54.1 b 51.3 b 47.5 b

WW 21.3 b 21.0 c 20.9 b 20.7 b 19.0 c 18.3 c 17.7 c

WS + A 58.8 a 58.6 a 58.6 a 58.3 a 56.9 a 53.4 a 51.6 a

WS 24.0 b 23.9 b 23.9 b 23.9 b 21.5 c 19.9 c 19.0 c

2018 WW + A 55.9 a 55.7 a 54.6 a 54.4 b 52.5 b 48.3 b 46.1 b

WW 21.2 b 20.9 b 20.2 b 20.6 c 19.5 c 17.6 c 17.0 c

WS + A 56.3 a 56.0 a 55.8 a 55.6 a 54.7 a 52.9 a 50.8 a

WS 22.5 b 21.1 b 21.1 b 21.1 c 20.2 c 19.0 c 17.9 c

AMF hyphal length 2017 WW + A 12.6 b 12.5 b 12.4 b 12.2 b 11.5 b 9.93 b 9.43 b

WW 6.7 d 6.36 d 6.35 d 6.32 d 5.68 d 5.48 d 5.28 d

WS + A 12.9 a 12.8 a 12.7 a 12.6 a 12.0 a 10.7 a 10.2 a

WS 7.45 c 7.35 c 7.28 c 7.28 c 6.55 c 6.02 c 5.84 c

2018 WW + A 9.28 b 8.94 a 8.83 b 8.74 b 8.26 b 8.05 b 8.00 a

WW 6.72 d 6.62 c 6.43 d 6.34 d 5.85 d 5.66 d 5.47 c

WS + A 9.67 a 9.00 a 9.20 a 9.10 a 8.60 a 8.30 a 8.10 a

WS 7.10 c 7.00 b 6.80 c 6.70 c 6.20 c 6.00 c 5.80 b

WUEB 2017 WW + A 2.92 a 4.20 a 7.67 a 10.8 b 12.4 a 11.6 a 11.0 b

WW 2.25 b 3.50 b 6.98 b 11.4 a 12.6 a 11.6 a 11.5 a

WS + A 2.28 b 4.04 c 7.02 b 9.34 c 10.7 b 9.26 b 8.91 c

WS 2.09 c 3.58 c 6.37 c 8.27 d 9.96 c 8.42 c 7.63 d

2018 WW + A 3.76 a 5.36 a 9.90 a 12.1 a 14.2 a 13.9 a 13.1 a

WW 3.35 b 4.89 b 9.90 a 12.2 a 14.4 a 13.8 a 12.9 a

WS + A 3.07 c 4.75 b 7.96 b 9.20 b 9.87 b 9.73 b 8.58 b

WS 2.54 d 3.81 c 6.53 c 7.36 c 9.20 c 8.33 c 7.17 c

WUEY 2017 WW + A 1.29 b 2.32 b 3.66 b 5.84 ab 6.10 a 5.58 a 5.35 b

WW 1.29 b 2.25 b 3.71 b 5.87 a 6.16 a 5.69 a 5.71 a

WS + A 1.38 a 2.54 a 4.52 a 5.62 b 5.77 b 5.20 b 3.95 c

WS 0.87 c 1.42 c 2.72 c 3.02 c 4.59 c 4.26 c 2.97 d

2018 WW + A 1.67 a 2.55 a 3.93 a 6.19 a 6.05 a 5.56 a 5.30 a

WW 1.63 a 2.62 a 3.54 b 5.94 b 5.98 a 5.51 ab 5.23 a

WS + A 1.64 a 2.22 b 4.08 a 5.32 c 5.36 b 5.23 b 4.98 b

WS 1.12 b 1.75 c 3.06 c 4.49 d 4.71 c 4.52 c 4.09 c

WW+A, irrigated and inoculated with AMF;WW, irrigated and non-inoculated with AMF;WS +A, non-irrigated and inoculated with AMF;WS, non-
irrigated and non-inoculated with AMF. Data are presented as means of three replicates. Data with the same letter down the column within each year are
not significantly different at P < 0.05 using the Tukey test
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results agree with a previous report (Rahimzadeh and Pirzad
2017) but differ from the findings of Kohler et al. (2009) who
reported that lack of irrigation significantly decreased the
AMF colonization in other plants. This difference may vary
according to the experimental conditions, such as AM fungal
species, wheat varieties, fertilizer levels, and other factors. In
addition, under drought stress root colonization rate by AM
fungi remained elevated over all the treatments in the inocu-
lated wheat plants and was positively correlated to above-
ground biomass, grain yield, harvest index, and water use
efficiency of wheat.

3.2 Composition and diversity of AM fungal
community of the rhizosphere soil

The relative abundance of AMF are shown in Fig. 2.
Glomeraceae (related to F. mosseae) was the most abundant
family (93% and 97% for WW + A; 93% and 98% for WS +
A; 70% and 66% forWW; 77% and 74% forWS, in 2017 and
2018, respectively), followed by unclassified, which
accounted for 3%, 18%, 2%, and 9% of operational taxonomic
units (OTUs) in 2017 and 3%, 22%, 1%, and 12% in 2018 for
WW + A, WW, WS + A, and WS, respectively (Fig. 2a, b).
Moreover, AMF inoculation significantly increased the rela-
tive abundance of OTUs affiliated with the family
Glomeraceae over two growing seasons (Fig. 2a, b), which
indicated that F. mosseae was successfully colonized the soil.
Irrigation reduced the relative abundance of Glomeraceae
compared with the non-irrigated treatment when uninoculated
with AMF (i.e., it decreased from 77 and 74 for WS to 70%
and 66% forWW in 2017 and 2018, respectively). In addition,
other families present, although at lower relative abundances,
included Paraglomeraceae (from 1.4 to 10.1%) and
Acaulosporaceae at < 1% (in most cases) over two growing
seasons. It can be argued that AMF inoculation and water
regimes changed the abundance of AMF. Molecular tech-
niques demonstrated that AMF exogenous F. mosseae effi-
ciently colonized the wheat rhizosphere and acted effectively
on soil quality (Zhu et al. 2017).

As for the diversity of AMF community, AMF inoculation
had no significant effect on the AMF richness (OTU richness)
and Shannon diversity of AM fungi in both growing seasons
(Fig. 2c–f). Furthermore, AMF richness and Shannon diversi-
ty were unaffected by water regimes in both growing seasons
(Fig. 2c–f). These results are consistent with those obtained by
Kavadia et al. (2020) and Ren et al. (2020), who demonstrated
that the impact of water regime and AMF inoculation on
fungal-community composition and diversity depended on
soil history, soil conditions, AMF species, plant species, and
plant growth stage. In our study, the soil on the Loess Plateau
has poor nutritional status; thus, nutrients may be an important
factor that limiting AMF richness and diversity.

3.3 Plant biomass, grain yield, harvest index, and
water use efficiency

In order to assess the separate and combined effects of all
factors on wheat production, we compared the differences in
wheat grain yield, aboveground biomass, harvest index,
WUEY, and WUEB at maturity in both growing seasons.
Notably, the wheat grain yield, aboveground biomass,
WUEB, andWUEY showed an increased trendwith increasing
the plant density as the plant densities increased from 50 to
800 plants m−2 and then declined in all treatments in both
growing seasons (Fig. 3a–d; Table 1). In general, above-
ground biomass of wheat was higher in all the treatments in
2018 than 2017 (Fig. 3c, d), due to the higher in-season rain-
fall in 2018 than 2017. Moreover, the irrigated treatment had
significantly higher grain yield and aboveground biomass
than in the non-irrigated treatment (Fig. 3a–d), showing that
lack of irrigation significantly decreased wheat biomass accu-
mulation and yield production in this rainfed environment.
When compared withWS, AMF inoculation greatly improved
grain yield of wheat in WS + A by 59 ± 28% and 36 ± 3% in
2017 and 2018, respectively (Fig. 3a, b), showing that the
AMF symbiosis with plants provided benefits for dryland
wheat production in this semiarid region, which agrees with
previous studies (Zhang et al. 2016; Sui et al. 2019). However,
AMF inoculation had different effects under well-irrigated
conditions. For example, AMF inoculation increased grain
yields and aboveground biomass at low plant densities (50–
400) but depressed the yields and aboveground biomass at
high plant densities (800–3200) in the WW + A treatment
when compared with WW, but these effects of AMF were
not significantly (Fig. 3a–d). These results may due to high
soil moisture reducing the role of mycorrhizas (Trejo et al.
2016; Dai et al. 2014) that meant under sufficient water con-
ditions, plants did not need to absorb water and nutrients
through mycorrhizas.

In general, harvest index tended to decrease with the
increase in plant density (from 0.57 ± 0.03 to 0.44 ± 0.01
for WW + A, from 0.57 ± 0.01 to 0.49 ± 0.02 in WW,
from 0.56 ± 0.02 to 0.38 ± 0.01 for WS + A, from 0.51
± 0.01 to 0.36 ± 0.01 for WS among all the plant densities
over two growing seasons). Lack of irrigation greatly de-
creased the harvest index of wheat but increased it when
inoculated with AMF (i.e., in WS + A the harvest index
increased by 10.0 ± 3.4% in 2017 and 7.0 ± 1.8% in 2018
compared with WS), suggesting that the presence of my-
corrhizal symbionts helped the host to absorb deeper wa-
ter and nutrients, thereby reducing intraspecific competi-
tion and ultimately promoting higher yields under insuf-
ficient water conditions. Rather, high plant densities
greatly improved water use efficiency (i.e., in low plant
densities (50–200 plants m−2) WUEB ranged from 2.09 ±
0.16 to 9.90 ± 0.78 kg ha−1 mm−1, while in high plant
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densities (800–3200 plants m−2), it ranged from 7.17 ±
0.59 to 14.4 ± 0.65 kg ha−1 mm−1 (Table 1)). Moreover,
irrigation significantly increased the wheat water use effi-
ciency compared with the non-irrigated treatment in both
years (Table 1); these differences were mainly the result
of improved grain yields and biomass accumulation of the
crop, because the increment of water consumption is low-
er than the increment of production in the irrigation treat-
ment. WUEB and WUEY were notably increased when
inoculated with AMF under non-irrigated conditions com-
pared with WW treatments (i.e., WUEY increased by 53.0
± 26.1% and 25.1 ± 11.5%, respectively in 2017 and
2018), in which Zhang et al. (2016) attributed to the sym-
biosis of AMF with wheat improving the water uptake,
water use efficiency, and phosphorus uptake of the wheat
by the external hyphae of AMF. However, in most cases,
mycorrhizal inoculation had no significant effect on the
aboveground weight, grain yield, or harvest index at high
plant densities in the well-irrigated treatment compared
with non-mycorrhizal inoculation treatments, except at
some low plant densities (Fig. 3; Table 1), which is in
agreement with previous studies (West 1996; Trejo et al.
2016). This may be attributed to the negative interaction

between plants without abiotic stress (West 1996) and
AMF forming a mycelium network structure among
plants that enhanced the intraspecific competition and re-
duced the amount of carbon available for growth in host
plants unable to adjust their carbon assimilation rate to
match the increased demand created by the AMF sink,
especially with the increasing plant density. These results
showed that under insufficient water conditions, AMF in-
oculation enhanced crop drought tolerance, increased the
water use efficiency and harvest index, and finally im-
proved crop productivity.

To sum up, with the increase in plant density, the positive
effect of AMF inoculation on plant productivity and water use
efficiency decreased (Fig. 3; Table 1). Similarly, in the well-
irrigated treatment, AMF inoculation had a little positive ef-
fect on plant productivity and water use efficiency at low plant
densities, but had no significant effect at high plant densities
(Fig. 3; Table 1). The different effects of AMF at different
plant densities can be attributed to the increase of light com-
petition between plants and the decrease in photosynthetic
capacity as plant density increases. This suggests that photo-
synthetic products were a more important limiting factor for
host plants than soil water and nutrients especially in well-

Fig. 2 The relative abundance of
arbuscular mycorrhizal fungal
(AMF) families (a, b) and AMF
community analysis of OTU
richness (c, d) and Shannon
diversity index (e, f) in wheat
rhizosphere soil under different
water regimes, AMF
inoculations, and plant densities
(a, c, e for 2017, b, d, f for 2018).
WW+A, irrigated and inoculated
with AMF; WW, irrigated and
non-inoculated with AMF; WS +
A, non-irrigated and inoculated
with AMF;WS, non-irrigated and
non-inoculated with AMF.Means
(n = 3) with different letters
indicating significant difference
among treatments (P < 0.05).
Error bars are + SE
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irrigated conditions, so that the mycorrhizae became less im-
portant for host plants and their effect decreases as the plant
density increases.

3.4 Rhizosphere soil carbon and nitrogen

The SOC content and the ratio of SOC to TN are important
indicators for assessing soil fertility (Koch et al. 2004). AMF
are major agents directing carbon into the soil by moving
nutrients from the soil into plant roots in exchange for
photoassimilates (Johnson et al. 2013). In the present study,
we found that the SOC content and SOC to TN ratio increased
with increasing plant density to a peak at 800 plants m−2 and

then decreased with the plant densities increase (but not sig-
nificantly) in both growing seasons (Fig. 4a–f). Aboveground
biomass and grain yield showed a similar trend (Fig. 3a–d).
We suggest that this may be because at low plant densities,
wheat fixed less energy by photosynthesis per unit areas, so
less organic matter was transported to the soil, while at high
plant densities, the stronger intraspecific competition among
plants led to decreased of biomass accumulation, which in
turn led to a decrease of the SOC and SOC to TN ratio. In
general, there was no significant difference in rhizosphere
SOC content among WW + A, WW, and WS + A treatments,
but they were all significantly higher than that in WS treat-
ment in both growing seasons (Fig. 4a, b), indicating that

Fig. 3 Grain yield (a, b),
aboveground biomass (c, d), and
harvest index (e, f) of wheat at
maturity in two growing seasons
under different water regimes,
AMF inoculations, and plant
densities (a, c, e for 2017, b, d, f
for 2018). WW + A, irrigated and
inoculated with AMF; WW,
irrigated and non-inoculated with
AMF; WS + A, non-irrigated and
inoculated with AMF; WS, non-
irrigated and non-inoculated with
AMF. Data are presented as
means ± SE of three replicates.
Significant differences among
irrigation and AMF inoculation
treatments are denoted by
asterisks (Tukey test): *P < 0.05;
**P < 0.01; ***P < 0.001; NS,
not significant
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irrigation and AMF inoculation had positive effects on rhizo-
sphere SOC, which is consistent with previous studies (Song
et al. 2020; Zhu et al. 2017; Zhou et al. 2020). A possible
explanation for this result is that AMF symbiosis and irriga-
tion increase carbon sequestration in soil not only by increas-
ing root carbon inputs but also by lowering native soil organic
matter decomposition and rhizosphere priming effects (Zhou
et al. 2020). It may be due to AMF inoculation increasing the
relative abundance of Glomeraceae (Fig. 2a, b) that have a
higher ability to produce soil extra-matrical hyphal length
(Voets et al. 2006). As mentioned above, in our study AMF
inoculation significantly increased soil extra-matrical hyphal

length (Table 1), which are critically beneficial in increasing
soil carbon fractions (Ren et al. 2020).

By contrast, the TN content of the soil differed with the grow-
ing season and treatment (Fig. 4c, d). Contrary to plant biomass,
increasing plant density induced a significant decrease in TN
over two growing seasons, demonstrating that crop growth is a
process of soil nitrogen consumption, and greater biomass accu-
mulation leading to more uptake of TN (Fig. 4c, d). In most
cases, in 2017 there was no significant difference in TN content
of the soil among the treatments at the same plant density, but in
2018, the TN content in non-irrigated treatment was significantly
higher than that in the irrigated treatment (Fig. 4c, d), which

Fig. 4 Soil organic carbon (SOC;
a, b), total nitrogen (TN; c, d),
and the ratio of SOC to TN (SOC/
TN; e, f) in wheat rhizosphere soil
in two growing seasons under
different water regimes, AMF
inoculations, and plant densities
(a, c, e for 2017, b, d, f for 2018).
WW+A, irrigated and inoculated
with AMF; WW, irrigated and
non-inoculated with AMF; WS +
A, non-irrigated and inoculated
with AMF;WS, non-irrigated and
non-inoculated with AMF. Data
are presented as means ± SE of
three replicates. Significant
differences among irrigation and
AMF inoculation treatments are
denoted by asterisks (Tukey test):
*P < 0.05; **P < 0.01;
***P < 0.001; NS, not significant
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might be the result of the change in soil microbial activity due to
the difference in rainfall between two growing seasons. Our data
showed that AMF inoculation decreased the TN content in the
non-irrigated treatment (Fig. 4b, c), which was consistent with
recent research (Ren et al. 2020) that demonstrated that AMF
inoculation decreased soil TN as a result of AMF stimulation of
plant growth and higher uptake of mineral nitrogen by the crop.
However, in most cases, the TN content increased in the irrigated
treatment (Fig. 4c, d), which may be attributed to the AMF
inoculation enhancing the plant intraspecific competitive strength
which decreased the biomass and yield accumulation under irri-
gated conditions.

3.5 Rhizosphere soil microbial biomass carbon and
nitrogen

The rhizosphere soil MBC, MBN, and MBC to MBN ratio
over two growing seasons are shown in Fig. 5. Soil MBC,
MBN, and MBC to MBN ratio increased as plant densities
increased from 50 to 800 plant m−2 and then decreased with
the further increase in plant density. AMF inoculation in-
creased soil MBC, MBN, and MBC to MBN ratio compared
with non-AMF inoculation treatment as plant densities in-
creased from 50 to 800 plant m−2, but when plant densities
increased higher than 800 m−2, AMF inoculation had neutral

Fig. 5 Soil microbial biomass
carbon (MBC) (a, b), microbial
biomass nitrogen (MBN) (c, d),
and the ratio of MBC to MBN
(MBC/MBN) (e, f) in wheat
rhizosphere soil in two growing
seasons under different water
regimes, AMF inoculations, and
plant densities (a, c, e for 2017, b,
d, f for 2018). WW + A, irrigated
and inoculated with AMF; WW,
irrigated and non-inoculated with
AMF; WS + A, non-irrigated and
inoculated with AMF; WS, non-
irrigated and non-inoculated with
AMF. Data are presented as mean
± SE of three replicates.
Significant differences among
irrigation and AMF inoculation
treatments are denoted by
asterisks (Tukey test): *P < 0.05;
**P < 0.01; ***P < 0.001; NS,
not significant
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or negative effects on soil MBC,MBN, and theMBC toMBN
ratio in the WW + A treatment (Fig. 5). In general, the con-
tents of MBC, MBN, and MBC to MBN ratio under well-
irrigated conditions were more than that in non-irrigated con-
ditions, regardless of AMF inoculation.

Soil microbial biomass is the active component of soil or-
ganic matter and the source of available nutrients, involved in
regulating soil mineralization and material energy flow, and
can be used as an indicator of soil biological function and soil
fertility (Hargreaves et al. 2003). Compared with other soil
nutrient indicators, soil microbial biomass carbon and nitro-
gen could reflect soil quality changes more sensitively and
more convincingly. Our results reveal that AMF inoculation
significantly improved the values of MBC, MBN, and MBC
to MBN ratio both in the non-irrigated and irrigated treatment
(at low plant densities) (Fig. 5). One explanation for this
could be that AMF inoculation improved the soil micro-
bial activity (Pellegrino et al. 2012). In addition, the con-
tent of MBC and MBN in 2018 was higher than that in
2017 (Fig. 5a–d), possibly because the rainfall in 2018
was more than that in 2017, providing a better soil water
content and a more comfortable environment for the
growth of soil microorganisms, and then the addition of
long-term AMF increased the microbial biomass and
changed the microbial community composition.

4 Conclusions

For the first time, dual density- and moisture-dependent effects of
AMF on crop productivity and soil quality were tested in a semi-
arid agricultural region. We found that exogenous AMF inocula-
tion could modify the AMF community composition, but had no
effect on the native diversity of the AMF community. Our results
demonstrated that the beneficial AMFmicroorganisms had a ma-
jor effect on improving host growth, productivity, and soil quality
under dryland (non-irrigated) conditions. However, under irrigat-
ed condition, AMF inoculation had no significant effect on crop
productivity and soil quality at high plant densities, whereas it
slightly improved crop productivity and soil quality at low plant-
ing densities. Moreover, we found that the effects of AMF on
crop productivity and soil quality were contingent on water avail-
ability and plant density, suggesting that effects of water relations
and intraspecific competition on crop growth had an impact on
AMF responses. Therefore, our results may offer some directions
for future sustainable agricultural development and soil degrada-
tion management in the semiarid Loess Plateau region.
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