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A B S T R A C T

Variations in soil microbial metabolism currently represent one of the greatest areas of uncertainty with regard
to soil nutrient cycles and the control of terrestrial carbon (C) and nitrogen (N) loss and are poorly understood in
agricultural ecosystems with intensive farming practices. In this study, extracellular enzymatic stoichiometry
models and quantitative PCR techniques were used to examine microbial metabolic limitation and its re-
lationship with N-cycling gene expression in semi-arid agricultural ecosystems considering four N fertilization
levels (N 0, N 100, N 250, and N 400 kg N ha−1) and two agronomic strategies (film mulching and no mulching).
Film mulching increased microbial C limitation (reflecting microbial C metabolism size; 0.189 of the total ef-
fects), while very small effects on microbial phosphorus (P) limitation were observed (-0.007 of the total effects).
N fertilization increased the microbial demand for P (microbial P limitation; 0.504 of the total effects). Increased
microbial C metabolism was mainly attributed to increased soil moisture content after film mulching, which
enhanced microbial decomposition of organic C (high C-acquiring enzyme activities). Changes in nutrient
stoichiometry and the increase in N availability due to N fertilization were largely responsible for increased
microbial P limitation. Furthermore, microbial P limitation negatively affected the abundance of AOA amoA,
AOB amoA (involved in nitrification), nirK, nirS, nosZ (involved in denitrification) genes, strongly inhibiting
nitrification and denitrification potential (-0.743 and -0.761 of the total effects, respectively). The present results
suggest that agricultural ecosystems with film mulching are conducive to organic residue decomposition, while
appropriate P limitation under N fertilization could reduce the loss of N due to nitrification and denitrification in
soil. This study highlights the importance of elemental stoichiometry-driven microbial metabolic variation in
understanding soil nutrient cycles and optimizing agricultural practices.

1. Introduction

Nitrogen (N) cycling is the most important process in agricultural
systems and N loss is a widespread problem (Weier, 1994; Mmm et al.,
2018). The loss not only increases agricultural costs, but also causes
serious ecological problems, such as drinking water pollution, climate
warming, and air pollution (Stark and Richards, 2008; Li et al., 2017).
As a result, the strategy to control N cycling and reduce N loss from

agricultural ecosystems are urgently needed (Stark and Richards, 2008;
Mmm et al., 2018). Understanding the impacts of different agricultural
managements and practices on N cycling will help solve these problems.

Attempting to increase grain yields through agricultural practices
can profoundly affect soil nutrient levels, thereby affecting soil fertility
and productivity (Wei et al., 2017). The use of N fertilizer is a common
management practice that alters the availability of soil N, and the
widespread use of N fertilizer could change nutrient cycles on a global
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scale (Sistla and Schimel, 2012; Marklein and Houlton, 2012; Wrage-
Mönnig et al., 2018) given that nitrification and denitrification systems
are linked and play the key roles in N loss and the emission of nitrous
oxide from soils (Ishii et al., 2011). However, previous studies have
reported that N fertilization had dramatic but inconsistent influences on
the soil N cycling and N loss. Studies have found that N fertilization
enhances nitrification and denitrification processes (Mori et al., 2010)
and increases N loss (Mori et al., 2010; He and Dijkstra, 2015). N fer-
tilization has also been shown to increase the abundances of AOB (Fan
et al., 2011) and denitrifiers (Chen et al., 2012; Zhang et al., 2019),
whereas other studies have reported that N fertilization had little im-
pacts on the abundance of nifH and nirS-containing microbes (Sun et al.,
2015) or AOB (Shen et al., 2008). The negative effects of N fertilization
on the abundance of AOA (Fan et al., 2011; Sun et al., 2015) and AOB
(He et al., 2007) have also been found. Furthermore, Zhang et al.
(2019) reported that inorganic N levels primarily affected microbial N
cycling, while Sun et al. (2015) found that available P and total N in soil
were the most important factors influencing the abundances of micro-
bial community involved in the N cycling. Similarly, others have re-
ported that nitrification and denitrification were strongly affected by
soil P availability in a wide range of ecosystems (Wang et al., 2014;
Ford et al., 2016). These findings suggest that the effects of N fertili-
zation on N cycles in soil may depend on the supply of multiple nu-
trients, in which microbial metabolic balances may be involved.
Therefore, identifying microbial metabolic responses to the nutrient
status of soils might be the key to revealing the effects of N fertilization
on N cycles in soil.

In addition, film mulching techniques have proven to be effective in
improving grain yields, and have been widely used in arid and semiarid
agricultural ecosystems (Ramakrishna et al., 2006; Zhao et al., 2012).
Film mulching mainly increases soil water retention, potentially af-
fecting soil microbial metabolism. For instance, soil water availability
suppresses litter decomposition and nutrient release through its effects
on the activities of microorganisms (Cui et al., 2018). As a result, soil
moisture is an important limiting factor related to microbial nutrient
requirements in the arid and semi-arid regions. Also, the stoichiometric
flexibility of a biological system reflects its ability to maintain function
through the modification of its elemental balance (Sistla and Schimel,
2012). Hence, understanding how microbial metabolism responds to
changes in the soil nutrients and moisture conditions could improve
predictions of the ecological consequences stemming from agricultural
practices and conducive to the development of better management
strategies.

Variations in soil microbial metabolism currently represent one of
the greatest uncertainties in understanding soil nutrient cycles and
predicting terrestrial C sinks (Exbrayat et al., 2013; Noah and Bradford,
2019). C, N, and P metabolisms are the most important metabolic
processes for soil microorganisms and are strongly affected by nutrient
dynamics and physicochemical properties in soil. Nutrient stoichio-
metry is the key driver controlling microbial metabolism (Sinsabaugh
et al., 2009; Wei et al., 2017; Cui et al., 2018). Changes in C, N and P
stoichiometry are critical for the regulation of major soil ecosystem
processes, such as SOM decomposition and elemental cycling
(Zechmeister-Boltenstern et al., 2015; Spohn, 2016; Cui et al., 2019a).
Soil moisture is an important physical property and a key factor af-
fecting microbial metabolism, especially in the arid and semi-arid
ecosystems (Smith, 2011; Ru et al., 2018). Generally, microbial meta-
bolism is inhibited by low water conditions in soil, resulting in reduced
microbiological activities and nutrient turnover rates (Borken et al.,
2006). Low soil nutrient content also strongly limits the microbial
metabolism. Previous studies have consistently indicated that soil mi-
crobial metabolism under different vegetation types was limited by soil
P in the arid and semi-arid regions (Zhao et al., 2012; Cui et al., 2018,
2019a). Consequently, soil functions mediated by microorganisms
could prove particularly sensitive to soil nutrient and moisture varia-
tions, which may be more pronounced in soils limited by the

availability of nutrients and water (e.g., arid and semi-arid ecosystems).
However, the responses of microbial metabolism to variations in soil
nutrient and water availability are still poorly understood, especially in
agricultural ecosystems with intensive farming practices.

Extracellular enzymes play the key roles in microbial metabolism
and nutrient cycling (Jones et al., 2009; Cui et al., 2018, 2019b).
Ecoenzymatic stoichiometry can reflect the relationships of microbial
metabolic demand with soil nutrient supply (Sinsabaugh et al., 2009,
2012; Cui et al., 2018) and thus, is widely used to reveal the char-
acteristics of microbial metabolic limitation represented by C, N or P
(Jones et al., 2009; Sinsabaugh et al., 2009; Cui et al., 2018, 2019a). To
illuminate the characteristics of microbial metabolism, Moorhead et al.
(2016) proposed calculating the ‘lengths’ and ‘angles’ of vectors in a
plot of proportional activities of enzyme C:N vs C:P acquisition to
quantify the relative investments in C vs nutrient acquisition (vector
lengths) or P vs N acquisition (vector angles). Converting these ratios
into vector lengths and angles identified the simultaneous and relative
nutrient demands of the microorganisms, independent of the variations
in total enzymatic activities, and provided a clear metrics of relative C
limitation and P vs N limitation (Moorhead et al., 2016; Cui et al.,
2019a). Therefore, this method can help elucidate microbial metabo-
lism responses to changes in soil nutrient and moisture availability in
arid and semi-arid agricultural ecosystems.

In the present study, we investigated the abundances of soil N-cy-
cling genes (including nifH, AOA amoA, AOB amoA, narG, nirK, nirS and
nosZ) and extracellular enzymatic activities (involved in C-, N-, and P-
acquisition) in different N-fertilization and film mulching treatments.
Specifically, we quantified the characteristics of microbial metabolic
limitation in these treatments with extracellular enzymatic stoichio-
metry models. In this manner, the relationships between microbial
metabolic limitation and N-cycling gene expression were clarified fur-
ther. We hypothesized that microbial metabolism could be limited to a
greater extent by P in soil with added N because changes in nutrient
stoichiometry lead to relative low P availability (Zhao et al., 2012; Cui
et al., 2018, 2019b). On the contrary, P limitation may be mitigated by
film mulching because improved soil moisture availability and micro-
bial activities promote organic matter decomposition and P activation.
Therefore, the main objectives of this study were to (1) determine the
characteristics of microbial metabolic limitation under N fertilization
and film mulching, (2) reveal the responses of N-cycling genes to nu-
trient and moisture variations, and (3) decipher the relationships of
microbial metabolic limitation with the changes of soil nutrients and
moisture as well as N-cycling genes expression.

2. Materials and methods

2.1. Site description

Field research during the 2016 and 2017 growing seasons was
conducted at the Changwu Research Station of Agriculture and Ecology
on the Loess Plateau in China (35.28 °N, 107.88 °E; 1200m elevation).
The station is located in a region with a typical semiarid climate, a
mean annual temperature of 10.1 °C, and 556mm precipitation from
1993-2012. Approximately 73% of precipitation occurs during the
maize growing season (May-September). Rain-fed cropping systems, in
which maize (Zea mays L.) or wheat (Triticum aestivum L.) are grown as
continuous monocrops, are predominant in the study site. The soil is
classified as Cumuli-Ustic Isohumosols (sand, 4%; silt, 59%; clay, 37%)
according to Chinese soil taxonomy. The chemical properties of the soil
(0–20 cm) before planting in 2016 were as follows: pH (8.4), bulk
density (1.3 g cm−3), organic matter (13.92 g kg-1), total N (0.97 g kg-
1), Olsen-P (10.95mg kg-1), mineral N (12.93 mg kg-1), 22.4% field ca-
pacity by weight (g g-1), and a 9% wilting point by weight (g g-1) (Li
et al., 2018).
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2.2. Experimental design and treatments

The study was arranged as a randomized complete block design
with three replicates. The plot size was 30m2 (5m×6m). Before
planting, all plots were laid out with ridge furrows; that is, large
(60 cm) and small (40 cm) ridges with ridge heights of 10 and 15 cm,
respectively, were alternated. Adjacent ridges were separated by fur-
rows in which the maize seeds were planted. The two treatment factors
were mulch practices and N fertilization. A total of 24 treatments were
examined.

Two mulch practices were established each year: (i) ridge furrow
mulched with plastic film (FM), which has been widely adopted in the
semiarid areas of northwestern China (Eldoma et al., 2016); and (ii)
ridge-furrow with no mulching (NM), which was the control. In FM,
both ridges and furrows were mulched with sections of transparent
plastic film with widths measuring 120–130 cm before planting. The
midline of the large ridge was the joint between the two sections of film
and the location of where the soil was placed on top of the film. The
plastic film was used throughout the entire maize growing season. It
was removed at harvest and the field was re-mulched before seeding in
the second year. Four different N fertilization treatments were em-
ployed in 2016: 0, 100, 250, and 400 kg N ha−1 (hereafter referred to as
N0, N100, N250, and N400, respectively). In both years, the planting
density was 65,000 plants ha−1 in all treatments.

Nitrogen fertilizer was applied as urea (N 46%) at three points
during field work: 40% was applied before planting as a basal N ferti-
lizer, 30% was applied at the jointing stage, and 30% was applied at the
silking stage as a topdressing using a hole-sowing machine. After rid-
ging the treatment plots, base fertilizer was applied consisting of basal
N fertilizer, 40 kg P ha−1 (calcium superphosphate, P2O5 12%), and
80 kg K ha−1 (potassium sulphate, K2O 45%) and was manually spread
over the soil surface and then ploughed into the subsurface before
planting each plot. All other agronomic practices were standard and
uniform for all treatments. Natural rainfall was the only water resource
for maize growth as no additional irrigation was supplied during the
maize-growing season. Monthly weather data were provided by the
Changwu Meteorological Monitoring Station situated approximately
50m from the experimental field.

Maize was cropped (2015 season) without fertilization in the study
site preceding our experiment. The high-yielding maize hybrid ‘Pioneer
335’ (∼1510 growing degree-days) was planted using a hand-powered
hole-drilling machine on April 2016 and 2017. The plots were har-
vested at ripeness in September 2016 and 2017.

2.3. Soil sample collection

Soil samples were collected from the top 20 cm of the soil profile
after removing the litter in September 2017. Ten cores were collected at
intervals along an “S” shape pattern in each plot and mixed into one
composite sample. After removing the roots, litter, debris, and stones,
each composite sample was divided into three parts for future analysis.
The first two parts were placed in an ice box and then transported to the
laboratory. The first part was immediately stored at −80 °C for future
DNA extraction. The second part was passed through a 2.0mm sieve
and stored at 4 °C for the analysis of extracellular enzymatic activities
within 2 weeks. The third part was air-dried for analyzing physico-
chemical properties.

2.4. Soil physiochemical analysis

Soil-moisture content was determined by oven-drying 15 g of fresh
soil at 105 °C for 48 h. Soil organic C content was determined using
dichromate oxidation; approximately 0.10 g of air-dried soils was di-
gested with 5ml of 0.8M K2Cr2O7 and 5ml of H2SO4 at 170–180 °C for
5min, and the digestate was then titrated with 0.2M FeSO4. Total N
content was measured by the Kjeldahl method (2300 FOSS™) (Bremner

and Mulvaney, 1982). Briefly, approximately 0.70 g of air-dried soil
was digested with 1.85 g mixed catalyst (K2SO4:CuSO4:Se= 100:10:1)
and 5ml of H2SO4 at 385 °C for 45min, and the digestate was then
titrated with 0.02M HCl. The contents of NO3

−-N and NH4
+-N were

measured using a Seal Auto Analyzer after extraction with 2M KCl with
a 1:5 ratio (AutAnalyel AAA™). Total P and available P (Olsen-P) were
extracted with H2SO4−HClO4 and 0.5M NaHCO3 (Olsen and Sommers,
1982), respectively. The extracts of Olsen-P were filtered through a
Millipore 0.45-μm filter. The contents of TP and Olsen-P were then
determined by the molybdenum blue method using an ultraviolet
spectrophotometer (Hitachi UV2300).

2.5. DNA extraction and quantitative PCR

Total soil DNA was extracted from about 0.5 g soil samples using a
PowerSoil DNA Isolation Kit (MoBio Laboratories, CA, USA), following
the manufacturer protocol. Extracted DNA was checked on a 1% (w/v)
agarose gel, quantified using UV-VIS spectrophotometry (ND-1000,
NanoDrop Technologies, Wilmington, DE, USA), and then stored at
−20 °C until further analysis. The experimental procedure of quanti-
tative PCR (qPCR) is consistent with Wei et al. (2017). The primer se-
quences were showed in Table S1.

2.6. Assays of extracellular enzymatic activities (EEA)

The activities of C-acquiring enzymes (β-1,4-glucosidase (BG) and
β-D-cellobiosidase (CBH)), N-acquiring enzymes (β-1,4-N-acet-
ylglucosaminidase (NAG) and L-leucine aminopeptidase (LAP)), and P-
acquiring enzyme (alkaline phosphatase (AP)) were measured using the
method of Saiya-Cork et al. (2002) and German et al. (2011). The ex-
perimental procedure has been described in our previous study in detail
(Cui et al., 2019a). Finally, the enzyme activities were expressed as
nanomoles of substrate released per hour per gram of dry soil (nmol
g−1 h-1).

2.7. Quantification of microbial metabolic limitation

The microbial metabolic limitation was quantified by calculating
the vector length and angle of enzyme activities for all data based on
untransformed proportional activities (e.g. [BG+CBH]/
[BG+CBH+AP]) (Moorhead et al., 2013, 2016). Considering organic
matter is the main substrate involved in hydrolysis of enzyme, in the
enzymatic stoichiometry models, the values of enzyme activities were
transformed as nanomoles of substrate released per hour per gram of
soil organic matter (i.e., nmol g SOM−1 h-1; SOM=1.724 × SOC).
Vector lengths were calculated via Eq. 1, and vector angles were cal-
culated via Eq. 2. Microbial C limitation increases with the vector
lengths. Vector angles more than 45° represent microbial P limitation,
while vector angles less than 45° represent microbial N limitation.
Microbial P limitation increases with the vector angles, and microbial N
limitation decreases with the vector angles. For a more detailed analysis
and interpretation of the models, see Cui et al. (2019a).

Length = √(x2 + y2) (1)

Angle (degree) = DEGREES (ATAN2 (x, y)) (2)

2.8. Statistical analysis

The two-way ANOVA was used to identify the effects of N fertilizer,
treatment (film mulching and no mulching), and fertilizer-treatment
interactions on soil physicochemical properties, copy numbers of
functional genes, enzyme activities, and microbial metabolic limitation,
after which, mean comparisons were determined with Tukey's multiple
comparison post-hoc test (P < 0.05). Correlations among soil physi-
cochemical variables, copy numbers of functional genes and microbial
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metabolic limitation were calculated using the non-parametric, bi-
variate, two-tailed Spearman rank-order correlation test. Generalized
linear models were adopted to determine the relationships of the mi-
crobial metabolic limitation with functional genes. Partial least squares
path modelling (PLS-PM) was used to further identify the possible
pathways controlling microbial metabolic limitation and functional
gene expression. The model was constructed using the “innerplot”
function from the “plspm” package. All statistical analyses were per-
formed using the R software package v.3.5.2.

3. Results

3.1. Effects of N fertilization and film mulching on soil physicochemical
properties

Nitrogen fertilization and film mulching had significant main and
interactive effects on soil moisture, available nutrients, and nutrient
stoichiometry (P < 0.05; Table 1). Soil moisture and Olsen-P content
were significantly higher in the FM than the NM treatment (P < 0.05).
In the FM treatment, Olsen-P content was significantly reduced with
increased N levels (P < 0.05). The NO3

−-N and NH4
+-N contents

were higher in N250 and N400 than N0 and N100 treatments. The
SOC:TN was higher in N0 and N100 than N250 and N400 treatments.
The SOC:TP was lower in the FM than the NM treatment. The corre-
lation analysis showed that the soil moisture was negatively correlated
with SOC, TN, and nutrient stoichiometry (SOC:TP and TN:TP; P <
0.05; Fig. 6b).

3.2. Effects of N addition and film mulching on N-cycling gene abundance

No significant changes were observed in the copy numbers of 16S
genes among different treatments (P > 0.05; Fig. 1 a). Whereas the
application of N fertilizer and film mulching had significant main and
interactive effects on N cycling gene abundance (including nifH, AOA
amoA, AOB amoA, narG, nirK, nirS, nosZ; P < 0.05; Fig. 1(b–h)). Film
mulching significantly affected the abundance of seven N-cycling genes
under the high N treatment (N400; P < 0.05). Correlation analysis
showed that there were significant positive correlations among N-cy-
cling genes (P < 0.05; Fig. 6 a).

The correlation heat map showed that 16S and nifH gene abundance
was not significantly correlated with soil moisture, available nutrients,
or nutrient stoichiometry (Fig. 2). N-cycling gene abundance (including
AOA amoA, AOB amoA, narG, nirK, nirS and nosZ) were significantly
and positively correlated with available nutrients, such as the contents
of NO3

−-N and NH4
+-N, and negatively correlated with SOC:TP and

TN:TP ratios (P < 0.05). In addition, nirK gene abundance was posi-
tively correlated with soil moisture (P < 0.001).

3.3. Influence of N fertilization and film mulching on extracellular enzyme
activities (EEA)

The application of N fertilizer and film mulching had significant
main and interactive effects on C-acquisition enzyme activities (in-
cluding BG and CBH; P < 0.05; Fig. 3 a). C-acquisition enzyme ac-
tivities were higher in the FM than the NM treatment. N fertilization
significantly affected N-acquisition enzyme activities (including NAG
and LAP) in the FM treatment but not in the NM treatment (P < 0.05;
Fig. 3 b). N fertilization also significantly affected P-acquisition enzyme
activities (AP; P < 0.05; Fig. 3 c). P-acquisition enzyme activities in-
creased significantly after N fertilization (P < 0.05).

The linear regression analysis showed that N-cycling gene abun-
dance (including AOA amoA, AOB amoA, nirK, nirS and nosZ) was po-
sitively correlated with C-acquisition enzyme activities (BG and CBH;
P < 0.05; Fig. S1). The abundance of AOB amoA, nirS, and nosZ genes
was positively correlated with N-acquisition enzyme activities (NAG
and LAP; P < 0.05; Fig. S2), whereas the abundance of nirK and nirSTa
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genes was negatively correlated with P-acquisition enzyme activities
(AP; P < 0.05; Fig. S3).

3.4. Influence of N fertilization and film mulching on EEA vector
characteristics

The characteristics of ecoenzymatic stoichiometry differed among N
fertilization and film mulching treatments (Fig. 4 a). All data points
were above the 1:1 line, indicating strong P limitation in the microbial
community in our study area. Further, the relative C and P limitation of
microbes was quantified by calculating the vector lengths and angles

(Fig. 4 b and c). Vector lengths and angles (ranging from 0.639 to 0.864
and 62.7 to 71.1°, respectively) changed significantly with N fertiliza-
tion and film mulching (P < 0.001). Vector lengths were higher in the
FM than the NM treatment (Fig. 4 b), whereas vector angles were
higher in the NM than FM treatment, with the exception of the N400
treatment (Fig. 4 c). In addition, the linear-regression analysis identi-
fied significant negative correlations between vector lengths and angles
(P < 0.001; Fig. 4 d).

3.5. The relationships between microbial metabolic limitation with
functional gene abundance and soil properties

Vector lengths (microbial C limitation) were positively correlated
with soil moisture and Olsen-P content, and negatively correlated with
SOC:TP and TN:TP ratios (P < 0.01; Fig. 6 c). Whereas vector angles
(microbial P limitation) showed the opposite pattern and were nega-
tively correlated with soil moisture, Olsen-P content, and the SOC:TN
ratio, and positively correlated with SOC:TP and TN:TP ratios (P <
0.05; Fig. 6 c). The linear regression analysis showed that vector angles
were significantly and negatively correlated with the abundance of
AOA amoA, AOB amoA, nirK, nirS, and nosZ genes (P < 0.05; Fig. 5).

The PLS-PM analysis identified direct and indirect effects of N fer-
tilization and the FM treatments on soil physicochemical properties,
microbial metabolic limitation, and nitrification and denitrification
potentials (Fig. 7 a). Nitrogen fertilization positively affected soil
available N content (0.502 of the direct effects) and the soil N:P ratio
(0.441 of the direct effects). Film mulching positively affected the soil
moisture content (0.331 of the direct effects). Soil moisture further
mediated microbial C limitation (0.571 of the direct effects), and mi-
crobial C limitation positively affected Olsen-P content (0.610 of the
direct effects) while negatively affecting the soil C:P ratio (-0.711 of the
direct effects). Together, available N and Olsen-P content (0.250 and
-0.672 of the direct effects, respectively) and C:P and N:P ratios (0.634

Fig. 1. Changes in the copy numbers of functional genes between treatments (film mulching and no mulching) with different N fertilizer levels.

Fig. 2. Correlation heat map between soil physicochemical properties and the
copy numbers of functional genes.
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Fig. 3. Changes in the extracellular enzyme activity between treatments (film mulching and no mulching) with different N fertilizer levels.

Fig. 4. Extracellular enzyme stoichiometry of the relative proportions of C to N acquisition versus C to P acquisition (A), the variation of vector length and angle (B
and C), and their relationships (D).
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Fig. 5. Relationships between microbial P limitation (vector angles) and the copy numbers of functional genes.

Fig. 6. Correlation heat map of the copy numbers of functional genes, soil physicochemical properties, and between microbial nutrient limitation and soil physi-
cochemical properties.
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and 0.859 of the direct effects, respectively) determined the variations
in microbial P limitation. Overall, N fertilization positively affected
microbial P limitation (0.504 of the total effects) and the FM positively
affected microbial C limitation (0.189 of the total effects; Fig. 7 b).
Furthermore, microbial P limitation negatively affected soil nitrifica-
tion and denitrification potentials (-0.743 and -0.761 of the total ef-
fects, respectively), which were represented by the gene abundance
involved in the reactions (Fig. 7 b).

4. Discussion

4.1. The distinct effects of N fertilization and film mulching on microbial
metabolic limitation in semi-arid agricultural ecosystems

Extracellular enzymatic stoichiometry revealed that soil micro-
organisms were strongly limited by P in our study area (Fig. 4). Fur-
thermore, N fertilization (0–400 kg N ha−1) positively affected micro-
bial P limitation (0.504 of the total effects; Fig. 7 b), which supports our
first hypothesis. Heuck et al. (2018) also reported that increases in N,
such as atmospheric N deposition, may induce P limitation in forest
ecosystems on a global scale. Changes in nutrient stoichiometry after N
fertilization were the main reason behind increasing microbial P lim-
itation (Figs. 6 c and 7 a) due to microbial biomass homeostasis
(Sinsabaugh et al., 2009; Cui et al., 2018). The C:P and N:P ratios were
positively correlated with microbial P limitation (P < 0.01; Fig. 6 c).
This result suggests that microorganisms tend to increase their acqui-
sition of the most limiting P to maintain stoichiometric homeostasis
(Elser et al., 2003; Cleveland and Liptzin, 2007) under shifting element
stoichiometry (Sistla et al., 2015; Cui et al., 2018). In addition, N fer-
tilization improved N availability in soils, such as NO3

−-N content
(Table 1), which further increased the demand for P in microbial N
metabolism. The results of PLS-PM also indicated that increased N
availability induced microbial P limitation (0.250 of the direct effects;
Fig. 7 a).

In contrast to the effects of N fertilization on microbial P limitation,
the FM treatment significantly increased the relative C limitation of
microorganisms (0.189 of the total effects; Fig. 7 b). The effect was
mainly due to soil moisture variations (Fig. 7 a). Soil in the FM treat-
ment had higher moisture content and C-acquiring enzyme activities
than the NM treatment (Table 1 and Fig. 3), which suggests that high
soil moisture content could promote microbial metabolism, thereby
increasing the microbial demand for C sources (i.e., relative C limita-
tion of microorganisms). Also, the FM treatment rarely affected mi-
crobial P limitation (only -0.007 of the total effects; Fig. 7 b), which
refutes our second hypothesis. Previous studies have indicated that
changes in soil moisture had large impacts on SOM turnover and the
microorganism-mediated release of CO2 from soils (Ru et al., 2018; Cui

et al., 2019a). The increased C metabolism of microorganisms in the FM
treatment could increase C release from soils due to the decomposition
of organic matter, negatively affecting the C:P ratio (Fig. 7 a) and
leading to lower C:P ratios in the FM than the NM treatment (Table 1).
In addition, the high microbial C metabolism observed in the FM
treatment simultaneously increased P availability in soils (Table 1;
Fig. 7 a), possibly because increased microbial C metabolism can hy-
drolyze more P from organic residues (Tarafdar and Claassen, 1988; Ru
et al., 2018). Therefore, the FM treatment with its high moisture con-
tent, reduced the C:P ratio and increased the P availability by pro-
moting microbial C metabolism processes in the soil. Furthermore, the
available P in soil negatively affected microbial P limitation (-0.672 of
the direct effects), while the soil C:P ratio positively affected microbial
P limitation (0.634 of the direct effects; Fig. 7 a). This suggests that high
soil P availability lessens P limitation while high soil C:P ratios enhance
P limitation due to the stoichiometric homeostasis of microbial biomass
(Cleveland and Liptzin, 2007). Ultimately, microbial P limitation was
barely affected by the FM treatment with increased soil P availability
and decreased soil C:P ratio (Fig. 7 b).

4.2. Microbial P limitation decreases soil N cycling potential

The microbial P limitation can greatly affect microbial growth and
metabolism because decomposer cells need to maintain a balanced
composition of C, N, and P and the homeostasis of the microbial bio-
mass (Sinsabaugh and Shah, 2012; Manzoni et al., 2012; Cui et al.,
2018). Microbial P limitation was negatively correlated with the
abundance of genes involved in nitrification and denitrification pro-
cesses (i.e., AOA amoA, AOB amoA, nirK, nirS and nosZ; P < 0.05;
Fig. 5). The PLS-PM analysis further identified that the expression of N-
cycling genes was negatively affected by microbial P limitation (-0.743
of the total effects in nitrification and -0.761 of the total effects in de-
nitrification; Fig. 7 a). This result suggests that increased microbial P
limitation could inhibit soil nitrification and denitrification, which is
consistent with the principle of nutrient stoichiometry in soil and mi-
crobial biomass (Sinsabaugh et al., 2009). The principle of nutrient
stoichiometry indicates that microbial nutrient demand is determined
by the elemental stoichiometry of microbial biomass in relation to en-
vironmental nutrient availability, and microbial metabolism of one
nutrient can also limited by another. Bernhardt (2013) also showed that
low P levels can inhibit microbial N metabolism; specially, that lakes of
low P and high N with weak ‘biological pump’ lead to a lot of N to go
downstream, whereas lakes with high P and high N could release more
N into atmosphere via denitrification. Furthermore, Ullah et al. (2016)
found that P fertilization markedly increases N2O emissions in soil
under both low and high soil moisture content, with or without N fer-
tilization. Therefore, soil with relative high N:P ratios (microbial P

Fig. 7. Cascading relationships of N cycle potentials with soil physicochemical properties and microbial metabolic limitation.
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limitation status) could decrease soil N cycling potential, which is not
conducive to soil N cycling in agricultural ecosystems.

Microbial P limitation in soil ecosystems may have significant eco-
logical effects. Nitrogen fertilization and FM greatly improve soil fer-
tility and crop yields in dryland farming and represent the most
common agricultural strategy in arid and semi-arid agricultural eco-
systems (Zhang et al., 2011; Luo et al., 2015). However, N fertilization
and FM also greatly increase relative P limitation and C metabolism in
soil microorganisms, respectively (Fig. 7). Our study suggests that N
fertilization strongly induces microbial P limitation by changing soil
nutrient stoichiometry and suppressing nitrification and denitrification
processes. Consequently, relative high soil N:P ratios may be also
conducive to decreasing N loss due to denitrification and risk of nitrate
leaching due to nitrification. In addition, FM greatly promoted micro-
bial C metabolism by increasing soil moisture, facilitating the decom-
position of soil organic residues, which thus is not conducive to soil C
storage in semi-arid agricultural ecosystems (Liu et al., 2014).

5. Conclusions

The present study revealed that N fertilization increases the meta-
bolic demand of microorganisms for P (i.e., microbial P limitation),
whereas the film mulching increases microbial C metabolism in semi-
arid agricultural ecosystems. The increase of C metabolism in micro-
organism is attributed to increased soil moisture in the film mulching
treatment, which promoted the decomposition of organic matter. The
variations in nutrient stoichiometry and the increase in soil N avail-
ability were mainly responsible for increased microbial P limitation.
Furthermore, microbial P limitation inhibited soil nitrification and de-
nitrification, impeding N cycles and potentially reducing N loss due to
denitrification and risk of nitrate leaching due to nitrification. Our
study suggests that agricultural ecosystems with film mulching could be
not conducive to soil C storage due to increased organic C decom-
position, while appropriate soil P limitation under N fertilizer appli-
cation could reduce the loss of soil N due to nitrification and deni-
trification. This study provides important insights linking microbial
metabolism theory to functional gene expression in agricultural eco-
systems and improves our understanding of the mechanisms by which
agricultural practices drive soil nutrient cycling.
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