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Abstract
It is uncertain that plant biomass of grassland was co-limited by nitrogen (N) and phosphorus (P) or only
limited by N or P. Moreover, it is also unclear why plant biomass was not limited by the P when the N was
added at grassland ecosystem. The N and P additional experiment was conducted at the alpine steppe
from 2013 to 2017. Results from analyzing response ratio of shoot biomass and leaf N and P
concentration to N and P addition suggested that N is the main limiting factor for plant biomass of alpine
steppe, and P is synergistic with N in contributing to biomass. Based on the N:P stoichiometry, plants
have to increase P absorption due to N addition. Results of SEM analysis showed plant and fungi
promoted the activity of phosphatase. At the same time, the abundance of fungi and saprotrophic group
associated with decomposition were increased due to N addition, which would provide more P for plant.
Those results suggested P de�cit of plant due to N addition would be alleviated. Similarly, plant have to
increase the N absorption when P was added. Although activity of urease was enhanced by soil microbes
and plant, there was a little substrate for microbes because plant biomass was not increased due to P
addition. Therefore, composition and function of soil microbes were affected by plant and soil N:P due to
N addition, and then delivered P for plant, which will in�uence the effect of N on plant biomass at alpine
steppe.

Introduction
The grassland ecosystem is one of the most important ecosystem,which remains uncertain whether
nitrogen (N) and phosphorus (P) have co-limited or synergistic effects on plant biomass. Elser et al.
(2007) suggested that N and P have a co-limited effect on biomass based on a meta-analysis of
experimental enrichments. Bracken et al. (2015) suggested N and P co-limited the plant biomass through
analyzing the nutrient concentrations. However, LeBauer and Treseder (2008) suggested that N limited
the biomass of grassland, and Fay et al. (2015) suggested N was the main biomass-limiting nutrient in
cool, high-latitude grassland sites. However, according to ecological stoichiometry theory, plant growth
was co-limited by N and P. Therefore, it is unclear why the plant biomass of grassland ecosystem was not
limited by P when N was added.

It is well known that soil microbes play crucial roles in several key biogeochemical processes (Nannipieri
et al. 2003; Fierer 2017) that are essential for soil fertility and plant growth (Kennedy 1999; Artursson et
al. 2006). Moreover, interactions among microbes have a potential in�uence on soil nutrient cycling and
plant health (Johansson et al.2004; Huang et al. 2019), which could in�uence the effect of N and P on the
biomass in the grassland ecosystem (Van Der Heijden et al. 2008). Therefore, the non-determinacy
conclusion that plant biomass limited by the N or P maybe correlated with changing in function of soil
microbial community.

The grassland ecosystem is experiencing N deposition due to anthropogenic emissions of reactive
nitrogen (Liu et al. 2013; Stevens et al. 2016). Increasing N deposition increases the content of active N in
soil, which then correspondingly increases the biomass and also alters the composition of the plant and
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microbial communities (Wang et al. 2010; Wang et al. 2012; Tian et al. 2014; He et al. 2016; Xiang et al.
2016). However, it remains unknown whether the plant biomass is limited by P when the N content
increases. Moreover, few studies have focused on whether the co-limited or synergistic effect of N and P
on the biomass is in�uenced by soil microbes. In order to understand these processes, we conducted an
N and P addition experiment over a 5-year period on the alpine steppe of North Tibet. The aim of present
study was to determine (1) whether P co-limits biomass with N or has a synergistic effect, and (2) how
microbes in�uence the effect of N and P on plant biomass at grassland ecosystem.

Materials And Methods

Study sites and experimental design
The experiment was carried out at the Xianzha Alpine Steppe and Wetland Ecosystem Observation and
Experiment Station on the northern Tibetan Plateau (30°57′N, 88°42′E, 4675 m a.s.l). Stipa purpurea and
Carex moorcroftii are the dominant species, and Artemisia nanschanica is a companion species. The
soils consist of frigid calcic soils and seasonally frozen soil. The sand content of the soil is about 77
percent and the soil pH is about 8. The content of soil available N is 42.88 mg kg− 1 and the content of
soil available P is 1.76 mg kg− 1. The experiment included a control treatment (CK) and N addition (N), P
addition (P), and combination of N and P addition (N + P). Twelve plots (4 × 4 m) were established and
were separated by 1 m intervals. The N addition rate was 100 kg ha− 2 yr− 1 (NH4NO3) and the P addition

rate was 40 kg ha− 2 yr− 1 (K2HPO4 and KH2PO4 were selected, which were mixed to maintain a pH value
of 7. The N, P and N + P amendments were applied twice (at the beginning of June and July from 2013 to
2017). The N, P and N + P fertilizers were dissolved in 1 L of water and sprayed evenly over each plot.

Sampling
Plant and soil were collected in mid-August 2017. The methods are as same as that of Wu et al. (2020).

Real-time PCR and MiSeq sequencing
Soil microbial DNA was extracted using an Ezup genomic DNA extraction kit for soil (Sangon Biotech,
China, Cat# SK8264). Soil microbial DNA concentrations and quality were checked by a NanoDrop
Spectrophotometer. Fungal and bacterial abundances were calculated by qRT-PCR (CFX 384 Real-Time
system,Bio-Rad) according to Wu et al (2020).

Soil properties
The soil pH was estimated using a pH meter (E20-FiveEasyTM pH, Mettler Toledo, German) in a 1:5
soil:deionized water (wt/v) ratio. Available P (AP) was extracted via sodium bicarbonate solution and
determined using the molybdenum blue method (Lu, 1999). Total organic carbon (TOC) and dissolved
organic carbon (DOC) was estimated with a TOC analyzer (Multi N/C 3000, Analytik Jena, Germany).
Total N (TN) were determined using an elemental analyzer (Vario Max Elementar, Germany). Available N
(AN) was estimated using the alkaline hydrolysis method (Lu,1999). NO3-N and NH4-N were extracted
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with 1 mol L− 1 KCl and then determined using a Foss FIAstar 5000 �ow injection autoanalyzer. The total
dissolved N (TDN) was extracted with 2 mol L− 1 KCl and then measured with a TOC-TN analyzer
(Shimadzu, Kyoto, Japan). The DON was calculated as follows: DON = TDN − NH4-N − NO3-N. .Total
phosphorus (TP) was determined using soil determination of total phosphorus by the alkali fusion Mo-Sb
anti spectrophotometric method (Lu 1999). Soil urease (UE) and phosphatase (NEP) were measured with
a soil UE ELISA kit and soil NEP ELISA kit (Jiangsu, China), respectively.

Leaf N and P contents
There are about 6 species per meter square in the experiment site. So, we select the dominant species (S.
purpurea and C. moorcroftii) and main companion species (A. nanschanica), which shoot biomass is
about 80% of total shoot biomass. The leaf N concentration was measured by the semi-micro Kjeldahl
method (Lu 1999). The leaf P concentration was measured by the alkali fusion Mo-Sb anti
spectrophotometric method (Lu 1999).

Composition and function of bacteria and fungi data
analysis
The sequence data of bacteria and fungi were processed using QIIME Pipeline (http://qiime.org/).
Composition of fungal and bacterial community was calculated according to Wang et al.(2007).
Biogeochemical cycle functional annotation of the bacterial taxa was performed using the program
FAPROTAX (version 1.1) based on the normalized OTU table (Louca et al. 2016). Trophic functional
annotation of fungal taxa was separately analyzed using FUNGuild based on the normalized OTU table
(Nguyen et al. 2016).

Statistical analysis
The differences in soil properties, plant properties and microbial abundance among different N and P
addition treatments were tested by one-way ANOVA followed by a Duncan’s test (p < 0.05). Two-way
ANOVA was followed by a Duncan’s test for multiple comparisons, which checked three aspects (N effect,
P effect and N + P effect) for soil microbes and plant community characteristics. The response ratio was
used to de�ne whether the biomass was limited by N or P (Elser et al. 2007; LeBauer and Treseder
2008;Fay et al. 2015; Bracken et al. 2015). The response ratio Rbiomass: RB =shoot biomass(fertilization) /
shoot biomass(control). The response ratio RN or P: RN or P =N or P concentration of leaf (fertilization)/N or P
concentration of leaf control . All analysis procedures were executed in SPSS 21.0 (SPSS, Chicago, IL,
USA). Structural equation model (SEM) was conducted to estimate the effects of N and P addition on
plant biomass, soil N:P, microbes, phosphatase and urease. The maximum likelihood calculation was
used to �t the model by using the IBM SPSS-Amos 26.0.

Results
Response ratio (R) of shoot biomass and leaf N and P concentration to N and P additions
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The response ratio of shoot biomass (RB) in N and N + P treatment was positive effect (p < 0.05) (Table 1),
but it was no signi�cant effect in P treatment (p > 0.05) (Table 1). The response ratio leaf N concentration
(RN) of three species (S.purpurea, C.moorcroftii and A.nanschanica) in N and N + P treatment were
positive effect (p < 0.05), but they were no signi�cant effect in P treatment (p > 0.05) (Table 1). The
response ratio leaf P concentration (RP) of three species in P and N + P treatment were positive effect (p < 
0.05), but they were no signi�cant effect in N treatment (p > 0.05) (Table 1).

Table 1
Responses ratio (R) of shoot biomass, leaf nitrogen and phosphorus concentration to N, P, and N + P

treatment.
Response ratio (R) Treatment

N N + P P

Shoot biomass (RB) + + 0

N concentration of leaf (RN) S.purpurea + + 0

C.moorcroftii + + 0

A.nanschanica + + 0

P concentration

of leaf (RP)

S. purpurea 0 + +

C. moorcroftii 0 + +

A.nanschanica 0 + +

Symbols indicate statistically signi�cant (p < 0.05) positive (+) and negative (–) effects relative to
controls, and 0 denotes no signi�cant effect of nutrient additions.

For the shoot biomass, N and N + P additions produce higher responses ratio of shoot biomass than P
additions (p < 0.05; Table 2). There is not signi�cant difference between N and N + P treatment (p > 0.05;
Table 2). For the N concentration of leaf, the RN of three species in N and N + P treatment are signi�cantly
higher than those in P treatment (p > 0.05; Table 2). There is also not signi�cant difference between N and
N + P treatment (p > 0.05; Table 2). For the P concentration of leaf, the RP of three species in N + P and P
treatment are signi�cantly higher than those in N treatment (p > 0.05; Table 2). There is also not
signi�cant difference between P and N + P treatment (p > 0.05; Table 2).
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Table 2
Results of ANOVA’s comparing the responses ratio (R) of the three nutrient enrichment treatments (N, P,

and N + P) on shoot biomass and N, P concentration of leaf
Response ratio (R) Treatment d.f. Sum of

squares
F p-

value

Shoot biomass(RB) N vs N + P 1 0.170 0.262 0.636

N + P vs P 1 0.727 14.828 0.018

N vs P 1 0.986 16.058 0.016

N concentration of leaf
(RN)

S.purpurea N vs N + P 1 0.003 0.127 0.740

N + P vs P 1 0.810 39.613 0.003

N vs P 1 0.904 105.079 0.001

C.moorcroftii N vs N + P 1 0.000 0.002 0.969

N + P vs P 1 0.369 10.337 0.032

N vs P 1 0.332 9.753 0.035

A.nanschanica N vs N + P 1 0.014 0.176 0.696

N + P vs P 1 0.374 25.229 0.007

N vs P 1 0.532 8.115 0.046

P concentration of leaf
(RP)

S. purpurea N vs N + P 1 2.068 10.918 0.030

N + P vs P 1 0.278 1.395 0.303

N vs P 1 0.830 41.760 0.030

C. moorcroftii N vs N + P 1 0.604 18.638 0.012

N + P vs P 1 0.001 0.006 0.942

N vs P 1 0.573 11.147 0.029

A.nanschanica N vs N + P 1 1.614 44.573 0.003

N + P vs P 1 0.084 2.557 0.185

N vs P 1 0.962 83.903 0.001

In�uence of N and P addition on soil properties

Soil properties were signi�cantly affected by N and P addition after 5 years (Table 3). Soil pH and TOC
were not signi�cantly affected by N and P addition (p > 0.05). The DOC decreased following the N
treatment (p < 0.05). The TN, AN, DON, NO3-N and NH4-N increased signi�cantly in the N and N + P
treatments (p < 0.05). There were no signi�cant difference in TN, AN, NO3-N and NH4-N between the N and
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N + P treatments (p > 0.05). NH4-N decreased signi�cantly in the P treatment (p < 0.05). TP and AP were
signi�cantly enhanced in the P and N + P treatment (p < 0.05), but were not signi�cantly affected in the N
treatment (p < 0.05). The activities of soil UE, NEP and AP were signi�cantly promoted following N and P
addition (p < 0.05). There was no signi�cant difference in the activity of UE and NEP between the N
treatment and N + P treatment (p > 0.05). However, the activity of AP in the N treatment is signi�cantly
higher than that in other treatments (Table 3).

Table 3
Effects of N and P addition on soil physicochemical property (mean ± s.e)

Treatment

Variables

CK N N + P P

pH 8.22 ± 0.01a 8.25 ± 0.04a 8.26 ± 0.05a 8.32 ± 0.01a

TN (g kg− 1) 1.45 ± 0.07b 1.72 ± 0.10a 1.94 ± 0.09a 1.39 ± 0.10b

AN (mg kg− 1) 13.61 ± 0.29c 31.08 ± 2.34a 26.80 ± 0.84b 14.28 ± 0.84c

DON (mg kg− 1) 4.68 ± 0.31c 9.83 ± 0.76b 20.24 ± 2.56a 12.28 ± 2.53b

NO3-N (mg kg− 1) 16.74 ± 1.18b 28.30 ± 1.44a 29.54 ± 1.86a 17.04 ± 2.69b

NH4-N (mg kg− 1) 3.64 ± 0.21b 4.34 ± 0.12a 4.31 ± 0.22a 2.95 ± 0.22c

STP (g kg− 1) 0.43 ± 0.01b 0.41 ± 0.01b 0.55 ± 0.02a 0.51 ± 0.02a

SAP (mg kg− 1) 2.16 ± 0.18b 2.07 ± 0.08b 15.77 ± 1.49a 15.45 ± 4.85a

UE (U g− 1) 350.92 ± 11.86c 536.23 ± 14.00a 568.06 ± 12.98a 421.51 ± 7.29b

NEP (U g− 1) 0.42 ± 0.01c 0.66 ± 0.02a 0.66 ± 0.01a 0.49 ± 0.02b

AP (U g− 1) 1.60 ± 0.06b 2.57 ± 0.13a 1.50 ± 0.08b 1.33 ± 0.10b

TOC, total organic carbon; DOC, dissolved organic carbon; TN, total nitrogen; AN, available nitrogen;
DON, dissolved organic nitrogen; NO3-N, nitrate-nitrogen; NH4-N, ammonium nitrogen; TC, total carbon;
STP, soil total phosphate; SAP, soil available phosphate; UE, urease; NEP, neutral phosphatase; AP, acid
phosphatase. The different letter in the same row indicate signi�cant difference at the 0.05 level.

Response of the microbial community composition to N
and P addition
The composition of the bacterial community was not signi�cantly in�uenced by the N factor; however, it
was signi�cantly affected by the P factor (Table 4, Fig. 1A). Thaumarchaeota were also signi�cantly
affected by the interactive effect of the N and P factors (F = 6.406, p < 0.05). The composition of the
fungal community was signi�cantly in�uenced by N and P addition (Table 4, Fig. 1B). Ascomycota were
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signi�cantly affected by the N factor and the interactive effect of the N and P factors (F = 13.484, p < 0.01;
F = 7.321, p < 0.05). Mortierellomycota were signi�cantly affected by N and P addition (F = 9.767, p < 
0.05;F = 12.089, p < 0.01;F = 12.866, p < 0.01). Basidiomycota were signi�cantly affected by P addition (F 
= 5.836, p < 0.05).

Table 4
Speci�c and interactive effects of N and P factors on the relative abundance of bacterial and fungal

phyla among different treatments

  N factor P factor N×P

Variables F value p value F value p value F value p value

Bacterial

phylum

Thaumarchaeota 3.668 0.092 15.8 0.004 6.406 0.035

Actinobacteria 3.132 0.115 13.156 0.007 4.452 0.068

Proteobacteria 2.285 0.169 9.15 0.016 3.397 0.103

Acidobacteria 3.863 0.085 13.466 0.006 5.128 0.053

Chloro�exi 2.854 0.130 7.659 0.024 3.946 0.082

Bacteroidetes 2.497 0.153 7.981 0.022 2.562 0.148

Gemmatimonadetes 2.901 0.127 8.737 0.018 3.376 0.103

Firmicutes 2.808 0.132 11.138 0.010 3.658 0.092

Rokubacteria 3.503 0.098 9.256 0.016 4.47 0.067

Fungal

phylum

Ascomycota 13.484 0.006 0.237 0.640 7.321 0.027

Mortierellomycota 9.767 0.014 12.089 0.008 12.866 0.007

Basidiomycota 0.019 0.894 5.836 0.042 0.192 0.673

Chytridiomycota 1.234 0.299 1.320 0.284 1.048 0.336

Glomeromycota 0.095 0.765 2.414 0.159 0.386 0.552

Mucoromycota 0.001 0.971 5.258 0.051 0.002 0.966

Kickxellomycota 0.829 0.389 0.829 0.389 1.344 0.280

Olpidiomycota 0.787 0.401 1.036 0.339 0.959 0.356

The abundance of bacteria was not signi�cantly affected by N addition (Fig. 2A). However, the
abundance of fungi increased signi�cantly following N addition (Fig. 2B). There was no signi�cant
difference in the abundance of fungi between the N treatment and the N + P treatment (p > 0.05). The
abundance of both bacteria and fungi was not signi�cantly affected by P addition(p > 0.05).
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Effect of N and P addition on the function of the microbial
community
The function of the bacterial community was affected by N and P addition according to FAPROTAX
(Fig. 3A). The functions of the bacterial community related to carbon (C) cycling (photoautotrophy,
phototrophy, fermentation and chemoheterotrophy) and N cycling (aerobic ammonia oxidation,
nitri�cation) were enhanced in the N treatment. However, the nitrate reduction and predatory or
exoparasitic functions decreased following N addition. Nitri�cation and aerobic ammonia oxidation
increased in the P treatment. Chemoheterotrophy, aerobic chemoheterotrophy and aromatic compound
degradation increased in the N + P treatment.

The trophic function of the fungal community was affected by N and P addition (Fig. 3B). Pathotroph,
saprotroph and pathotroph-saprotroph-symbiotroph groups increased in the N and N + P treatments. The
saprotroph group decreased in the P treatment. The symbiotroph group decreased in the N and P
treatment. The pathotroph-saprotroph group increased in the N + P treatment. The pathotroph-
symbiotroph group enhanced in the P treatment.

In�uential Factors On Microbial Community
Results from the SEM showed that N addition explained 98% of the variation in plant biomass, 65% of the
variation in soil N:P, 48% of the variation in fungal community, 30% of the variation in bacterial
community, and 98% of the variation in activity phosphatase (Fig. 4A). P addition explained 37% of the
variation in plant biomass, 88% of the variation in soil N:P, 50% of the variation in fungal community, 45%
of the variation in bacterial community, 99% of the variation in activity of urease(Fig. 4B).

N addition signi�cantly increased the plant biomass and soil N:P (Fig. 4A). The plant biomass and fungal
community signi�cantly positively affected activity of phosphatase (Fig. 4A). Soil N:P signi�cantly
positively affected bacterial community, but did not signi�cantly affected fungal community (Fig. 4A).
Soil N:P did not signi�cantly affected activity of phosphatase (Fig. 4A). Fungal community signi�cantly
positively affected activity of phosphatase (Fig. 4A). Soil N:P and bacterial community did not
signi�cantly affected activity of phosphatase (Fig. 4A).

P addition signi�cantly decreased the soil N:P and did not signi�cantly affected the plant biomass
(Fig. 4B). The plant biomass did not signi�cantly affected fungal and bacterial community, but
signi�cantly positively affected activity of urease (Fig. 4B). Soil N:P signi�cantly positively affected
bacterial community, but did not signi�cantly affected fungal community(Fig. 4B). Soil N:P negatively
affected activity of urease (Fig. 4B). Fungal and bacterial community signi�cantly positively affected
activity of urease (Fig. 4B).

Discussion
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N limitation on the plant shoot biomass and P is synergistic with N in contributing to the biomass

Nitrogen limits biomass in the alpine steppe ecosystems from the analyzing the response ratio of shoot
biomass to N and P addition, the results of SEM analysis and �eld investigation (Table 1, Fig. 4, Table
S1). Our results are similar to those of LeBauer and Treseder (2008) and Fay et al. (2015) in that N was
found to be the main nutrient factor limiting the biomass of the grassland ecosystem. However, the result
from analyzing response ratio of leaf N and P concentration showed that the shoot biomass was co-
limited by N and P (Saito et al. 2008; Bracken et al. 2015). Moreover, we found there was no signi�cant
difference in the response ratio of shoot biomass and leaf N concentration between the N and the N + P
treatments; however, they were higher than that in P treatment (Table 2). Only amendment with P did not
increase the shoot biomass (Table S1), which is consistent with the conclusions from other studies also
conducted on the grasslands of the Tibetan Plateau (Wang et al. 2015; Dong et al. 2016; Gao et al. 2016).
According to response ratio of shoot biomass (LeBauer and Treseder 2008; Fay et al. 2015; Bracken et al.
2015) and the de�nitions of co-limited or synergistic effects from Sperfeld et al. (2012) and Schleuss et
al. (2020), our results suggest that N limits plant biomass of alpine steppe and P is synergistic with N in
contributing to plant biomass.

Soil microbes in�uence the effect of N and P on biomass at
alpine grassland
Plants and microbes tend to increase their acquisition of the most limiting nutrient in order to maintain
stoichiometric homeostasis (Cleveland and Liptzin 2007; Finkel et al. 2019). Plant growth was activated
due to N addition, which maybe induce P de�cit (Li et al., 2015). In present study, P content in plant leaf
and the soil available phosphate content in the N treatment were the same as those in the CK treatment
(Table 3, Table S2), which indicated the de�cit of P due to N addition in the N treatment was alleviated.
However, Soil inorganic P was strongly bounded by soil minerals and thereby unavailable for plant
(Samadi and Gilkes 1999; De Schrijver et al. 2012; Feng et al. 2016). Moreover, organic P mineralization
was controlled by soil phosphatase activity (Wang et al. 2016; Margalef et al. 2017). In present study, the
activity of neutral and acid phosphatase were promoted in N treatment (Table 3), which suggested that
available P in soil will increase due to N addition.

Available P was enhanced by soil microbes due to N addition. When available N resource in soil was
increased, plants could provide more carbon substrate for soil microbes, which will accelerate microbial
turnover (Ding et al.,2021). From results of SEM, Plant biomass also positively affected fungal
community, and then indirectly signi�cantly positively affected phosphatase (Fig. 4A). The phosphatase
activity and abundance of fungi were signi�cantly increased by N addition (Table 3, Fig. 2B), which
suggests that fungal community had been promoted due to N addition (Hiruma et al. 2016; Almario et al.
2017; Fabiańska et al. 2019). Increasing in root biomass have been shown to increase root exudation and
organic substrate, especially in nutrient-poor sites (Bradford et al. 2008; Liu and Greaver 2010), which
might change the function of the fungal community because fungal community tend to have a higher
use e�ciency (Six et al., 2008; Poirier et al., 2018). Shifting symbiotrophic fungi to saprotrophic fungi will
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increase the activity of phosphatase (Fig. 3B), which promotes mineralization of soil organic phosphorus
(Talbot et al. 2015; Morrison et al. 2016; Li et al. 2019). The relative abundance of ascomycota increased
signi�cantly in N treatment (Fig. 1A), which is consistent with the �ndings of previous studies (Xu et al.
2017; She et al. 2018; Guo et al. 2019; Liu et al. 2020). Ascomycota are key decomposers in soils (Liu et
al. 2020), which could rapidly metabolize rhizodeposited organic matter in the rhizosphere soil (Bastida et
al. 2013). These results suggested soil fungi also contribute to enhance activity of phosphatase except
for plant increasing activity of phosphatase (Ryan et al. 2014; Deng et al. 2017; Finkel et al. 2019; Li et al.
2019; Dai et al. 2020; Schleuss et al. 2020).

P addition will increase N absorption of plant according to N:P stoichiometry. However, the inorganic N
concentration is low in alpine grassland (Zhou 2001), the inorganic N pools in soil was determined how
much organic N feeds into and supplies the inorganic N pool (Daly et al. 2021). In present study, N
content in leaf and soil AN in the P treatment were the same as those in the CK treatment (Table 3, Table
S2), which suggested the N de�cit of plant due to P addition was alleviated. Results from SEM showed
that the fungi and bacteria both signi�cantly positively affected the urease except for plant biomass
(Fig. 4B). The FAPROTAX analysis showed that the function of aerobic ammonia oxidation and
nitri�cation and the activity of urease increased signi�cantly following P addition (Fig. 3A, Table 4).

P availability also may play an important role in nitri�cation processes via structuring soil microbial
communities (Godwin and Cotner 2015; Tang et al. 2016; He & Dijkstra 2015; Wei et al. 2017; Cheng et al.
2018). In present study, the relative abundance of bacterial phyla was signi�cantly affected by P addition
(Table 3, Fig. 1A). The relative abundance of thaumarchaeota, which perform the �rst step of nitri�cation,
ammonia oxidation (Biggs-Weber et al. 2020), increased signi�cantly in the P treatment. Although
nitri�cation rates increased with P addition (He and Dijkstra 2015; Wei et al. 2017; Cheng et al. 2018), N
mineralization was limited because of the absence of substrate as the shoot biomass and root biomass
did not increase signi�cantly due to P addition.

The mutualism of the plant and fungi was also limited when P was added because fungi supply the plant
with P in exchange for organic C (Fabiańska et al. 2019). The pathotroph-symbiotroph group was
enhanced and the symbiotroph group was weakened following P addition (Fig. 3B), which suggests that
mutualism was weakened. In the present study, P addition changed the relative abundance of fungi
(Fig. 1B), but did not increase its abundance (Fig. 2B). The relative abundance of mortierellomycota
increased signi�cantly with P addition because they can acquire organic N as an N source through
chitinolytic activities (Vadivelan and Venkateswaran 2014; Uehling et al. 2017). Pathotrophic-
symbiotrophic fungi were enhanced in the P treatment (Fig. 3B), which contributed to ammoni�cation
and may transfer N to the plant in growth-limiting N environments (Nicolás et al. 2019; Zak et al. 2019).

Conclusion
Our results suggested that N is the main limiting factor for the biomass of steppe grassland, and P is
synergistic with N in contributing to the biomass. The reason is that N addition increases plant biomass
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and then increase fungal abundance. Function and composition of fungal community was also changed
by N addition, which will enhanced the activity of phosphatase and then contributed to alleviate the P
demands of plant due to N addition. P addition did not increased the plant biomass, but enhanced the N
requirement for plant. Plant did not affect the fungal and bacterial community. The activity of urease was
enhanced due to P addition, which will alleviate the N de�cit of plants due to P addition. Therefore, soil
microbes will affected the effect of N limitation on plant biomass, in further research, assessments of the
limiting factor for the biomass of grassland should consider the effect of soil microbes on N and P
cycling.
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Figures

Figure 1

Variation in soil microbial community compositions between different treatments: relative abundance of
bacterial phyla (A), relative abundance of fungal phyla (B). Different colors indicate different phyla.

Figure 2

The abundance of bacteria (A) and fungi (B) in the different treatments
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Figure 3

Heatmap representing major differences in predicted functions among different treatments for the
functional categories of bacterial communities as predicted by FAPROTAX (A) and the trophic functional
categories of fungal communities as predicted by FUNGUILD (B). The numeric values represent relative
abundance after z-score in arbitrary units in a row.

Figure 4
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Structural equation model (SEM) explained how the N and P inputs in�uenced the plant biomass, soil N:P,
microbial community and activity of soil enzyme. Red and blue solid arrows represent the positive and
negative signi�cant relationships between different variables. Black dash arrows represent the
nonsigni�cant relationships between different variables. The percentage values close to the variables
indicate the percentage of the variation in those variables accounted for by the model. Adjacent values
near the arrows indicate path coe�cients.
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