
https://doi.org/10.1007/s11368-021-03094-8

SOILS, SEC 3 • REMEDIATION AND MANAGEMENT OF CONTAMINATED 
OR DEGRADED LANDS • RESEARCH ARTICLE
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Abstract
Purpose  Variation in soil microbial metabolism remains highly uncertain in predicting soil carbon (C) sequestration, and is 
particularly and poorly understood in agroecosystem with high soil phosphorus (P) variability.
Materials and methods  This study quantified metabolic limitation of microbes and their association with carbon use efficiency 
(CUE) via extracellular enzymatic stoichiometry and biogeochemical equilibrium models in field experiment employing five 
inorganic P gradients (0, 75, 150, 225, and 300 kg P ha−1) in farmland used to grow peas.
Results and discussion  Results showed P fertilization significantly increased soil Olsen-P and NO3

−-N contents, and enzyme 
activities (β-1,4-glucosidase and β-D-cellobiosidase) were significantly affected by P fertilization. It indicated that P fertili-
zation significantly decreased microbial P limitation due to the increase of soil available P. Interestingly, P application also 
significantly decreased microbial nitrogen (N) limitation, a phenomenon primarily attributable to increasing NO3

−-N content 
via increasing biological N fixation within the pea field. Furthermore, P fertilization increased microbial CUE because the 
reduction in microbial N and P limitation leads to higher C allocation to microbial growth. Partial least squares path mod-
eling (PLS-PM) further revealed that the reduction of microbial metabolic limitation is conducive to soil C sequestration.
Conclusions  Our study revealed that P application in agroecosystem can alleviate not only microbial P limitation but also N limita-
tion, which further reduces soil C loss via increasing microbial CUE. This study provides important insight into better understand-
ing the mechanisms whereby fertilization mediates soil C cycling driven by microbial metabolism in agricultural ecosystems.
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1  Introduction

Agro-ecosystems are one of the most important components 
of terrestrial ecosystem and the most active part of global 
soil carbon (C) pool due to intense human activity and nutri-
ent input (Lal 2011; Zhao et al. 2017). Phosphorus (P) is 
one of the main nutrient inputs applied to agroecosystems 
(Smil 2000). Although P application is a typical manage-
ment practice used to alleviate soil nutrient deficiency in 
P-deficient farmland, the widespread use of P fertilization 
can affect soil C cycles, leading to great uncertainty of the 
soil C pool (Poeplau et al. 2016; Yue et al. 2017; Feng and 
Zhu 2019). Therefore, it is of great significance to investi-
gate the response of soil C cycling to P addition to predict C 
storage and cycling mechanisms in agricultural ecosystems.
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Soil microorganisms could drive nutrient cycling through 
soil organic matter (SOM) degradation and mineralization; 
their associated metabolic processes thus play a key role in 
soil C sequestration (Schimel et al. 2007; Zang et al. 2018; 
Cui et al. 2020a). Previous studies reported that microbial 
metabolism under P fertilization had dramatic but incon-
sistent influences on C sequestration. Wei et al. (2020) 
demonstrated that fertilizer increased soil organic carbon 
(SOC) content by influencing microbiota and enzyme activ-
ity. Zhang et al. (2015) also reported P applications have 
increased soil C pools by directly modifying the microbial 
stoichiometry of biomass to be C-limited. High P availabil-
ity can potentially increase C sequestration by alleviating 
stoichiometric constraints (Manzoni et al. 2012). In contrast, 
some studies reported that P addition has accelerated the 
decomposition of recalcitrant C by stimulating microbial 
growth and increasing enzyme activities, resulting in nega-
tive impacts on soil C sequestration (Fisk et al. 2015; Luo 
et al. 2019). It has also been found that P addition leads to 
less efficient microbial utilization of C, thereby resulting in 
significant C loss through respiration (Thirukkumaran and 
Parkinson 2000; Poeplau et al. 2016). These findings suggest 
that potential mechanisms and factors related to effects of 
microbial metabolism alteration induced by P fertilization 
on soil C storage are contentious. Therefore, identifying the 
microbial metabolic responses to P addition in agroecosys-
tems may be the key to revealing the effects of P fertilization 
on C sequestration in soil.

Nutrient stoichiometry is the key controlling driver of 
microbial metabolism (Sinsabaugh et al. 2009). Nutrient 
supplementation alters soil nutrient stoichiometry, which 
may cause shifts in microbial metabolic limitation (Zhang 
et al. 2015; Cui et al. 2020a). Changes in microbial meta-
bolic limitation may be a critical juncture for the influence 
of microbial metabolism on C sequestration. Ecoenzymatic 
stoichiometry can reflect the relationships between microbial 
metabolic demands and soil nutrient supplies (Sinsabaugh 
et al. 2009; Cui et al. 2020b). Currently, more and more 
studies are employing ecoenzymatic stoichiometry to reflect 
microbial metabolic limitation (Sinsabaugh and Shah 2012; 
Zhang et al. 2019; Ma et al. 2021; Wu et al. 2021). Xiao 
et al. (2020) showed that the threshold elemental ratio (TER) 
revealed the microbial nutrient metabolisms were co-limited 
by nitrogen (N) and P during plant secondary succession. 
Additionally, Chen et al. (2018) also reported that N addi-
tion aggravated microbial C-limitation through ecoenzymatic 
stoichiometry. Therefore, this model can be used to elucidate 
changes in microbial metabolic limitation under P addition 
in agricultural ecosystems.

Variations in microbial metabolic restriction may affect 
soil C cycling processes, wherein the most critical char-
acterization is microbial carbon use efficiency (CUE) 

(Spohn et al. 2016; Kallenbach et al. 2019; Widdig et al. 
2020). CUE is a parameter to quantify the ratio between 
C allocated to growth and C taken up by microorganisms 
(Manzoni et al. 2012; Geyer et al. 2016; Mehnaz et al. 
2018). Manzoni et al. (2012) reported that high P avail-
ability can potentially increase CUE by alleviating stoichi-
ometric constraints. However, some studies have reported 
that intracellular C partitioning can change under high N 
availability, resulting in lower C allocation to respiration 
and higher C allocation to growth (Dijkstra et al. 2015; 
Spohn 2016). Our recent study also found that microbial 
metabolic limitation had a strong negative effect on micro-
bial CUE (Cui et al. 2020b), which could be detrimental 
to soil C sequestration. Therefore, the way in which CUE 
responds to shifts in microbial metabolic limitation is cru-
cial for understanding the effects of P addition on soil C 
dynamics in agricultural ecosystems.

For this study, a field experiment was conducted 
employing five inorganic P gradients (0, 75, 150, 225, 
and 300 kg P ha−1), while an ecoenzymatic stoichiometry 
model was used to determine microbial metabolic limita-
tion and to explore how microbial metabolic limitation 
regulates microbial CUE. We hypothesized that (1) P fer-
tilization could potentially alleviate microbial P limita-
tion, but has no effect on microbial N limitation; (2) P 
addition could potentially lead to greater C requirements 
due to microbial stoichiometric homeostasis (i.e., where 
microbial metabolism maintains a balance among C, N, 
and P); and (3) the mitigation of microbial P limitation 
may increase microbial CUE because microorganisms 
may reduce energy (C) and resource investments dur-
ing P acquisition. These results combined will improve 
our understanding of fertilizer mediate soil C cycling 
mechanisms.

2 � Materials and methods

2.1 � Site description

The study site is part of the Cao Xinzhuang Experimental 
Farm of Northwest A&F University, Xianyang City, Shaanxi 
Province, China (108˚ 04′ E, 34˚ 17′ N, 520 m a.s.l.), which 
is a flat triple-terraced cropland area situated within the 
Wei River plain. This area is influenced by a semi-humid 
and semiarid continental monsoon climate, with an aver-
age annual rainfall of 550–660 mm, mainly concentrated 
between seven and 9 months per annum. The annual average 
temperature is 12.9 ℃, for which the average temperature 
of the warmest month is 23.4 ℃, and the coolest month is 
0.4 ℃.
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2.2 � Experimental design and treatments

Our field experiment adopted a randomized complete block 
design with a plot size of 35 m2 (5 m × 7 m). Prior to plant-
ing, all plots were laid out using 20 cm ridge furrows and 
15 cm ridge heights. A total of 15 blocks (1 m × 1.5 m) were 
established. Plots were seeded with peas (Zhong Wan no. 8) 
in 2017 and then fertilized with superphosphate Ca(H2PO4)2 
once per year in October. Five different P fertilization treat-
ments were employed: 0, 75, 150, 225, and 300 kg P ha−1 
(hereafter referred to as P0, P75, P150, P225, and P300, 
respectively). Five corresponding treatments were estab-
lished whereby each treatment was replicated thrice.

Initially, P (Ca(H2PO4)2, containing 14–20% P was 
applied to each block. Fertilizer was then added once before 
the planting of the pea crop, which was artificially spread 
on the soil surface and then plowed into the ground before 
planting. For the treatments, all other agronomic practices 
employed were standard and uniform. Only natural rainfall 
was used for pea growth.

2.3 � Soil sample collection

Soil samples were collected from the top 20 cm of the soil 
profile after litter was removed in July 2019. Ten soil cores 
were collected at intervals along an “S” shape pattern from 
each plot and mixed into one composite sample. After care-
fully removing roots, litter, debris, and stones, each soil sam-
ple was divided into two subsamples for future analysis. One 
subsample was immediately transported to the laboratory 
and then passed through a 2-mm sieve before being stored at 
4 ℃ for analysis of microbial biomass and enzyme activities 
within a 2-week period. The other subsample was immedi-
ately air-dried to analyze physicochemical properties.

2.4 � Analysis of soil properties

Soil moisture was determined using the gravimetric method 
in fresh soils at 105 ℃ for 24 h. Soil pH was measured in a 
2.5:1 water-soil mixture using a glass electrode meter (Ins-
Mark™ IS126, Shanghai, China). Dissolved organic carbon 
(DOC) was extracted using 0.5 M K2SO4, and measured 
using a TOCII Liquid analyzer (Elementar, Germany) (Jones 
and Willett 2006). SOC content was determined through 
dichromate oxidation. Total nitrogen (TN) was measured by 
the Kjeldahl method (Bremner and Mulvaney 1982). Addi-
tionally, NO3

−-N and NH4
+-N content was measured using a 

Seal Auto Analyzer after being extracted using a 1:5 solution 
of 2 M KCl. Total phosphorus (TP) and available P (Olsen-
P) were extracted using H2SO4-HClO4 and 0.5 M NaHCO3 
and determined by the molybdenum blue method using an 
ultraviolet spectrophotometer (Hitachi UV2300) at 700 nm 
(Olsen and Sommers 1982).

2.5 � Analysis of microbial biomass and soil enzyme 
activities

The chloroform-fumigation extraction method was used in 
this study to measure microbial C, N, and P biomass (i.e., 
MBC, MBN, and MBP, respectively). The experimental pro-
cedure used in this study was consistent with our previous 
study (Cui et al. 2018). Additionally, the conversion factors 
of MBC, MBN, and MBP were 0.45, 0.54, and 0.40, respec-
tively (Joergensen 1996).

Five soil enzyme activities, including two C-acquir-
ing enzymes (β-1,4-glucosidase (BG) and β-D-
cellobiosidase (CBH)), two N-acquiring enzymes (β-1,4-N-
acetylglucosaminidase (NAG) and L-leucine aminopeptidase 
(LAP)), and one P-acquiring enzyme (alkaline phosphatase 
(AP)), were assayed using the method described by Saiya-Cork 
et al. (2002). The experimental procedure used in this study has 
been described in previous study (Cui et al. 2019a).

2.6 � Threshold elemental ratios (TER) and CUE

We used the method described by Sinsabaugh et al. (2009) 
to calculate TER for C:N and C:P using the two following 
equations:

where TERC:N and TERC:P are the threshold ratios. 
(BG + CBH)/ (NAG + LAP) and (BG + CBH)/AP are the 
enzymatic activity ratios. BC:N and BC:P are the C/N and 
C/P ratios of microbial biomass N and P, respectively. n0 
and p0 are normalization constants for N and P. n0 = eintercept 
in the standardized major axis (SMA) for ln(BG + CBH) vs. 
ln(NAG + LAP); p0 = eintercept in the SMA regressions for 
ln(BG + CBH) vs. ln(AP) (Tables S1 and S2).

Microbial CUE was calculated using the biogeochemical-
equilibrium model (Sinsabaugh et al. 2013):

EEA was soil extracellular enzyme activity. EEAC:N and 
EEAC:P was calculated using (BG + CBH)/(NAG + LAP) 
and (BG + CBH)/AP, respectively. Molar C/X ratios of 
the labile substrate were calculated as estimates of LC:N 
and LC:P. KC:N and KC:P are half-saturation constants for 
CUE based on C, N, and P availability. For all models, we 

(1)
TERC ∶ N = [(BG + CBH)∕(NAG + LAP) × BC ∶ N]∕n0

(2)TERC ∶ P = [(BG + CBH)∕AP × BC ∶ P]∕p0

(3)

CUE = CUE
max

× (S
C∶N × S

C∶P)

∕
[(

K
C∶N + S

C∶N

)

×
(

K
C∶P + S

C∶P

)]0.5

(4)S
C∶N = B

C:N
∕L

C:N
× 1∕EEA

C:N

(5)S
C∶P = B

C:P
∕L

C:P
× EEA

C:P
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assumed that KC:N and KC:P were 0.5 and that CUEmax was 
0.6, following the example of Sinsabaugh et al. (2013).

2.7 � Statistical analysis

All statistical calculations (i.e., correlations and significant 
differences) were conducted using SPSS 20.0 (SPSS Inc., 
Chicago, USA). One-way analysis of variance (ANOVA) 
and least significant difference (LSD) multiple comparisons 
(P < 0.05) were used to examine P concentration effects on 
soil physicochemical properties, microbial biomass, extracel-
lular enzyme activities, metabolic limitation, and CUE. Values 
were expressed as means ± standard errors (n = 3). Graphs were 
created using Origin 2020. Correlations among soil physico-
chemical properties, microbial biomass, microbial metabolic 
limitation, and CUE were calculated using a two-tailed Pearson 
rank-order correlation test. Heat map graphs were generated 
using the “corrplot” package in the R (Wei and Simko 2017). 
Relationships between enzyme activities were analyzed with 
type II SMA regression using the “smatr” package in the R 
(David et al. 2012). Data were loge-transformed prior to regres-
sion analysis to conform to stoichiometric analysis conventions 
and to normalize variance. Partial least squares path modeling 
(PLS-PM) was additionally used to identify potential path-
ways controlling microbial metabolic limitation and CUE. The 
model was constructed using the “innerplot” function from the 
“plspm” package in the R (v. 3.6.3) (Sanchez et al. 2017).

3 � Results

3.1 � Effects of P fertilization on soil physicochemical 
properties

P fertilization significantly affected soil moisture, pH, 
and available nutrients (P < 0.05; Table 1). Under P addi-
tion, neither SOC nor NH4

+-N content showed significant 
effects (P > 0.05). However, DOC content decreased with 
an increase in P addition, wherein the P0 treatment yielded 
the highest value (103.4 ± 6.66 mg  kg−1). Additionally, 
TP, Olsen-P, and NO3

−-N content was higher in the P225 
and P300 treatments compared to the P0, P75, and P150 
treatments, wherein the highest concentrations in the P300 
treatment were 1.00 ± 0.01 g kg−1, 9.60 ± 0.48 mg kg−1, and 
15.22 ± 0.27 mg kg−1, respectively. Under the P supplement 
treatments, TN content also increased.

3.2 � Influences of P fertilization on microbial 
biomass and extracellular enzyme activities

P fertilizer significantly affected microbial biomass 
(P < 0.05; Table 2). Moreover, MBC, MBN, and MBP con-
tent gradually increased under P addition, wherein the P300 Ta

bl
e 

1  
C

ha
ra

ct
er

ist
ic

s o
f s

oi
l p

hy
si

co
ch

em
ic

al
 p

ro
pe

rti
es

 u
nd

er
 d

iff
er

en
t P

 fe
rti

liz
er

 tr
ea

tm
en

ts

Va
lu

es
 a

re
 th

e 
m

ea
ns

 (±
 st

an
da

rd
 e

rr
or

s)
 o

f t
hr

ee
 re

pl
ic

at
e 

so
il 

co
re

s. 
P 

0,
 P

 7
5,

 P
 1

50
, P

 2
25

, a
nd

 P
 3

00
 re

pr
es

en
t P

 fe
rti

liz
er

 a
dd

iti
on

 o
f 0

, 7
5,

 1
50

, 2
25

, a
nd

 3
00

 k
g 

P 
ha

−
1 , r

es
pe

ct
iv

el
y.

 D
iff

er
-

en
t l

ow
er

ca
se

 le
tte

rs
 in

di
ca

te
 si

gn
ifi

ca
nt

 d
iff

er
en

ce
s (

P 
<

 0.
05

) a
m

on
g 

fe
rti

liz
er

 a
dd

iti
on

 tr
ea

tm
en

ts
 b

as
ed

 o
n 

on
e-

w
ay

 A
N

O
VA

 fo
llo

w
ed

 b
y 

th
e 

LS
D

 te
st

SO
C

 so
il 

or
ga

ni
c 

ca
rb

on
, T

N
 so

il 
to

ta
l n

itr
og

en
, T

P 
so

il 
to

ta
l p

ho
sp

ho
ru

s, 
D

O
C

 so
il 

di
ss

ol
ve

d 
or

ga
ni

c 
ca

rb
on

, O
ls

en
-P

 so
il 

av
ai

la
bl

e 
ph

os
ph

or
us

**
*  P 

<
 0.

00
1;

 *
*P

 <
 0.

01
; *

P 
<

 0.
05

Fe
rti

liz
er

So
il 

m
oi

stu
re

pH
SO

C
TN

TP
D

O
C

N
O

3−
-N

N
H

4+
-N

O
ls

en
-P

(g
 k

g−
1 )

(g
 k

g−
1 )

(g
 k

g−
1 )

(m
g 

kg
−

1 )
(m

g 
kg

−
1 )

(m
g 

kg
−

1 )
(m

g 
kg

−
1 )

P0
0.

12
 ±

 0.
00

3a
8.

29
 ±

 0.
01

b
8.

79
 ±

 0.
09

0.
92

 ±
 0.

01
b

0.
86

 ±
 0.

01
c

10
3.

4 ±
 6.

67
a

8.
60

 ±
 0.

18
d

2.
15

 ±
 0.

16
3.

26
 ±

 0.
12

c
P7

5
0.

11
 ±

 0.
00

3a
b

8.
35

 ±
 0.

04
b

9.
25

 ±
 0.

25
1.

00
 ±

 0.
01

a
0.

95
 ±

 0.
01

b
91

.5
8 ±

 2.
57

ab
8.

96
 ±

 0.
21

d
2.

45
 ±

 0.
15

6.
01

 ±
 0.

22
b

P1
50

0.
10

 ±
 0.

00
4b

8.
57

 ±
 0.

02
a

9.
37

 ±
 0.

42
1.

03
 ±

 0.
01

a
0.

97
 ±

 0.
01

b
97

.7
2 ±

 2.
98

a
10

.9
7 ±

 0.
66

c
2.

06
 ±

 0.
51

7.
21

 ±
 0.

43
b

P2
25

0.
11

 ±
 0.

00
2a

b
8.

56
 ±

 0.
01

a
9.

78
 ±

 0.
42

1.
03

 ±
 0.

02
a

1.
01

 ±
 0.

01
a

10
0.

1 ±
 3.

92
a

12
.4

4 ±
 0.

63
b

2.
32

 ±
 0.

19
8.

72
 ±

 0.
56

a
P3

00
0.

12
 ±

 0.
00

1b
8.

53
 ±

 0.
01

a
8.

52
 ±

 0.
44

0.
93

 ±
 0.

01
b

1.
00

 ±
 0.

01
ab

84
.3

3 ±
 0.

99
b

15
.2

2 ±
 0.

27
a

2.
33

 ±
 0.

06
9.

60
 ±

 0.
48

a
Fa

ct
or

 (D
f)

F
P

F
P

F
P

F
P

F
P

F
P

F
P

F
P

F
P

Tr
ea

tm
en

ts
6.

08
**

49
.4

0
**

*
1.

99
0.

17
20

.6
2

**
*

21
.3

6
**

*
3.

75
*

37
.8

4
**

*
0.

34
0.

85
39

.1
3

**
*

539Journal of Soils and Sediments  (2022) 22:536–546



treatment yielded the highest value (i.e., 123.70 ± 1.33 mg kg−1, 
5.75 ± 0.51 mg kg−1, and 2.38 ± 0.16 mg kg−1, respectively). 
Additionally, P fertilization significantly affected C-acquisition 
enzyme activities (including BG and CBH) and P-acquisition 
enzyme activities (AP) (P < 0.001; Table 2). CBH content was 
higher in the P225 and P300 treatments compared to the P0, 
P75, and P150 treatments. However, P fertilization did not sig-
nificantly affect N-acquisition associated with enzyme activities 
(including NAG and LAP).

3.3 � Influences of P fertilization on threshold 
elemental ratios, microbial metabolic 
limitation, and CUE

Based on stoichiometric microbial C:N:P values procured 
from enzyme data, estimated TERC:N and TERC:P signifi-
cantly differed among the different P treatments (P < 0.001: 
Fig. 1). For example, TERC:N significantly decreased under 
P treatments, wherein the P300 treatment yielded the low-
est value (1.43 ± 0.20) (Fig. 1a). TERC:P also significantly 
decreased under the P addition, wherein the P300 treatment 
yielded the lowest value (0.01 ± 0.00) while the P150, P225, 
and P300 treatments exhibited no significant differences 
(Fig. 1c). In this study, TER values subtracted by corre-
sponding available soil nutrient ratios were used to calcu-
late the nutrient limitation of microbes (Fig. 1b, d), wherein 
negative values indicated no microbial nutrient limitation. 
Results indicated that soil microbial nutrient limitation 
under the P treatments significantly decreased (P < 0.001: 
Fig. 1b, d). Furthermore, N limitation decreased under the P 
addition, after which N was no longer limited under the P300 
treatment (−4.17 ± 0.23) (Fig. 1b). Results also showed that 
P limitation significantly decreased, wherein the P150, P225, 
and P300 treatments were lower than the P0 and P75 treat-
ments, at which point the P150 treatment was no longer lim-
ited by P (Fig. 1d).

Microbial CUE varied significantly among the different 
P treatments (P < 0.05: Fig. 2). For example, CUE values 
increased along with an increase in P addition, wherein 
the P300 treatment yielded the highest microbial CUE 
value (0.55 ± 0.01), the P0 treatment yielded the lowest 
(0.45 ± 0.16), and the P75, P150, P225, and P300 treatments 
exhibited no significant differences.

3.4 � Relationships between microbial metabolic 
limitation and CUE with soil physicochemical 
properties

This study found that both P limitation and N limitation were 
negatively correlated with pH, MBC, MBN, MBP, Olsen-P, 
and NO3

−-N, and P limitation and N limitation were positively 
correlated (P < 0.001: Fig. 3). Moreover, CUE was positively 
correlated with MBC, MBN, MBP, Olsen-P, and NO3

−-N and Ta
bl
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negatively correlated with both P limitation and N limitation 
(P < 0.001). Additionally, PLS-PM analysis identified direct 
and indirect effects of P fertilization on soil available nutrients, 
microbial biomass, microbial metabolic limitation, and CUE 
(Fig. 4 a). Microbial biomass included MBC, MBN, and MBP, 
and it is used as a latent variable in our PLS-PM model. The 
quality and performance of the model are mainly judged by 
goodness of fit (GOF) and R2. When GOF is more than 0.7, it 
is fine of the model that we constructed. In our model, the GOF 
was 0.83, indicating that the model is reasonable. R2 is accept-
able between 0.3 and 0.6, and more than 0.6 the results are bet-
ter. In our model, R2 was between 0.3 and 0.95. Therefore, the 
PLS-PM model that we constructed was reasonable. The PLS-
PM analysis identified that P fertilization positively affected 
Olsen-P content (0.95 of the direct effects) and microbial bio-
mass (0.94 of the direct effects). Microbial biomass directly 

affected NO3
−-N content (0.83 of the direct effects). Olsen-P 

content and NO3
−-N content further negatively affected micro-

bial P limitation and microbial N limitation (−0.89 and −0.80 
of the direct effects, respectively). Finally, microbial P limita-
tion and microbial N limitation directly affected CUE (−0.30 
and −0.61 of the direct effects, respectively).

Overall, P fertilization negatively affected microbial P 
limitation and N limitation (−0.85 and −0.62 of the total 
effects, respectively) and positively affected CUE (0.63 of 
the total effects: Fig. 4b). Olsen-P had the greatest and most 
negative effect on microbial P limitation (−0.89 of the total 
effects), while NO3

−-N content and microbial biomass sig-
nificantly affected microbial N limitation (−0.80 and −0.66 
of the total effects, respectively). Both microbial P limitation 
and microbial N limitation also significantly affected CUE 
(−0.30 and −0.62 of the total effects, respectively).
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Fig. 1   The threshold elemental ratio TERC:N and TERC:P (a and 
c, respectively) and N limitation and P limitation (c and d, respec-
tively) of different P fertilizer treatments. P0, P75, P150, P225, and 
P300 represent P fertilizer addition of 0, 75, 150, 225, and 300 kg P 

ha−1, respectively. Different lowercase letters indicate significant dif-
ferences (P < 0.05) among the fertilizer addition treatments based on 
one-way ANOVA followed by LSD test
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4 � Discussion

4.1 � P fertilization alleviates microbial metabolic 
limitation in agricultural ecosystems

Extracellular enzymatic stoichiometry revealed that micro-
organisms were strongly limited by N and P in P0 and P75 
(Fig. 1b, d). P fertilization (0–300 kg P ha−1) negatively 
affected microbial P limitation (−0.85 of the total effects: 
Fig. 4b), and soil Olsen-P was negatively correlated with 
microbial P limitation (P < 0.001: Fig. 3), namely, that P fer-
tilization alleviates microbial P limitation. Fisk et al. (2015) 
reported that P application can be used to directly alleviate 
microbial P limitation. Therefore, it can be concluded that P 
fertilization alleviates microbial P limitation by increasing 
Olsen-P content in soil (Fig. 5).

It is interesting to note that P fertilization also alleviates 
microbial N limitation (Fig. 1b), which contradicts our first 
hypothesis. The decrease of microbial N limitation was 
attributed to an increase in NO3

−-N content (−0.80 of the 
total effects: Fig. 4). In this study, the increase in NO3

−-N 
content may be attributed to two factors. On the one hand, 
mitigation of microbial metabolic limitation can increase 
microbial biomass (Fig. 4; Table 2) (Cheng et al. 2018), 
which would further stimulate the growth of nitrifying bac-
teria to increase nitrification rates, thereby increasing the 
inorganic N concentration in soil (Mori et al. 2010; Chen 
et al. 2017; Cheng et al. 2018). On the other hand, P avail-
ability can potentially significantly alter soil N availability 
by controlling N fixation (Vera-Nunez et al. 2007; Aleixo 

et al. 2020; Miguez-Montero et al. 2020). The crops we grew 
were peas in this study, which are known to fix N. The most 
important and efficient processes of N fixation are the for-
mation of root nodules on legumes (Santi et al. 2013). Sym-
biotic association of soybean root system with soil bacteria 
can realize N fixation (Jensen et al. 2020). Alfalfa can bio-
logically fixate N through symbiotic association of its root 
nodules with soil bacteria (Mahmud et al. 2020). Chickpea 
also affects soil microbial population through symbiotic N 
fixation with root nodules (Stagnari et al. 2017). In addi-
tion, P fertilizers may stimulate the growth of legumes and 
increase nodule production (Reed et al. 2007; Zheng et al. 
2016). Additionally, studies have reported that P fertilization 
significantly stimulates activity and community abundance 
of N-fixing bacteria in soil, thus increasing biological N 
fixation (Vesterdal and Raulund-Rasmussen 2002; Houlton 
et al. 2008; Pang et al. 2011). Therefore, P addition increases 
NO3

−-N content by increasing nitrification rates and biologi-
cal N fixation, and then alleviating microbial N limitation 
(Fig. 5).

4.2 � P fertilization increases microbial CUE 
in agricultural ecosystems

CUE is pivotal for the understanding of soil C turnover 
driven by microbial metabolism (Manzoni et al. 2012; Spohn 
and Chodak 2015; Wang et al. 2015). In this study, P fer-
tilization increased C-acquiring enzyme activities (includ-
ing BG and CBH) (Table 2), showing that microorganisms 
secreted more enzymes to stimulate SOM decomposition to 
obtain nutrients after P addition due to the microbial stoi-
chiometric homeostasis mechanism (Zhu et al. 2021), which 
supports our second hypothesis, namely, that P supplemen-
tation leads to greater C requirements for microorganisms. 
Widdig et al. (2020) also showed that P addition increased C 
requirements for microorganisms, which was consistent with 
our results. Additionally, P fertilization also significantly 
increased microbial CUE (Fig. 2), which was potentially due 
to the transition of intracellular C allocation in microorgan-
isms (Manzoni et al. 2012; Sinsabaugh et al. 2016).

PLS-PM analysis further deciphered the key pathways of 
microbial metabolic limitation that drives soil C sequestra-
tion (Fig. 4). The decrease in microbial P and N limitation 
contributed to higher microbial CUE by affecting microbial 
growth and metabolism processes (Figs. 4 and 5). When both 
microbial N and P limitations were alleviated, microorgan-
isms would reduce the energy (C) and resource investment 
in N and P acquisition and would devote more energy (C) 
and resources to growth, which supports our third hypoth-
esis that the mitigation of microbial metabolic limitation 
increases microbial CUE (Sinsabaugh and Shah 2012; Cui 
et al. 2019b). Similarly, Spohn et al. (2016) also observed 
that intracellular C partitioning changes under high nutrient 
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Fig. 2   Carbon use efficiency (CUE) under different P fertilizer treat-
ments. P0, P75, P150, P225, and P300 represent P fertilizer treat-
ments of 0, 75, 150, 225, and 300 kg P ha−1, respectively. Different 
lowercase letters indicate significant differences (P < 0.05) among the 
fertilizer addition treatments based on one-way ANOVA followed by 
LSD test
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availability, leading to the lower allocation of C to respira-
tion and the higher allocation of C to growth, resulting in 
an increase in CUE that promotes soil C sequestration. Our 

results showed that P fertilization can promote soil C seques-
tration by increasing CUE in farmland, which is in accord-
ance with the results from Zhao et al. (2017). In addition, 

Fig. 3   Correlation heat map 
results for the soil physicochem-
ical properties, microbial bio-
mass (MBC, MBN, and MBP), 
microbial metabolic limitation, 
and CUE. MBC microbial 
biomass carbon, MBN micro-
bial biomass nitrogen, MBP 
microbial biomass phosphorus, 
Olsen-P soil available phospho-
rus, P limitation microbial phos-
phorus limitation, N limitation 
microbial nitrogen limitation, 
CUE carbon use efficiency. 
*Correlation is significant at 
P < 0.05 (two-tailed); **Cor-
relation is significant at P < 0.01 
(two-tailed); ***Correlation is 
significant at P < 0.001 (two-
tailed)
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Sinsabaugh et al. (2013) also showed that microbial CUE 
may increase as a result of changing microbial community 
composition, when both N and P availability are increas-
ing. Therefore, P fertilization alleviates microbial metabolic 
limitation, which further promotes soil C sequestration via 
allocating more C to growth-increasing microbial CUE in 
agricultural ecosystems (Fig. 5).

5 � Conclusions

This study revealed that P fertilization can alleviate not only 
microbial P limitation but also microbial N limitation due 
to an increase in both Olsen-P and NO3

−-N content after 
the application of P. Additionally, P fertilization increased 
microbial CUE because the reduction in both microbial N 
and P limitation led to more C allocation to growth. Our 
study suggests that agro-ecosystem with fertilizer is con-
ducive to soil C storage by alleviating microbial metabolic 
limitation. This study offers important insight into better 
understanding the effects of fertilization on soil C pools in 
agricultural ecosystems. Further studies should therefore 
design relevant incubation experiments to study the response 
of microbial community structure to fertilizer addition, 
which can further explain potential microbial mechanisms 
related to fertilizer enrichment on soil C sequestration.
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