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Abstract
The alpine meadow ecosystem in Tibetan Plateau is highly sensitive and vulnerable to climate change. The impact of cli-
mate warming on soil phosphorus (P) forms and transformation remains poorly understood. Here, a 5-year field experiment 
investigated the influences of warming on soil inorganic P (Pi) and organic P (Po) forms in an alpine meadow of the Tibetan 
Plateau. The field experiment included three treatments: unwarmed control (CK), winter warming (WW), and year-round 
warming (YW). Open top chambers were used to impose warming and increased average soil temperature at 5 cm depth by 
1.3 °C compared with CK. Chemical fractionation and solution 31P nuclear magnetic resonance (NMR) spectroscopy were 
used to speciate P forms. Compared with CK, total P concentration decreased by 11.7% (P < 0.05) and 2.46% (P > 0.05) while 
available P concentration increased by 19.1% and 12.7% (P < 0.05) in WW and YW, respectively. Chemical fractionation 
showed that water  (H2O)- and bicarbonate  (NaHCO3)-extractable Pi concentrations were higher, while sodium hydroxide 
(NaOH)- and hydrochloric acid (HCl)-extractable Pi and  H2O-,  NaHCO3-, NaOH-, and HCl-extractable Po concentrations 
were lower in WW and YW than in CK. 31P NMR indicated that orthophosphate concentration was 12.4% and 5.54% 
(P > 0.05) higher, while pyrophosphate, orthophosphate monoesters, and orthophosphate diester concentrations were lower 
in WW and YW than in CK. Acid phosphomonoesterase was a significant factor in shaping soil P forms and transformation. 
Short-term warming can mitigate P limitation by promoting the transformation of moderately labile and stable Pi fractions 
and various forms of Po to bioavailable P. This study provides novel insights into understanding terrestrial ecosystem P 
cycling in response to future climate change.

Keywords Experimental warming · Soil phosphorus availability · Chemical fractionation · Solution 31P NMR · Inceptisol · 
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1 Introduction

According to the Synthesis Report from the Intergovern-
mental Panel on Climate Change (IPCC), average global 
surface temperature (GST) has risen approximately 0.72 °C 
from 1951 to 2012. It was forecasted that GST may increase 
by another 0.3 °C to 0.7 °C by 2035 (Pachauri et al. 2014). 
Rising temperature has profound impact on nutrient cycling 
in terrestrial ecosystems (Rolph 2003; Ren et al. 2018; Gong 
et al. 2020). The behaviors of nutrients (e.g., nitrogen, phos-
phorus, and sulfur) depend on the organic and inorganic 
forms that exist in terrestrial ecosystems. Therefore, under-
standing the responses of nutrient forms to soil temperatures 
is necessary to project nutrient cycling processes in the con-
text of future climate change.

Phosphorus (P) is an essential and crucial limiting nutri-
ent for plant growth in terrestrial and aquatic ecosystems 
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(Hou et al. 2018a; Zhang 2021). In general, P exists in two 
pools in soil, i.e., inorganic P (Pi) and organic P (Po). By 
means of chemical fractionation method, Pi and Po can be 
sequentially divided into  H2O-,  NaHCO3-, NaOH-, and HCl-
extractable fractions. But, chemical fractionation assigns P 
fractions based on their solubility in different extracting 
agents and consequently cannot specify P forms in these 
fractions (Hashimoto and Watanabe 2014). By contrast, 
solution 13P NMR spectroscopy on alkaline extracts is a 
powerful technique to identify and quantify P forms at the 
molecular level (Zhang et al. 2019a, b). But, solution 31P 
NMR technique is limited by the requirement of an alkaline 
extraction procedure that may chemically alter P forms in 
soil samples (Schmieder et al. 2018). Therefore, the com-
bined use of chemical sequential fractionation and solution 
31P NMR spectroscopy can provide a better understanding 
on soil P forms and transformation.

The Tibetan Plateau, located in northwest China and 
referred to as the third pole of the earth, is considered to be 
an ecologically fragile area and sensitive to global climate 
change (Yao et al. 2012; Wang 2016). Observations and 
simulation results demonstrated that the Plateau has under-
gone significant warming over recent decades, with rates of 
warming ranging between 0.16 and 0.67 °C  decade−1 since 
the 1950s (Kuang and Jiao 2016). The rate of warming on 
the Plateau exceeds that of the northern hemisphere and the 
global average because of the high altitude (average exceed-
ing 4000 m above sea level) in the region (Bai et al. 2013). 
Furthermore, warming was stronger in winter than the other 
seasons on the Plateau (Zhang et al. 2019b). Alpine grass-
land on the Tibetan Plateau, which covers more than 60% 
of the entire Plateau, is one of the largest regions of alpine 
grassland globally (Yan and Lu 2020). Several previous 
studies have focused on the influences of climate warming 
on soil carbon (C) and nitrogen (N) cycling in the Tibetan 
alpine grassland ecosystems (Chen et al. 2020). However, 
little attempt has been made to explore soil P forms and 
transformation under warming in alpine grassland ecosys-
tems, which has limited our understanding of how P cycling 
may respond to future climate change in this area.

Phosphorus (P) is an essential and crucial limiting nutri-
ent for plant growth in terrestrial and aquatic ecosystems 
(Hou et al. 2018a; Zhang 2021). In general, P exists in 
two pools in soil, namely, inorganic P (Pi) and organic P 
(Po). By means of chemical fractionation, Pi and Po can 
be sequentially divided into  H2O-,  NaHCO3-, NaOH-, and 
HCl-extractable fractions. However, chemical fractiona-
tion assigns P fractions based on their solubility in different 
extracting agents and consequently cannot specify what form 
of P is present in these fractions (Hashimoto and Watanabe 
2014). By contrast, solution 13P NMR spectroscopy on alka-
line extracts is a powerful technique to identify and quantify 
P forms at the molecular level (Zhang et al. 2019a). The 

solution 31P NMR technique is limited by the requirement 
of an alkaline extraction procedure that may chemically alter 
P forms in soil samples (Schmieder et al. 2018). Therefore, 
the combined use of chemical sequential fractionation and 
solution 31P NMR spectroscopy may provide a better under-
standing of soil P forms and transformations.

Alpine meadow, covering approximately 35% of the Pla-
teau area (Yang and Sun 2021), is especially sensitive to 
global climate change (Jiang et al. 2016). The main aims of 
this study were to evaluate the effects of winter and year-
round warming on soil P forms and transformations in an 
alpine meadow of the Tibetan Plateau by using a combi-
nation of chemical fractionation and solution 31P NMR 
spectroscopy. The key factors driving soil P forms and 
transformations were also explored. We hypothesized that 
warming will affect the forms of P present in soil and their 
transformations by altering P input via plant litterfall, due to 
a decline in plant aboveground biomass (AGB) under warm-
ing conditions (Guan et al. 2018). Furthermore, we hypoth-
esized that warming will promote soil Po mineralization by 
increasing soil phosphatase activity.

2  Materials and Methods

2.1  Study Area, Experimental Design, and Soil 
Sampling

The passive warming experiment was performed in a fenced 
Kobresia-dominated alpine meadow in the Tibetan Pla-
teau, at the Damxung Grassland Station, located at latitude 
30.85°N, longitude 91.08°E, and an altitude of 4333 m. 
Average annual temperature and precipitation are 1.3 °C and 
477 mm, respectively. The growing season is between May 
and September, and the remainder of the year is referred 
to as the freezing season (winter). The soil type is Typi-
cal Matti-Gelic Cambosols according to the Chinese Soil 
Taxonomy (Cooperative Research Group on Chinese Soil 
Taxonomy (CRGCST) 2001). At the beginning of this exper-
iment in July 2010, some basic soil properties at 0–15 cm 
depth were as follows: pH, 6.95; soil organic C (SOC), 
11.3 g  kg−1; total N, 1.20 g  kg−1; sand, 67.0%; silt, 18.2%; 
and clay, 14.7%.

The field experiment was installed in a randomized com-
plete block design with five replications. Three treatments 
were included in this study: (1) unwarmed control (CK), (2) 
winter warming (WW), and (3) year-round warming (YW). 
Open top chambers (OTCs) chosen by the International Tun-
dra Experiment were used as warming devices. The OTCs in 
YW plot were installed in the field throughout the duration 
of this experiment, while those in WW were only installed 
in the field during the freezing season (from late Septem-
ber of each year to early May of the following year). Soil 
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temperature was synchronously recorded at 30 min intervals 
using a HOBO weather station (Onset, Bourne, MA, USA). 
The monitoring data during the period from June 2012 to 
May 2015 demonstrated that average soil temperature at a 
depth of 5 cm increased by 1.3 °C in WW and YW compared 
with CK.

After 5 years of warming, soil samples at 0–20 cm depth 
were collected as five 5-cm-diameter cores from each plot 
and later homogenized into one composite sample on 26 
June 2015. The samples were sieved through a 2-mm screen. 
More details about the field experiment and soil sampling 
have been reported elsewhere (Guan et al. 2018). Soil mois-
ture, SOC, total N, and phosphatase activity were deter-
mined according to the procedures recommended (Lu 2000), 
and the results are listed in Table S1.

2.2  Soil Analysis

Soil total P and available P were extracted using concen-
trated  H2SO4-HClO4 digestion and 0.5 M  NaHCO3, respec-
tively (Olsen and Sommers 1982). Before and after igni-
tion (550 °C, 1 h) of soil samples, Po was extracted using 
1.0 M  H2SO4 and calculated as difference of P concentration 
in acid extracts between ignited and non-ignited samples 
(Walker and Adams 1958). All P concentrations in these 
extracts were measured colorimetrically by ammonium 
molybdate and ascorbic acid (Murphy and Riley 1962).

Soil chemical P fractionation was conducted following a 
modified Hedley (Hedley et al. 1982) sequential extraction 
method (Teng et al. 2020). Specifically, soil samples (1.0 g) 
were sequentially extracted with 30 mL of  H2O, 0.5 M 
 NaHCO3 (pH 8.5), 0.1 M NaOH, and 1.0 M HCl at room 
temperature for 16 h. Total P concentrations in the sequen-
tially extracted fractions were measured through digesting 
in an autoclave (121 °C) with  H2SO4 and  (NH4)2S2O8. Pi 
concentration was measured colorimetrically (Murphy and 
Riley 1962), and Po concentration was calculated as the dif-
ference between total P and Pi concentration (Tiessen and 
Moir 1993).

Solution 31P NMR analysis was performed following the 
procedures of Cade-Menun and Preston (1996). Briefly, air-
dried soil samples (4 g) were extracted by 0.25 M NaOH-
0.05 M EDTA solution (40 ml) at 20 °C for 16 h. Total 
P concentrations in aliquots of extracts were tested with 
an iCAP6300 inductively coupled plasma-optical emis-
sion spectrometer (Thermo Fisher Scientific, Waltham, 
MA, USA). The residual extracts were lyophilized, and 
the freeze-dried samples (approximate 300 mg) were then 
re-dissolved in 0.25 M NaOH (1 ml) and mixed with  D2O 
(0.05 ml) for NMR measurement. The spectra were collected 
with AVANCE III HD 500 spectrometer (Bruker Biospin, 
Fällanden, Switzerland) equipped with a 5-mm broadband 
probe and operated at 202.5 MHz, using 13.0 µs pulse width, 

3.0 s delay time, 0.4 s acquisition time, and 15,000 scans. 
The obtained NMR spectra were analyzed with MestReN-
ova 5.3.1 software (Mestrelab Research, Santiago de Com-
postela, Spain). Chemical shifts were assigned according 
to spiking experiments with myo-inositol hexakisphosphate 
(IHP), α-glycerophosphate, β-glycerophosphate, adenosine 
5’monophosphate, phosphocholine, α-D-glucose 1-phos-
phate, and D-glucose 6-phosphate (Sigma, St. Louis, MO, 
USA) and previously published literatures (McDowell et al. 
2007; Doolette et al. 2009; Cade-Menun 2015). The concen-
tration of each identified compound was acquired through 
multiplying the percentage of the integrated area of the cor-
responding compound to total integration area by NaOH-
EDTA extracted total P concentration. The orthophosphate 
monoesters and diesters were corrected by moving α- and 
β-glycerophosphate and mononucleotides from monoesters 
into diesters (He et al. 2011).

2.3  Statistical Analysis

To detect whether warming had statistically significant 
impacts on soil total P and P forms after 5 years of field 
experiment, one-way analysis of variance (ANOVA) fol-
lowed by Fisher’s least significant difference (LSD) test 
(P < 0.05) was applied when data followed normal distri-
bution (Shapiro-Wilks test, P > 0.05) and variances were 
homogenous (Levene test, P > 0.05). When necessary, data 
were square root– or log-transformed and retested. The rela-
tionships between P forms from sequential chemical frac-
tionation and from solution 31P NMR spectroscopy, as well 
as relationships between P forms and environmental factors 
(AGB, soil moisture, SOC, total N, C/N ratio, C/P ratio, N/P 
ratio, and phosphatase activity), were assessed by Pearson 
correlation at P < 0.05 and P < 0.01. Statistical analyses were 
performed using SPSS 16.0 for Windows (SPSS Inc., Chi-
cago, Illinois, USA).

Redundancy analysis (RDA) was conducted to detect 
the main environmental factors affecting soil total P and P 
forms with Canoco 5.0 for Windows (Microcomputer Power, 
Ithaca, New York, USA). The significance level of explana-
tory environmental factors was evaluated by Monte Carlo 
permutation test (number of permutations: 499) at P < 0.05.

3  Results

3.1  Soil Total Phosphorus, Available Phosphorus, 
and Organic Phosphorus Concentrations

After 5 years of warming, total P concentration decreased 
by 11.7% (P < 0.05) in WW and 2.46% (P > 0.05) in YW 
compared with CK. Furthermore, total P concentration was 
9.02% (P < 0.05) lower in WW than in YW (Fig. 1a). In 
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contrast, available P concentration was 19.1% and 12.7% 
(P < 0.05) higher in WW and YW compared to CK, respec-
tively, and available P concentration was 5.65% (P > 0.05) 
higher in WW than in YW (Fig. 1b). The phosphorus activ-
ity coefficient (PAC, i.e., percentage of available P to total P) 
ranged from 0.74 to 0.99% and significantly increased in the 
order of CK < YW < WW (Fig. 1c). The Po concentration, 
accounting for 69.3–77.2% of total P, significantly decreased 
in the order of CK > YW > WW (Fig. 1d).

3.2  Soil Phosphorus Forms by Chemical Sequential 
Fractionation

Among the sequentially extracted fractions, total P 
concentration in the NaOH fraction was the largest 
(197–208 mg  kg−1), followed by HCl (34.5–40.5 mg  kg−1) 
and  NaHCO3 (13.2–13.7  mg   kg−1) fractions, and the 
lowest total P concentration was in the  H2O fraction 
(3.00–3.85 mg  kg−1). After 5 years of warming, total P con-
centrations of all sequentially extracted fractions were lower 
in WW and YW compared to CK, with significant differ-
ences between CK with WW for  H2O-P and NaOH-P and 
between CK with WW and YW for HCl-P. Moreover, total 
P concentrations of these sequentially extracted fractions 
were lower in WW than in YW, but the differences were not 
significant (Fig. 2a and b).

The concentrations of Pi fractions were in the order HCl-
Pi > NaOH-Pi >  NaHCO3-Pi >  H2O-Pi. Compared with CK, 
 H2O-Pi concentration increased by 41.2% (P < 0.05) and 
9.16% (P > 0.05), and  NaHCO3-Pi concentration increased 
by 8.99% (P < 0.05) and 3.75% (P > 0.05) in WW and YW, 

respectively. By contrast, NaOH-Pi concentration was 0.70% 
and 3.95% (P > 0.05) lower and HCl-Pi concentration was 
16.6% and 12.5% (P < 0.05) lower in WW and YW com-
pared to CK, respectively. Although there were no signifi-
cant differences between WW and YW for all Pi fractions, 
 H2O-Pi,  NaHCO3-Pi, and NaOH-Pi concentrations were 
29.4%, 5.05%, and 3.23% higher and HCl-Pi concentration 
was 3.62% lower in WW than in YW (Fig. 2c and d).

The concentrations of Po fractions were in the order 
NaOH-Po >  NaHCO3-Po > HCl-Po >  H2O-Po. Relative to 
CK,  H2O-Po concentration decreased by 57.5% and 17.1% 
(P < 0.05),  NaHCO3-Po concentration decreased by 13.9% 
(P < 0.05) and 7.17% (P > 0.05), NaOH-Po concentra-
tion decreased by 6.34% (P < 0.05) and 2.53% (P > 0.05), 
and HCl-Po concentration decreased by 24.7% and 6.48% 
(P > 0.05) in WW and YW, respectively. Furthermore, 
 H2O-,  NaHCO3-, NaOH-, and HCl-Po concentrations were 
34.5% (P < 0.05), 6.26% (P > 0.05), 3.72% (P > 0.05), and 
17.1% (P > 0.05) lower in WW than in YW, respectively 
(Fig. 2e and f).

3.3  Soil Phosphorus Forms by Solution 31P NMR 
Spectroscopy

The NMR spectra were composed of Pi and Po compounds. 
The Pi compounds included orthophosphate and pyroph-
osphate, and Po compounds comprised orthophosphate 
monoesters and diesters (Fig. 3). In the orthophosphate 
monoesters, myo-IHP, scyllo-IHP, α-glycerophosphate, 
β-glycerophosphate, mononucleotides, and phosphocholine 
were identified, and the remaining unidentified monoesters 

Fig. 1  Total phosphorus (a), 
available phosphorus (b), 
phosphorus activity coefficient 
(PAC) (c), and organic phospho-
rus (d) in soil under unwarmed 
control (CK), winter warming 
(WW), and year-round warming 
(YW)
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were divided into monoester 1, monoester 2, and monoester 
3 groups. In the orthophosphate diesters, deoxyribonu-
cleic acid (DNA) was identified, and the other unidenti-
fied diesters were assigned to diester 1 and diester 2 groups 
(Fig. 4, Fig. S1).

After 5 years of warming, the NaOH-EDTA extracted 
total P (EPt), ranging between 318.1 and 341.8 mg  kg−1 
and accounting for 69.0 to 72.6% of soil total P, was 
7.45% (P < 0.05) and 3.73% (P > 0.05) lower in WW and 
YW compared to CK, respectively, and 3.58% (P > 0.05) 
lower in WW than in YW. In the Pi compounds, the pro-
portion of orthophosphate (7.49–9.03% of EPt) was larger 
than that of pyrophosphate (0.86–0.99% of EPt). In the Po 
compounds, the proportion of unidentified orthophosphate 
monoesters (61.0–63.4% of EPt) was the largest, followed 
by glycerophosphates (sum of α- and β-glycerophosphate, 
12.5–13.4% of EPt), IHP (sum of myo- and scyllo-IHP, 
8.86–10.6% of EPt), unidentified orthophosphate diesters 
(2.72–3.68% of EPt), mononucleotides (0.88–1.07% of 
EPt), choline phosphate (0.80–0.93% of EPt), and DNA 
(0.82–0.86% of EPt). Furthermore, myo-IHP showed a larger 

Fig. 2  Phosphorus forms 
including total phosphorus (P) 
(a, b), inorganic phosphorus 
(Pi) (c, d), and organic phos-
phorus (Po) (e, f) by chemical 
sequential fractionation with 
 H2O,  NaHCO3, NaOH, and HCl 
in soil under unwarmed control 
(CK), winter warming (WW), 
and year-round warming (YW)
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Fig. 3  Solution phosphorus-31 nuclear magnetic resonance (31P 
NMR) spectra of NaOH-EDTA extracts in soil under unwarmed con-
trol (CK), winter warming (WW), and year-round warming (YW). 
Di1 and Di2 represent unidentified orthophosphate diesters from 
regions 1 and 2, respectively
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proportion (6.86–8.22% of EPt) in the two stereoisomers of 
IHP, and α-glycerophosphate exhibited a larger proportion 
(9.13–9.71% of EPt) in the two glycerophosphates. Com-
pared with CK, orthophosphate concentration was 12.4% 
and 5.54% (P > 0.05) higher in WW and YW, respectively. 
In contrast, other P compounds exhibited lower concentra-
tions in WW and YW than in CK, with significant differ-
ences between CK with WW and YW for myo-IHP and 
α-glycerophosphate. Although there were no significant 
differences between WW and YW, the extent of increases 
or decreases of all P forms in WW was larger than those in 
YW relative to CK (Table 1).

Across the three treatments, the proportion of total 
Pi (i.e., sum of orthophosphate and pyrophosphate, 
8.43–10.0% of EPt) was lower than that of total Po (i.e., 
sum of orthophosphate monoesters and orthophosphate 
diesters, 89.1–90.5% of EPt). Furthermore, orthophos-
phate monoesters exhibited larger proportion (86.4–87.0%) 
than orthophosphate diesters (3.55–4.54%) in all the three 
treatments, even after correction for degradation products 
(72.5–73.1% versus 16.9–19.1%). Compared with CK, the 
concentration of total Pi was 10.8% and 3.47% (P > 0.05) 
higher in WW and YW, respectively. In contrast, the 
concentrations of total Po and uncorrected/corrected 
orthophosphate monoesters and diesters all decreased 
in WW and YW than in CK, with significant differences 
between CK and WW. There were no significant differ-
ences between WW and YW, while the extents of increase 
or decrease were greater for WW than for YW relative to 

Fig. 4  Solution phosphorus-31 nuclear magnetic resonance (31P 
NMR) spectra of NaOH-EDTA extracts in soil under unwarmed con-
trol (CK), winter warming (WW), and year-round warming (YW) 
showing the assignments of peaks in the orthophosphate monoester 
region. A, B, C, D, E, F, and G represent orthophosphate, myo-ino-
sitol hexakisphosphate, α-glycerophosphate, β-glycerophosphate, 
mononucleotide, choline phosphate, and scyllo-inositol hexakisphos-
phate, respectively; Mono1, Mono2, and Mono3 represent unidenti-
fied orthophosphate monoesters from regions 1, 2, and 3, respectively

Ta
bl

e 
1 

 P
ro

po
rti

on
s (

%
) a

nd
 c

on
ce

nt
ra

tio
ns

 (m
g 

 kg
−

1 ) o
f p

ho
sp

ho
ru

s (
P)

 c
om

po
un

ds
 in

 so
il 

N
aO

H
-E

D
TA

 e
xt

ra
ct

s u
nd

er
 u

nw
ar

m
ed

 c
on

tro
l (

CK
), 

w
in

te
r w

ar
m

in
g 

(W
W

), 
an

d 
ye

ar
-ro

un
d 

w
ar

m
-

in
g 

(Y
W

) i
n 

a 
Ti

be
ta

n 
al

pi
ne

 m
ea

do
w

 b
y 

so
lu

tio
n 

31
P 

N
M

R
 sp

ec
tro

sc
op

y

D
iff

er
en

t l
ow

er
ca

se
 le

tte
rs

 w
ith

in
 th

e 
sa

m
e 

co
lu

m
n 

in
di

ca
te

 s
ig

ni
fic

an
t d

iff
er

en
ce

s 
at

 P
 <

 0.
05

 (m
ea

n ±
 st

an
da

rd
 d

ev
ia

tio
n,

 n
 =

 5)
. E

Pt
, N

aO
H

-E
D

TA
 e

xt
ra

ct
ab

le
 to

ta
l P

; O
rt

ho
, o

rth
op

ho
sp

ha
te

; 
Py

ro
, p

yr
op

ho
sp

ha
te

; m
yo

-I
H

P,
 m

yo
-in

os
ito

l h
ex

ak
is

ph
os

ph
at

e;
 s

cy
llo

-I
H

P,
 s

cy
llo

-in
os

ito
l h

ex
ak

is
ph

os
ph

at
e;

 α
-G

ly
c,

 α
-g

ly
ce

ro
ph

os
ph

at
e;

 β
-g

ly
c,

 β
-g

ly
ce

ro
ph

os
ph

at
e;

 N
uc

l, 
m

on
on

uc
le

ot
id

es
; 

Pc
ho

l, 
ch

ol
in

e 
ph

os
ph

at
e;

 D
NA

, d
eo

xy
rib

on
uc

le
ic

 a
ci

d

Tr
ea

tm
en

t
EP

t
Pi

Po

O
rth

o
Py

ro
M

on
oe

ste
rs

D
ie

ste
rs

m
yo

-I
H

P
sc

yl
lo

-I
H

P
α-

G
ly

c
β-

G
ly

c
N

uc
l

Pc
ho

l
O

th
er

s
D

N
A

O
th

er
s

Pr
op

or
tio

n 
(%

)
CK

69
.8

 ±
 1.

44
a

7.
49

 ±
 1.

21
b

0.
94

 ±
 0.

16
a

8.
22

 ±
 0.

32
a

2.
36

 ±
 0.

37
a

9.
71

 ±
 0.

56
a

3.
74

 ±
 0.

16
a

1.
07

 ±
 0.

30
a

0.
93

 ±
 0.

16
a

61
.0

 ±
 1.

73
b

0.
86

 ±
 0.

18
a

3.
68

 ±
 0.

89
a

W
W

72
.6

 ±
 3.

09
a

9.
03

 ±
 0.

43
a

0.
99

 ±
 0.

12
a

6.
86

 ±
 0.

41
b

2.
00

 ±
 0.

11
b

9.
15

 ±
 0.

43
a

3.
33

 ±
 0.

46
a

0.
88

 ±
 0.

09
a

0.
80

 ±
 0.

04
a

63
.4

 ±
 1.

52
a

0.
83

 ±
 0.

21
a

2.
72

 ±
 1.

08
a

Y
W

69
.0

 ±
 4.

12
a

8.
19

 ±
 0.

59
ab

0.
86

 ±
 0.

09
a

7.
08

 ±
 0.

25
b

2.
06

 ±
 0.

07
ab

9.
13

 ±
 0.

41
a

3.
45

 ±
 0.

13
a

0.
91

 ±
 0.

11
a

0.
80

 ±
 0.

05
a

63
.1

 ±
 0.

42
a

0.
82

 ±
 0.

04
a

3.
57

 ±
 0.

62
a

C
on

ce
nt

ra
tio

ns
 (m

g 
 kg

−
1 )

CK
34

1.
8 ±

 8.
62

a
25

.6
 ±

 4.
06

a
3.

22
 ±

 0.
51

a
28

.1
 ±

 1.
57

a
8.

10
 ±

 1.
39

a
33

.2
 ±

 2.
24

a
12

.8
 ±

 0.
71

a
3.

64
 ±

 1.
00

a
3.

17
 ±

 0.
57

a
20

8.
5 ±

 7.
32

a
2.

93
 ±

 0.
60

a
12

.6
 ±

 3.
05

a
W

W
31

8.
1 ±

 15
.2

b
28

.8
 ±

 2.
36

a
3.

15
 ±

 0.
41

a
21

.8
 ±

 1.
01

b
6.

35
 ±

 0.
07

b
29

.1
 ±

 2.
06

b
10

.6
 ±

 1.
41

b
2.

80
 ±

 0.
26

a
2.

53
 ±

 0.
03

b
20

1.
9 ±

 13
.9

a
2.

62
 ±

 0.
59

a
8.

54
 ±

 3.
17

a
Y

W
32

9.
5 ±

 13
.8

ab
27

.0
 ±

 2.
60

a
2.

82
 ±

 0.
34

a
23

.3
 ±

 1.
38

b
6.

80
 ±

 0.
34

ab
30

.0
 ±

 0.
58

b
11

.4
 ±

 0.
77

ab
3.

00
 ±

 0.
38

a
2.

63
 ±

 0.
20

ab
20

8.
0 ±

 9.
16

a
2.

70
 ±

 0.
18

a
11

.8
 ±

 2.
09

a



Journal of Soil Science and Plant Nutrition 

1 3

CK. Both the uncorrected and corrected orthophosphate 
diesters to monoester (diesters/monoesters) ratios exhib-
ited no significant differences among the three treatments 
(Table 2).

3.4  Relationships between Soil Phosphorus Forms 
and Environmental Factors

Soil total P was positively correlated but available P 
was negatively correlated with myo-IHP, scyllo-IHP, 
α-glycerophosphate, orthophosphate monoesters, and cor-
rected orthophosphate diesters. The  H2O- and  NaHCO3-Pi 
were positively correlated with orthophosphate, NaOH-
Pi was positively correlated with mononucleotides and 
DNA, and HCl-Pi was positively correlated with myo-IHP, 
scyllo-IHP, α-glycerophosphate, β-glycerophosphate, mon-
onucleotides, choline phosphate, and corrected diesters. 
The  H2O-,  NaHCO3-, NaOH-, and HCl-Po were all posi-
tively correlated with scyllo-IHP (Table S2).

Soil available P,  H2O-Pi, and  NaHCO3-Pi were posi-
tively correlated while total P, HCl-Pi, and most Po forms 
were negatively correlated with acid phosphomonoesterase 
activity. Furthermore,  H2O-Po, myo-IHP, and phosphocho-
line were negatively correlated with neutral and alkaline 
phosphomonoesterase activities. Except for pyrophos-
phate, no significant correlations were observed between 
soil P forms and AGB (Table S3).

RDA results showed that biotic and abiotic factors 
explained 87.6% of the variations in total P and P forms. 
RDA1 and RDA2 explained 69.4% and 11.9% in total P 
and P form variations, respectively. The acid phosphomo-
noesterase was a significant factor in controlling total P 
and the distribution of P forms and explained 28.7% of the 
observed total variances in total P and P forms (Fig. 5).

4  Discussion

4.1  Warming Impacts on Soil Total P Concentration

The results from the present study indicated that short-term 
warming had a negative effect on soil total P concentra-
tion (Fig. 1a). In a 3-year field warming experiment, Rui 
et al. (2012) observed that soil total P concentration was 
significantly reduced at a depth of 0–10 cm in a Tibetan 

Table 2  Proportions (%) and concentrations (mg  kg−1) of inorganic P 
(Pi), organic P (Po), orthophosphate monoesters (Mono), orthophos-
phate diesters (Di), corrected orthophosphate monoesters (Cmono), 
corrected orthophosphate diesters (Cdi), Di to Mono (Di/Mono) ratio, 

and Cdi to Cmono (Cdi/Cmono) ratio in soil NaOH-EDTA extracts 
under unwarmed control (CK), winter warming (WW), and year-
round warming (YW) in a Tibetan alpine meadow by solution 31P 
NMR spectroscopy

Different lowercase letters within the same column indicate significant differences at P < 0.05 (mean ± standard deviation, n = 5). Total 
Pi = orthophosphate + pyrophosphate, Total Po = Mono + Di. aThe proportion to total P in soil NaOH-EDTA extracts

Treatment Total Pi Total Po Mono Di Cmono Cdi Di/Mono Cdi/Cmono

Proportion (%)a

CK 8.43 ± 1.35 b 91.6 ± 1.35 a 87.0 ± 1.40 a 4.54 ± 1.02 a 72.5 ± 1.52 a 19.1 ± 1.20 a 0.05 ± 0.01 a 0.26 ± 0.02 a
WW 10.0 ± 0.40 a 90.0 ± 0.40 b 86.4 ± 0.99 a 3.55 ± 1.27 a 73.1 ± 1.45 a 16.9 ± 1.72 b 0.04 ± 0.02 a 0.23 ± 0.03 a
YW 9.04 ± 0.52 ab 91.0 ± 0.52 ab 86.6 ± 0.28 a 4.39 ± 0.65 a 73.1 ± 0.35 a 17.9 ± 0.80 ab 0.05 ± 0.01 a 0.24 ± 0.01 a
Concentration (mg  kg−1)
CK 28.8 ± 4.51 a 313.0 ± 9.81 a 297.5 ± 9.70 a 15.5 ± 3.50 a 247.9 ± 8.57 a 65.1 ± 4.52 a
WW 31.9 ± 2.41 a 286.2 ± 13.2 b 275.0 ± 15.7 b 11.2 ± 3.69 a 232.6 ± 14.3 b 53.6 ± 4.40 b
YW 29.8 ± 2.55 a 299.7 ± 11.9 ab 285.2 ± 11.5 ab 14.5 ± 2.21 a 240.8 ± 10.6 ab 58.9 ± 2.77 ab

Fig. 5  Redundancy analysis (RDA) plot illustrating relationships 
between soil total phosphorus (P), available P, and inorganic P (Pi) 
and organic P (Po) forms with soil properties under unwarmed con-
trol (CK), winter warming (WW), and year-round warming (YW). 
SOC: soil organic carbon; TN: total nitrogen; AcP: acid phosphomo-
noesterase; NeP: neutral phosphomonoesterase; AlP: alkaline phos-
phomonoesterase; PD: phosphodiesterase; AGB: aboveground bio-
mass
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alpine meadow ecosystem, consistent with our results. A 
decrease in soil total P concentration under warming was 
also observed or projected in shrubland (Sardans et  al. 
2006), heath (Rinnan et al. 2008), and everglades ecosystems 
(Orem et al. 2015), as well as at global scale (He et al. 2021; 
Zhang 2021). In contrast, some other researchers observed 
that warming had no significant effects on soil total P con-
centration in alpine (Wang et al. 2014) and temperate grass-
land ecosystems (Zhang et al. 2013, 2014; Fang et al. 2020).

First, weathering of P-containing minerals is an impor-
tant process controlling P transformation in natural grass-
land ecosystems (Ippolito et al. 2010). Climate warming 
can accelerate the weathering of P-containing minerals 
(Flicoteaux and Lucas 1984) and subsequently lead to the 
depletion of P through biomass removal, erosion, runoff, 
and leaching (Zhou et al. 2017; Gao et al. 2019). However, 
we believe that mineral weathering only contributed a small 
proportion to soil P loss due to the short duration of warming 
and low warming intensity in this field experiment. Second, 
plant biomass input was a major source of P in grassland 
soil (Nash et al. 2014). The decline of ABG under warm-
ing in the present study (Table S1) led to a smaller return 
of P to soil via plant litterfall, which may have contributed 
to the reduction of soil total P concentration. There was no 
significant correlation between soil total P concentration and 
AGB in the current study (Table S3), implying that plant 
biomass was not a crucial factor contributing to the deple-
tion of soil P in this study. In a previous study, Sardans et al. 
(2006) suggested that warming-induced declines in soil total 
P could result from the increasing accumulation of P in plant 
biomass coupled with a decreasing P concentration in litter-
fall. This requires verification in our future studies. On the 
other hand, the non-significant correlation between soil total 
P concentration and AGB (Table S3) also suggested that P 
was not a limiting factor for grassland plant productivity in 
the Tibetan alpine meadow ecosystem. Third, total P is com-
posed of Pi and Po pools in soil. The significant and posi-
tive correlations between total P and some Pi and Po forms 
(Table S2) suggested that the loss of specific P forms due 
to plant uptake, leaching, and surface runoff under warm-
ing was mainly responsible for the depletion of soil total P. 
Detailed discussions on soil Pi and Po forms under warming 
are described in the following sections.

4.2  Warming Impacts on Soil Inorganic Phosphorus 
Forms

Among sequentially extracted Pi fractions,  H2O-Pi and 
 NaHCO3-Pi (i.e., Pi adsorbed on crystalline surfaces) are 
considered as labile Pi, NaOH-Pi (i.e., Pi associated with 
aluminum and iron oxides or carbonates) as moderately 
labile Pi, and HCl-Pi (i.e., Pi bound to calcium) as stable Pi 
fraction (He et al. 2008; Negassa and Leinweber 2009; Hou 

et al. 2018b). In our present study, HCl-Pi was the dominant 
Pi fraction among all Pi fractions (Fig. 2b), which supports 
previous findings showing that calcium-bound Pi was the 
dominant Pi fraction in alpine meadow soil (Li et al. 2020). 
The results of sequential fractionation (Fig. 2) indicated that 
short-term warming caused an increase in labile Pi frac-
tions but led to a decrease in moderately labile and stable 
Pi fractions.

The available P (i.e., Olsen P), which accounted for 
60.1–64.9% of total labile Pi (i.e., sum of  H2O-Pi and 
 NaHCO3-Pi) in the tested soil, is also commonly consid-
ered as labile Pi that can be directly absorbed by plants 
(Gao et al. 2016; Menezes-Blackburn et al. 2019). Our pre-
sent study demonstrated that short-term warming exerted a 
positive effect on soil available P concentration (Fig. 1b). 
The increment in available P concentration was identical 
with increases in the concentrations of labile Pi fractions 
(Fig. 2b). However, some previous studies found that warm-
ing exerted positive (Zi et al. 2018), negative (Gong et al. 
2015), or no effects (Zhang et al. 2013, 2014; Wang et al. 
2014; Fang et al. 2020) on available P concentration in other 
grassland ecosystems.

We hypothesize three possible reasons to explain the 
increase in soil labile Pi forms under warming. First, the 
enhancements of soil phosphatase activities, as observed 
in this study (Table S1), were beneficial to Po mineraliza-
tion into labile Pi. The enhancement of phosphatase activity 
under warming has also been reported in other grassland 
ecosystems (Rui et al. 2012; Zi et al. 2018; Gong et al. 2020). 
The positive correlation between soil available P,  H2O-Pi 
and  NaHCO3-Pi with acid phosphomonoesterase activity 
(Table S3) further indicated that acid phosphomonoesterase 
contributed to greater Pi availability. The mineralization of 
Po has been considered as the main process controlling the 
availability of soil P due to low rates of weathering from 
P-containing primary minerals in alpine ecosystems (Rui 
et al. 2012). Second, plant roots tend to exude more organic 
acids under elevated temperature (Jia et al. 2015), which 
could promote the transformation from moderately labile 
and stable Pi fractions to labile Pi fractions by chelating with 
metal cations (Taghipour and Jalali 2013; Wang et al. 2015) 
or facilitated the desorption of Pi by competing with phos-
phate for adsorption sites on soil particle surfaces (Hinsinger 
2001; Almeida et al. 2020). The PAC value has been used 
as an indicator to evaluate the degree of the difficulty of 
the transformation between total P and available P, with a 
larger value showing that the transformation from total P 
to available P was easier (Xu et al. 2019). The significant 
increase in the PAC in our present study (Fig. 1c) suggested 
that warming facilitated conversion of total P into available 
P and consequently improved the availability of P in soil. 
The significant and negative correlation between available 
P and HCl-Pi (r =  − 0.66, P < 0.01) further demonstrated 
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that the stable Pi fraction was the major source of avail-
able P. Third, soil available P level for optimum grassland 
production was within the range of 16–24 mg  kg−1 (Tunney 
2002). In the present study, soil available P concentrations 
(3.64–4.33 mg  kg−1) across all treatments were much lower 
than these optimum threshold levels. The P-limited condi-
tion under warming could accelerate the production of bio-
available P at the expense of Po. In addition, the change in 
plant biomass may partly contribute to the improvement of 
soil P availability. Gong et al. (2015) demonstrated that AGB 
increased under warming, which promoted plant P uptake 
and reduced soil available P content. By contrast, the warm-
ing-induced decrease of plant AGB observed in our present 
study could cause more available P to remain in soil. Similar 
to soil total P, the non-significant correlation between soil 
Pi forms and AGB (Table S3) also suggested that P was 
not a limiting factor for grassland plant productivity in this 
Tibetan alpine meadow ecosystem. Orthophosphate repre-
sented labile Pi (Table S2) and the non-significant increase 
of orthophosphate concentration might be attributed to the 
slightly greater orthophosphate input by Po mineralization 
than its output via plant uptake, surface runoff, and leaching 
under warming.

4.3  Warming Impacts on Soil Organic Phosphorus 
Forms

The results from the present study indicated that short-term 
warming had a significantly negative effect on soil Po con-
centration (Fig. 1d). In a 3-year field warming experiment, 
Rui et al. (2012) observed that soil Po concentration sig-
nificantly decreased at 0–10 cm depth in a Tibetan alpine 
meadow ecosystem, consistent with our present findings. 
A previous study by Guan et al. (2018) found that warming 
had no significant impact on SOC content, implying that 
soil Po was a more sensitive indicator to climate warming 
than SOC. As indicated above, the enhancements of soil 
phosphatase activities under warming could accelerate the 
mineralization of soil Po. Similar to available P and labile 
Pi fractions, the significant and negative correlation between 
acid phosphomonoesterase activity and Po concentration 
(Table S3) suggested that acid phosphomonoesterase was 
crucial in driving soil Po mineralization.

Similar to Pi fractions,  H2O-Po and  NaHCO3-Po represent 
labile Po, NaOH-Po represents moderately labile Po, and 
HCl-Po represents stable Po among sequentially extracted 
Po fractions (He et al. 2008; Negassa and Leinweber 2009). 
In the present study, the results of sequential fractionation 
(Fig. 2) indicated that warming decreased the concentrations 
of all Po fractions. By using a modified Hedley and Stewart 
fractionation scheme, Rui et al. (2012) observed that warm-
ing significantly decreased the concentration of NaOH-Po 
(N(I)Po) but not that of other Po fractions at 0–10 cm depth 

under short-term (3 years) warming in a Tibetan alpine 
meadow ecosystem. The negative correlations between avail-
able P with  NaHCO3-Po (r =  − 0.63, P < 0.05) and NaOH-Po 
(r =  − 0.73, P < 0.01) suggested that labile and moderately 
labile Po fractions contributed more to soil P availability 
under warming. Moreover, acid phosphomonoesterase activ-
ity was significantly and negatively correlated with  H2O-, 
 NaHCO3-, NaOH-, and HCl-Po concentrations (Table S3), 
which further suggests that acid phosphomonoesterase was 
crucial in driving soil Po mineralization, and labile  H2O-Po 
was more sensitive to acid phosphomonoesterase activity, as 
evidenced by the larger correlation coefficient between acid 
phosphomonoesterase and  H2O-Po.

The concentrations of NaOH-EDTA extractable Po com-
pounds (Tables 1 and 2) followed a pattern similar to those 
of sequentially extracted Po fractions (Fig. 2). Although 
inositol hexakisphosphates are strongly stabilized in soil 
via interactions with mineral matrices and organic mat-
ter (Celi and Barbaris 2005), significant reductions in 
myo- and sycllo-IHP concentrations under warming were 
observed (Table 1). The bioavailability of IHP can be related 
to nutrient status of soil. Turner et al. (2005) showed that 
inositol hexakisphosphates were prone to mineralize under 
P-limited conditions, while they tended to accumulate under 
P-sufficient conditions. In the present study, Po concentra-
tion was lower than the Po threshold value (i.e., 0.5 g  kg−1) 
reported for P-limited conditions (Turner et al. 2005). The P 
limitation could accelerate the mineralization of recalcitrant 
inositol phosphates under warming. On the other hand, the 
increased exudation of organic acids from plant roots under 
elevated temperature (Jia et al. 2015) could also solubilize 
recalcitrant IHP and promote the hydrolysis of IHP into Pi 
through phytase (Almeida et al. 2018). In addition, it has 
been well-established that myo-IHP derives from plants 
(especially seeds) and sycllo-IHP derives from microbial 
synthesis (Xin et al. 2019). The declines in AGB (Table S1) 
and microbial P immobilization could also partly contribute 
to the decreasing concentrations of the two inositol hexakis-
phosphates. The α- and β-glycerophosphates originate from 
phospholipids that are present in plant residuals and micro-
bial cells (Liu et al. 2019). Thus, the significant decreases 
in the two glycerophosphates likely reflected the reduced 
input of plant litterfall and microbe sources. In addition, 
the non-significant correlation between soil Po forms and 
AGB (Table S3) further confirmed that P was not a limiting 
factor for grassland plant productivity in this Tibetan alpine 
meadow ecosystem.

The mineralization of Po in soil follows the process in 
which orthophosphate diesters are first hydrolyzed into 
orthophosphate monoesters and then orthophosphate 
monoesters are hydrolyzed into inorganic orthophos-
phate (Turner and Haygarth 2005). Because orthophos-
phate diesters are more susceptible to mineralization than 
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orthophosphate monoesters (Zhang et al. 2019a), the diester/
monoester ratio has been used as indicator to describe the 
lability of soil Po (Baumannet al. 2017; Aleixo et al. 2020). 
Therefore, our present study (Table 2) suggested that short-
term warming did not affect soil Po lability. However, we 
also observed a decline of the corrected diester/monoester 
ratio under both WW and YW. Presumably, long-term 
warming would cause a marked decline of the ratio and thus 
exacerbate P limitations.

5  Conclusions

This study demonstrated that soil warming of 1.3  °C 
achieved in OTCs experiment decreased soil total P, NaOH-
Pi, HCl-Pi,  H2O-Po,  NaHCO3-Po, NaOH-Po, and HCl-
Po and pyrophosphate, orthophosphate monoesters, and 
orthophosphate diester concentrations. In contrast, warming 
increased available P,  H2O-Pi,  NaHCO3-Pi, and orthophos-
phate concentrations. The extent of increases or decreases 
for total P and P forms was generally larger in winter warm-
ing than in year-round warming. Our results suggest that 
warming can mitigate P limitation during the short-term 
by promoting the transformations of moderately labile and 
stable Pi fractions and various forms of Po into bioavail-
able P. Winter warming exerted a stronger impact on soil P 
forms and transformations, implying that summer warming 
can weaken the impacts of winter warming. Soil Po was 
a more sensitive indicator to climate warming than SOC. 
However, acid phosphomonoesterase rather than AGB was a 
significant factor in shaping soil P forms and transformation, 
contrary to our initial hypothesis. Furthermore, P was also 
not a limiting factor for grassland plant productivity in the 
Tibetan alpine meadow ecosystem.

Although warming can mitigate P limitation during the 
short-term, the depletions of total P and Po concentrations 
may aggravate P limitation in the long-term. Therefore, an 
optimum P fertilizationstrategy, especially the inclusion of 
manure, should be exploited to sustain grassland productiv-
ity in this alpine meadow region to cope with future climate 
change. However, further study is required to evaluate long-
term fates of soil P pools under warming for accurate predic-
tions of the responses of P cycling in terrestrial ecosystems 
to global climate change.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42729- 022- 00826-8.

Funding This study was funded by the Second Tibetan Plateau Scien-
tific Expedition and Research Program (2019QZKK0606-2).

Declarations 

Conflict of Interest The authors declare no competing interests.

References

Aleixo S, Gama-Rodrigues AC, Gama-Rodrigues EF, Campello EFC, 
Silva EC, Schripsema J (2020) Can soil phosphorus availability in 
tropical forest systems be increased by nitrogen-fixing leguminous 
trees? Sci Total Environ 712:136405. https:// doi. org/ 10. 1016/j. 
scito tenv. 2019. 136405

Almeida DS, Menezes-Blackburn D, Turner BL, Wearing C, Haygarth 
PM, Rosolem CA (2018) Urochloa ruziziensis cover crop 
increases the cycling of soil inositol phosphates. Biol Fert Soils 
54:935–947. https:// doi. org/ 10. 1007/ s00374- 018- 1316-3

Almeida DS, Delai LB, Sawaya ACHF, Rosolem CA (2020) Exuda-
tion of organic acid anions by tropical grasses in response to low 
phosphorus availability. Sci Rep 10:16955. https:// doi. org/ 10. 
1038/ s41598- 020- 73398-1

Bai L, Pengcuociren C, Dawa WA, Liu X, Baimaciwang D, Sang S, 
Wan F, Zhou L, Xu J, Li X, Wu H, Yu B, Xiraoruodeng LQ (2013) 
Rapid warming in Tibet, China: public perception, response and 
coping resources in urban Lhasa. Environ Health 12:71. https:// 
doi. org/ 10. 1186/ 1476- 069X- 12- 71

Baumann K, Glaser K, Mutz J-E, Karsten U, MacLennan A, Hu Y, 
Michalik D, Kruse J, Eckhardt K-U, Schall P, Leinweber P (2017) 
Biological soil crusts of temperate forests: their role in P cycling. 
Soil Biol Biochem 109:156–166. https:// doi. org/ 10. 1016/j. soilb 
io. 2017. 02. 011

Cade-Menun BJ (2015) Improved peak identification in 31P-NMR 
spectra of environmental samples with a standardized method 
and peak library. Geoderma 257–258:102–114. https:// doi. org/ 
10. 1016/j. geode rma. 2014. 12. 016

Cade-Menun BJ, Preston CM (1996) A comparison of soil extraction 
procedures for 31P NMR spectroscopy. Soil Sci 161:770–785. 
https:// doi. org/ 10. 1097/ 00010 694- 19961 1000- 00006

Celi L, Barbaris E (2005) Abiotic stabilization of organic phospho-
rus in the environment. In: Turner BL, Frossard E, Baldwin DS 
(eds) Organic phosphorus in the environment. CAB International, 
Wallingford

Chen Y, Feng J, Yuan X, Zhu B (2020) Effects of warming on car-
bon and nitrogen cycling in alpine grassland ecosystems on the 
Tibetan Plateau: a meta-analysis. Geoderma 370:114363. https:// 
doi. org/ 10. 1016/j. geode rma. 2020. 114363

Cooperative Research Group on Chinese Soil Taxonomy (CRGCST) 
(2001) Chinese soil taxonomy. Science Press, Beijing, New York

Doolette AL, Smernik RJ, Dougherty WJ (2009) Spiking improved 
solution phosphorus-31 nuclear magnetic resonance identification 
of soil phosphorus compounds. Soil Sci Soc Am J 73:919–927. 
https:// doi. org/ 10. 2136/ sssaj 2008. 0192

Fang C, Ke W, Campioli M, Pei J, Yuan Z, Song X, Ye J, Li F, Janssens 
IA (2020) Unaltered soil microbial community composition, but 
decreased metabolic activity in a semiarid grassland after two 
years of passive experimental warming. Ecol Evol 10:12327–
12340. https:// doi. org/ 10. 1002/ ece3. 6862

Flicoteaux R, Lucas J (1984) Weathering of phosphate minerals. In: 
Nriagu JO, Moore PB (eds) Phosphate minerals. Springer, Berlin/
Heidelberg, Germany

Gao X, Li X, Zhao L, Kuzyakov Y (2019) Regulation of soil phospho-
rus cycling in grasslands by shrubs. Soil Biol Biochem 133:1–11. 
https:// doi. org/ 10. 1016/j. soilb io. 2019. 02. 012

Gao X, Shi D, Lv A, Wang S, Yuan S, Zhou P, An Y (2016) Increase 
phosphorus availability from the use of alfalfa (Medicago sativa 
L) green manure in rice (Oryza sativa L.) agroecosystem. Sci Rep 
6:36981. https:// doi. org/ 10. 1038/ srep3 6981

Gong S, Zhang T, Guo R, Cao H, Shi L, Guo J, Sun W (2015) Response 
of soil enzyme activity to warming and nitrogen addition in a 
meadow steppe. Soil Res 53:242–252. https:// doi. org/ 10. 1071/ 
SR141 40

https://doi.org/10.1007/s42729-022-00826-8
https://doi.org/10.1016/j.scitotenv.2019.136405
https://doi.org/10.1016/j.scitotenv.2019.136405
https://doi.org/10.1007/s00374-018-1316-3
https://doi.org/10.1038/s41598-020-73398-1
https://doi.org/10.1038/s41598-020-73398-1
https://doi.org/10.1186/1476-069X-12-71
https://doi.org/10.1186/1476-069X-12-71
https://doi.org/10.1016/j.soilbio.2017.02.011
https://doi.org/10.1016/j.soilbio.2017.02.011
https://doi.org/10.1016/j.geoderma.2014.12.016
https://doi.org/10.1016/j.geoderma.2014.12.016
https://doi.org/10.1097/00010694-199611000-00006
https://doi.org/10.1016/j.geoderma.2020.114363
https://doi.org/10.1016/j.geoderma.2020.114363
https://doi.org/10.2136/sssaj2008.0192
https://doi.org/10.1002/ece3.6862
https://doi.org/10.1016/j.soilbio.2019.02.012
https://doi.org/10.1038/srep36981
https://doi.org/10.1071/SR14140
https://doi.org/10.1071/SR14140


Journal of Soil Science and Plant Nutrition 

1 3

Gong S, Zhang T, Guo J (2020) Warming and nitrogen deposition 
accelerate soil phosphorus cycling in a temperate meadow eco-
system. Soil Res 58:109–115. https:// doi. org/ 10. 1071/ SR191 14

Guan S, An N, Zong N, He Y, Shi P, Zhang J, He N (2018) Climate 
warming impacts on soil organic carbon fractions and aggregate 
stability in a Tibetan alpine meadow. Soil Biol Biochem 116:224–
236. https:// doi. org/ 10. 1016/j. soilb io. 2017. 10. 011

Hashimoto Y, Watanabe Y (2014) Combined applications of chemical 
fractionation, solution 31P-NMR and P K-edge XANES to deter-
mine phosphorus speciation in soils formed on serpentine land-
scapes. Geoderma 230–231:143–150. https:// doi. org/ 10. 1016/j. 
geode rma. 2014. 04. 001

He X, Augusto L, Goll DS, Ringeval B, Wang Y, Helfenstein J, Huang 
Y, Yu K, Wang Z, Yang Y, Hou E (2021) Global patterns and driv-
ers of soil total phosphorus concentration. Earth Syst Sci Data. 
https:// doi. org/ 10. 5194/ essd- 2021- 166

He Z, Honeycutt CW, Cade-Menun BJ, Senwo ZN, Tazisong IA (2008) 
Phosphorus in poultry litter and soil: enzymatic and nuclear mag-
netic resonance characterization. Soil Sci Soc Am J 72:1425–
1433. https:// doi. org/ 10. 2136/ sssaj 2007. 0407

He Z, Olk DC, Cade-Menun BJ (2011) Forms and lability of phospho-
rus in humic acid fractions of Hord silt loam soil. Soil Sci Soc Am 
J 75:1712–1722. https:// doi. org/ 10. 2136/ sssaj 2010. 0355

Hedley MJ, Stewart JWB, Chauhan BS (1982) Changes in inorganic 
and organic soil phosphorus fractions induced by cultivation prac-
tices and by laboratory incubations. Soil Sci Soc Am J 46:970–
976. https:// doi. org/ 10. 2136/ sssaj 1982. 03615 99500 46000 50017x

Hinsinger P (2001) Bioavailability of soil inorganic P in the rhizos-
phere as affected by root-induced chemical changes: a review. 
Plant Soil 237:173–195. https:// doi. org/ 10. 1023/A: 10133 51617 
532

Hou E, Chen C, Luo Y, Zhou G, Kuang Y, Zhang Y, Heenan M, Lu X, 
Wen D (2018a) Effects of climate on soil phosphorus cycle and 
availability in natural terrestrial ecosystems. Global Change Biol 
24:3344–3356. https:// doi. org/ 10. 1111/ gcb. 14093

Hou E, Tan X, Heenan M, Wen D (2018b) A global dataset of plant 
available and unavailable phosphorus in natural soils derived by 
Hedley method. Sci Data 5:180166. https:// doi. org/ 10. 1038/ sdata. 
2018. 166

Ippolito JA, Blecker SW, Freeman CL, McCulley RL, Blair JM, Kelly 
EF (2010) Phosphorus biogeochemistry across a precipitation 
gradient in grasslands of central North America. J Arid Environ 
74:954–961. https:// doi. org/ 10. 1016/j. jarid env. 2010. 01. 003

Jia X, Zhao Y, Wang W, He Y (2015) Elevated temperature altered pho-
tosynthetic products in wheat seedlings and organic compounds 
and biological activity in rhizopshere soil under cadmium stress. 
Sci Rep 5:14426. https:// doi. org/ 10. 1038/ srep1 4426

Jiang L, Wang S, Luo C, Zhu X, Kardol P, Zhang Z, Li Y, Wang C, 
Wang Y, Jones DL (2016) Effects of warming and grazing on dis-
solved organic nitrogen in a Tibetan alpine meadow ecosystem. 
Soil till Res 158:156–164. https:// doi. org/ 10. 1016/j. still. 2015. 12. 
012

Kuang X, Jiao JJ (2016) Review on climate change on the Tibetan Pla-
teau during the last half century. J Geophys Res Atmos 121:3979–
4007. https:// doi. org/ 10. 1002/ 2015j d0247 28

Li F, Yuan C, Yuan Z, You Y, Hu X, Wang S, Li G (2020) Bioavail-
able phosphorus distribution in alpine meadow soil is affected by 
topography in the Tian Shan Mountains. J Mt Sci 17:410–422. 
https:// doi. org/ 10. 1007/ s11629- 019- 5705-3

Liu J, Sui P, Cade-Menun BJ, Hu Y, Yang J, Huang S, Ma Y (2019) 
Molecular-level understanding of phosphorus transformation with 
long-term phosphorus addition and depletion in an alkaline soil. 
Geoderma 353:116–124. https:// doi. org/ 10. 1016/j. geode rma. 
2019. 06. 024

Lu R (2000) Analytical methods for soil agricultural chemistry. China 
Agricultural Science and Technology Press, Beijing, China

McDowell RW, Cade-Menun BJ, Stewart I (2007) Organic phospho-
rus speciation and pedogenesis: analysis by solution 31P nuclear 
magnetic resonance spectroscopy. Euro J Soil Sci 58:1348–1357. 
https:// doi. org/ 10. 1111/j. 1365- 2389. 2007. 00933.x

Menezes-Blackburn D, Sun J, Lehto NJ, Zhang H, Stutter M, Giles CD, 
Darch T, George TS, Shand C, Lumsdon D, Blackwell M, Wear-
ing C, Cooper P, Wendler R, Brown L, Al-Kasbi M, Haygarth PM 
(2019) Simultaneous quantification of soil phosphorus labile pool 
and desorption kinetics using DGTs and 3D-DIFS. Environ Sci 
Technol 53:6718–6728. https:// doi. org/ 10. 1021/ acs. est. 9b003 20

Murphy J, Riley JP (1962) A modified single solution method for the 
determination of phosphate in natural waters. Anal Chim Acta 
27:31–36. https:// doi. org/ 10. 1016/ S0003- 2670(00) 88444-5

Nash DM, Haygarth PM, Turner BL, Condron LM, McDowell RW, 
Richardson AE, Watkins M, Heaven MW (2014) Using organic 
phosphorus to sustain pasture productivity: a perspective. Geo-
derma 221–222:11–19. https:// doi. org/ 10. 1016/j. geode rma. 2013. 
12. 004

Negassa W, Leinweber P (2009) How does the Hedley sequential phos-
phorus fractionation reflect impacts of land use and management 
on soil phosphorus: a review. J Plant Nutr Soil Sci 172:305–325. 
https:// doi. org/ 10. 1002/ jpln. 20080 0223

Olsen SR, Sommers LE (1982) Phosphorus. In: Page AL, Miller RH, 
Keeney DR (eds) Methods of soil analysis. Part 2. Chemical and 
microbiological properties. American Society of Agronomy, 
Madison Wisconsin, USA

Orem W, Newman S, Osborne TZ, Reddy KR (2015) Projecting 
changes in Everglades soil biogeochemistry for carbon and 
other key elements, to possible 2060 climate and hydrologic sce-
narios. Environ Manage 55:776–798. https:// doi. org/ 10. 1007/ 
s00267- 014- 0381-0

Pachauri RK, Allen MR, Barros VR, Broome J, Cramer W, Christ R, 
Church JA, Clarke L, Dahe Q, Dasgupta P, Dubash NK, Edenhofer 
O, Elgizouli I, Field CB, Forster P, Friedlingstein P, Fuglestvedt 
J, Gomez-Echeverri L, Hallegatte S, Hegerl G, Howden M, Jiang 
K, Cisneroz BJ, Kattsov V, Lee H, Mach KJ, Marotzke J, Mas-
trandrea MD, Meyer L, Minx J, Mulugetta Y, O’Brien K, Oppen-
heimer M, Pereira JJ, Pichs-Madruga R, Plattner G-K, Pörtner 
H-O, Power SB, Preston B, Ravindranath NH, Reisinger A, Riahi 
K, Rusticucci M, Scholes R, Seyboth K, Sokona Y, Stavins R, 
Stocker TF, Tschakert P, van Vuuren D, van Ypserle J-P (2014) 
Climate change 2014: synthesis report. contribution of working 
groups I, II and III to the fifth assessment report of the intergov-
ernmental panel on climate change, IPCC, Geneva

Ren H, Kang J, Yuan Z, Xu Z, Han G (2018) Responses of nutrient 
resorption to warming and nitrogen fertilization in contrasting wet 
and dry years in a desert grassland. Plant Soil 432:65–73. https:// 
doi. org/ 10. 1007/ s11104- 018- 3775-6

Rinnan R, Michelsen A, Jonasson S (2008) Effects of litter addition and 
warming on soil carbon, nutrient pools and microbial communi-
ties in a subarctic heath ecosystem. Appl Soil Ecol 39:271–281. 
https:// doi. org/ 10. 1016/j. apsoil. 2007. 12. 014

Rolph S (2003) Effects of a 10-year climate warming experiment on 
nitrogen cycling in High Arctic Tundra (MS thesis). University of 
British, Columbia, Canada, Department of Geography

Rui Y, Wang Y, Chen C, Zhou X, Wang S, Xu Z, Duan J, Kang X, Lu 
S, Luo C (2012) Warming and grazing increase mineralization 
of organic P in an alpine meadow ecosystem of Qinghai-Tibet 
Plateau, China. Plant Soil 357:73–87. https:// doi. org/ 10. 1007/ 
s11104- 012- 1132-8

Sardans J, Penuelas J, Estiarte M (2006) Warming and drought alter 
soil phosphatase activity and soil P availability in a Mediterra-
nean shrubland. Plant Soil 289:227–238. https:// doi. org/ 10. 1007/ 
s11104- 006- 9131-2

Schmieder F, Bergström L, Riddle M, Gustafsson J-P, Klysubun 
W, Zehetner F, Condron L, Kirchmann H (2018) Phosphorus 

https://doi.org/10.1071/SR19114
https://doi.org/10.1016/j.soilbio.2017.10.011
https://doi.org/10.1016/j.geoderma.2014.04.001
https://doi.org/10.1016/j.geoderma.2014.04.001
https://doi.org/10.5194/essd-2021-166
https://doi.org/10.2136/sssaj2007.0407
https://doi.org/10.2136/sssaj2010.0355
https://doi.org/10.2136/sssaj1982.03615995004600050017x
https://doi.org/10.1023/A:1013351617532
https://doi.org/10.1023/A:1013351617532
https://doi.org/10.1111/gcb.14093
https://doi.org/10.1038/sdata.2018.166
https://doi.org/10.1038/sdata.2018.166
https://doi.org/10.1016/j.jaridenv.2010.01.003
https://doi.org/10.1038/srep14426
https://doi.org/10.1016/j.still.2015.12.012
https://doi.org/10.1016/j.still.2015.12.012
https://doi.org/10.1002/2015jd024728
https://doi.org/10.1007/s11629-019-5705-3
https://doi.org/10.1016/j.geoderma.2019.06.024
https://doi.org/10.1016/j.geoderma.2019.06.024
https://doi.org/10.1111/j.1365-2389.2007.00933.x
https://doi.org/10.1021/acs.est.9b00320
https://doi.org/10.1016/S0003-2670(00)88444-5
https://doi.org/10.1016/j.geoderma.2013.12.004
https://doi.org/10.1016/j.geoderma.2013.12.004
https://doi.org/10.1002/jpln.200800223
https://doi.org/10.1007/s00267-014-0381-0
https://doi.org/10.1007/s00267-014-0381-0
https://doi.org/10.1007/s11104-018-3775-6
https://doi.org/10.1007/s11104-018-3775-6
https://doi.org/10.1016/j.apsoil.2007.12.014
https://doi.org/10.1007/s11104-012-1132-8
https://doi.org/10.1007/s11104-012-1132-8
https://doi.org/10.1007/s11104-006-9131-2
https://doi.org/10.1007/s11104-006-9131-2


 Journal of Soil Science and Plant Nutrition

1 3

speciation in a long-term manure-amended soil profile – evidence 
from wet chemical extraction, 31P-NMR and P K-edge XANES 
spectroscopy. Geoderma 322:19–27. https:// doi. org/ 10. 1016/j. 
geode rma. 2018. 01. 026

Taghipour M, Jalali M (2013) Effect of low-molecular-weight organic 
acids on kinetics release and fractionation of phosphorus in some 
calcareous soils of western Iran. Environ Monit Assess 185:5471–
5482. https:// doi. org/ 10. 1007/ s10661- 012- 2960-y

Teng Z, Zhu J, Shao W, Zhang K, Li M, Whelan MJ (2020) Increas-
ing plant availability of legacy phosphorus in calcareous soils 
using some phosphorus activators. J Environ Manage 256:109952. 
https:// doi. org/ 10. 1016/j. jenvm an. 2019. 109952

Tiessen H, Moir JO (1993) Characterization of available P by sequen-
tial extraction. In: Carter MR, Gregorich EG (eds) Soil sampling 
and methods of analysis, 2nd edition. CRC Press, Boca Raton, FL

Tunney H (2002) Phosphorus needs of grassland soils and loss to water. 
In: Walling E, Horowitz AJ (eds) Agricultural effects on ground 
and surface waters: research at the edge of science and society. 
International Association of Hydrologic Sciences, Centre for 
Ecologyand Hydrology, Wallingford, USA

Turner BL, Haygarth PM (2005) Phosphatase activity in temperate pas-
ture soils: potential regulation of labile organic phosphorus turno-
ver by phosphodiesterase activity. Sci Total Environ 344:27–36. 
https:// doi. org/ 10. 1016/j. scito tenv. 2005. 02. 003

Turner BL, Mahieu N, Condron LM, Chen CR (2005) Quantification 
and bioavailability of scyllo-inositol hexakisphosphate in pasture 
soils. Soil Biol Biochem 37:2155–2158. https:// doi. org/ 10. 1016/j. 
soilb io. 2005. 03. 005

Walker TW, Adams AFR (1958) Studies on soil organic matter. III. 
Influence of content of parent material on accumulation of C, N, 
S and organic P in grassland soils. Soil Sci 85:307–318. https:// 
doi. org/ 10. 1017/ s0021 85960 00042 26

Wang C (2016) A remote sensing perspective of alpine grasslands 
on the Tibetan Plateau: better or worse under “Tibet Warming.” 
Remote Sens Appl Soc Environ 3:36–44. https:// doi. org/ 10. 
1016/j. rsase. 2015. 12. 002

Wang X, Dong S, Gao Q, Zhou H, Liu S, Su X, Li Y (2014) Effects 
of short-term and long-term warming on soil nutrients, micro-
bial biomass and enzyme activities in an alpine meadow on the 
Qinghai-Tibet Plateau of China. Soil Biol Biochem 76:140–142. 
https:// doi. org/ 10. 1016/j. soilb io. 2014. 05. 014

Wang Y, Chen X, Whalen JK, Cao Y, Quan Z, Lu C, Shi Y (2015) 
Kinetics of inorganic and organic phosphorus release influenced 
by low molecular weight organic acids in calcareous, neutral and 
acidic soils. J Plant Nutr Soil Sci 178:555–566. https:// doi. org/ 10. 
1002/ jpln. 20150 0047

Xin X, Zhang X, Chu W, Mao J, Yang W, Zhu A, Zhang J, Zhong X 
(2019) Characterization of fluvo-aquic soil phosphorus affected 
by long-term fertilization using solution 31P NMR spectroscopy. 
Sci Total Environ 692:89–97. https:// doi. org/ 10. 1016/j. scito tenv. 
2019. 07. 221

Xu M, Gao P, Yang Z, Su L, Wu J, Yang G, Zhang X, Ma J, Peng H, 
Xiao Y (2019) Biochar impacts on phosphorus cycling in rice 
ecosystem. Chemosphere 225:311–319. https:// doi. org/ 10. 1016/j. 
chemo sphere. 2019. 03. 069

Yan Y, Lu X (2020) Are N, P, and N: P stoichiometry limiting graz-
ing exclusion effects on vegetation biomass and biodiversity in 
alpine grassland? Glob Ecol Conserv 24:e01315. https:// doi. org/ 
10. 1016/j. gecco. 2020. e01315

Yang C, Sun J (2021) Impact of soil degradation on plant commu-
nities in an overgrazed Tibetan alpine meadow. J Arid Environ 
193:104586. https:// doi. org/ 10. 1016/j. jarid env. 2021. 104586

Yao T, Thompson L, Mosbrugger V, Zhang F, Ma Y, Luo T, Xu B, 
Yang X, Joswiak DR, Wang W, Joswiak ME, Devkota LP, Tayal S, 
Jilani R, Fayziev R (2012) Third pole environment (TPE). Environ 
Develop 3:52–64. https:// doi. org/ 10. 1016/j. envdev. 2012. 04. 002

Zhang G, Chen Z, Zhang A, Chen L, Wu Z (2014) Influence of climate 
warming and nitrogen deposition on soil phosphorus composition 
and phosphorus availability in a temperate grassland, China. J 
Arid Land 6:156–163. https:// doi. org/ 10. 1007/ s40333- 013- 0241-4

Zhang G, Nan Z, Wu X, Ji H, Zhao S (2019a) The role of winter warm-
ing in permafrost change over the Qinghai-Tibet Plateau. Geophys 
Res Lett 46:11261–11269. https:// doi. org/ 10. 1029/ 2019G L0842 
92

Zhang J (2021) Global patterns of phosphorus transformation in 
relation to latitude, temperature and precipitation. Pedosphere 
31:214–220. https:// doi. org/ 10. 1016/ S1002- 0160(20) 60063-7

Zhang N, Guo R, Song P, Guo J, Gao Y (2013) Effects of warming 
and nitrogen deposition on the coupling mechanism between soil 
nitrogen and phosphorus in Songnen Meadow Steppe, north-
eastern China. Soil Biol Biochem 65:96–104. https:// doi. org/ 10. 
1016/j. soilb io. 2013. 05. 015

Zhang P, Li C, Xie X, Gao Q, Zhang J, Wang L (2019b) Integrated soil-
crop system management increases phosphorus concentrations 
and bioavailability in a Primosol. J Soil Sci Plant Nut 19:357–367. 
https:// doi. org/ 10. 1007/ s42729- 019- 00036-9

Zhou Q, Daryanto S, Xin Z, Liu Z, Liu M, Cui X, Wang L (2017) Soil 
phosphorus budget in global grasslands and implications for man-
agement. J Arid Environ 144:224–235. https:// doi. org/ 10. 1016/j. 
jarid env. 2017. 04. 008

Zi H, Hu L, Wang C, Wang G, Wu P, Lerdau M, Ade LJ (2018) 
Responses of soil bacterial community and enzyme activity to 
experimental warming of an alpine meadow. Euro J Soil Sci 
69:429–438. https:// doi. org/ 10. 1111/ ejss. 12547

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.geoderma.2018.01.026
https://doi.org/10.1016/j.geoderma.2018.01.026
https://doi.org/10.1007/s10661-012-2960-y
https://doi.org/10.1016/j.jenvman.2019.109952
https://doi.org/10.1016/j.scitotenv.2005.02.003
https://doi.org/10.1016/j.soilbio.2005.03.005
https://doi.org/10.1016/j.soilbio.2005.03.005
https://doi.org/10.1017/s0021859600004226
https://doi.org/10.1017/s0021859600004226
https://doi.org/10.1016/j.rsase.2015.12.002
https://doi.org/10.1016/j.rsase.2015.12.002
https://doi.org/10.1016/j.soilbio.2014.05.014
https://doi.org/10.1002/jpln.201500047
https://doi.org/10.1002/jpln.201500047
https://doi.org/10.1016/j.scitotenv.2019.07.221
https://doi.org/10.1016/j.scitotenv.2019.07.221
https://doi.org/10.1016/j.chemosphere.2019.03.069
https://doi.org/10.1016/j.chemosphere.2019.03.069
https://doi.org/10.1016/j.gecco.2020.e01315
https://doi.org/10.1016/j.gecco.2020.e01315
https://doi.org/10.1016/j.jaridenv.2021.104586
https://doi.org/10.1016/j.envdev.2012.04.002
https://doi.org/10.1007/s40333-013-0241-4
https://doi.org/10.1029/2019GL084292
https://doi.org/10.1029/2019GL084292
https://doi.org/10.1016/S1002-0160(20)60063-7
https://doi.org/10.1016/j.soilbio.2013.05.015
https://doi.org/10.1016/j.soilbio.2013.05.015
https://doi.org/10.1007/s42729-019-00036-9
https://doi.org/10.1016/j.jaridenv.2017.04.008
https://doi.org/10.1016/j.jaridenv.2017.04.008
https://doi.org/10.1111/ejss.12547

	Impacts of Climate Warming on Soil Phosphorus Forms and Transformation in a Tibetan Alpine Meadow
	Abstract
	1 Introduction
	2 Materials and Methods
	2.1 Study Area, Experimental Design, and Soil Sampling
	2.2 Soil Analysis
	2.3 Statistical Analysis

	3 Results
	3.1 Soil Total Phosphorus, Available Phosphorus, and Organic Phosphorus Concentrations
	3.2 Soil Phosphorus Forms by Chemical Sequential Fractionation
	3.3 Soil Phosphorus Forms by Solution 31P NMR Spectroscopy
	3.4 Relationships between Soil Phosphorus Forms and Environmental Factors

	4 Discussion
	4.1 Warming Impacts on Soil Total P Concentration
	4.2 Warming Impacts on Soil Inorganic Phosphorus Forms
	4.3 Warming Impacts on Soil Organic Phosphorus Forms

	5 Conclusions
	References


