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Abstract
Phosphorus (P) limitation is expected to increase due to nitrogen (N)-induced
terrestrial eutrophication, although most soils contain large P pools immobilized
in minerals (Pi) and organic matter (Po). Here we assessed whether transformations of these P pools could increase plant available pools alleviating P limitation
under enhanced N availability. The mechanisms underlying these possible transformations were explored by combining results from a 10-year field N addition
experiment and a 3700-km transect covering wide ranges in soil pH, soil N, aridity, leaching, and weathering that could affect soil P status in grasslands. Nitrogen
addition promoted the dissolution of immobile Pi (mainly Ca-bound recalcitrant
P) to more available forms of Pi (including Al- and Fe-bound P fractions and
Olsen P) by decreasing soil pH from 7.6 to 4.7, but did not affect Po. Soil total
P declined by 10% from 385  6.8 to 346  9.5 mg kg1, whereas available
P increased by 546% from 3.5  0.3 to 22.6  2.4 mg kg1 after the
10-year N addition, associated with an increase in Pi mobilization, plant uptake,
and leaching. Similar to the N addition experiment, the drop in soil pH from 7.5
to 5.6 and increase in soil N concentration along the grassland transect were associated with an increased ratio between relatively mobile Pi and immobile Pi. Our
results provide a new mechanistic understanding of the important role of soil Pi
mobilization in maintaining plant P supply and accelerating biogeochemical P
cycles under anthropogenic N enrichment. This mobilization process temporarily
buffers ecosystem P limitation or even causes P eutrophication, but will extensively deplete soil P pools in the long run.
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INTRODUCTION
Worldwide phosphorus (P) limitations on terrestrial
primary productivity can strongly constrain the ecosystem
carbon sink under scenarios of human-enhanced nitrogen
(N) enrichment (Elser et al., 2007; Fleischer et al., 2019;
Wieder et al., 2015). Soil mineral-bound phosphate (Pi)
accounts for up to 82% of the soil total P (TP) (Crews et al.,
1995). Most of this P is locked in moderately occluded Pi
and recalcitrant Pi, formed from phosphate reacting with
aluminum, iron, and calcium, or physically encapsulated
in aggregates, which cannot be immediately taken up by
plants (De Schrijver et al., 2012). Moderately occluded Pi
may be converted into available P (Richter et al., 2006),
but recalcitrant Pi is considered as extremely insoluble and
unavailable to plants (Crews et al., 1995). Mineral-bound
P mobilizes during pedogenesis and gradually transfers to
the organic P (Po) pool, with these processes being driven
mainly by geochemical weathering, microbial P solubilization, and plant P uptake across biogeographic scales, such
as chronosequences and climosequences (Crews et al.,
1995; Feng et al., 2016; García-Velazquez et al., 2020).
Along climosequences, for instance, we can expect differences in rainfall to mobilize Pi bound in primary minerals
through weathering and leaching, whereas increasing
pedogenesis with older geological age locks up P by binding it to secondary minerals (Feng et al., 2016). As P fractions vary in their availability to both soil microbes and
plants, transformations among different soil P fractions
and how they regulate P availability is fundamental for
plant growth and therefore the carbon sink of terrestrial
ecosystems (Liu et al., 2018).
Ecosystem N enrichment caused by atmospheric
deposition, widespread use of N-fixing species in agriculture, and overfertilization has doubled the amount of
global reactive N (i.e., 100–200 Tg N year1), which will
continue or stabilize at a high level especially in developing countries as industrial and agricultural activities continue to increase (Galloway et al., 2008; Peñuelas et al.,
2013, 2020; Yu et al., 2019). Enhanced N inputs are
reported to increase aboveground net primary production
by 29% across global biomes (Lebauer & Treseder, 2008).
After an initial fertilization effect, chronic N supply stimulates the growth of nitrophilic and opportunistic plant
species (Zhang et al., 2014). The occurrence of progressive ecosystem N saturation and pervasive P limitation
leads to competitive exclusion of many species, therefore
threatening ecosystem biodiversity (Greaver et al., 2016;
Peñuelas et al., 2013; Turner et al., 2018). Therefore, N
enrichment shifts ecosystem nutrient limitation patterns
from N limitation to P limitation, as evidenced in diverse
terrestrial ecosystems (Li et al., 2016). Such changes in
nutrient limitation status and N:P ratio affect the growth
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and survival of plant species with lower P uptake capacity
and use efficiency (Lü et al., 2019; Zemunik et al., 2015),
causing asymmetric responses among species and consequently alterations in community composition and functioning (Peñuelas et al., 2020). In contrast, in a recent
meta-analysis it was suggested that many terrestrial ecosystems remain N limited without an indication of a shift
toward P limitation, even after decades of N enrichment
(Chen et al., 2020). Therefore, N-induced P transformations from immobile to available fractions could potentially help maintain P supply (Figure 1) and augment the
ecosystem C sink function with anthropogenic N enrichment. However, the degree of this augmentation also
depends on the relative limitations of N versus P, availability of other macro- and micronutrients, and changing
patterns of water availability that affect nutrient uptake
through drought stress and leaching (Harpole et al., 2011).
Nitrogen enrichment induces worldwide soil acidification, which consequentially promotes the dissolution of
recalcitrant Ca-bound Pi into moderately occluded Pi and
available P fractions in Ca-rich soils (Devau et al., 2009;
Fan et al., 2019; Vu et al., 2008). Furthermore, N enrichment accelerates Po formation by promoting plant growth
and plant P uptake from the soil Pi pools (Figure 1;
Margalef et al., 2017; Schleuss et al., 2020). Conversely, soil
acidification can slow down Pi entering the Po pool by
to iron and aluminum
strongly absorbing free PO3
4
(hydr)oxides (Gustafsson et al., 2012) or by suppressing
plant and microbial growth and the subsequent P assimilation (Turner & Blackwell, 2013). Therefore, evidence
for the effect of N enrichment on soil P transformations
among distinct P chemical forms remains insufficient
and poorly understood. Long-term field N manipulation
experiments provide an opportunity to address this
uncertainty, and large-scale climosequences may help to
verify the generality of P transformations across a wide
range in drought stress, leaching, weathering, soil N
levels, and pH values.
Grasslands occupy ~45% of the global land area
(Berdugo et al., 2020), where adsorption and precipitation
of phosphate are the most essential processes constraining P availability (Feng et al., 2016). Proper management of these areas is a central issue for biodiversity
conservation and socioeconomic development, especially
for developing countries with intensified livestock grazing, for which overfertilization during long periods
and industrialization bring N pollution (Yu et al., 2019).
Here, we examined the temporal dynamics of soil Pi and
Po pools under simulated N-enrichment scenarios in a
10-year field N addition experiment in a calcareous grassland. We then combined these results with a large-scale
observational dataset from a climosequence along a
3700-km natural grassland transect in northern China to
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F I G U R E 1 A theoretical framework on the controlling role of
nitrogen (N) enrichment in phosphorus (P) cycling by combing
results from a 10-year field N addition experiment and a 3700-km
grassland transect. We hypothesize that high N addition rates
would promote the transformation of mineral-bound Pi to organic
P (Po) by enhancing Pi mobilization with soil acidification and
increasing plant P uptake, and this transformation of Pi to Po would
also occur with increasing water and N availabilities across the
grassland transect

further corroborate the controlling role of N enrichment
in P cycling (Figure 1). We hypothesized that (1) high
N addition rates would promote the dissolution of
recalcitrant Ca-bound Pi to form both moderately occluded
(Al- and Fe-bound) Pi and available P with soil acidification in the Ca-rich soils and then increase Po by increasing
plant P uptake and growth; and (2) soil Pi fractions would
decrease with increasing precipitation across the transect
because of leaching following increased precipitation and
increased plant uptake driven by increased soil water and
N availabilities (Figure 1). To our knowledge, this is the
first study to examine the long-term effect of N addition,
in combination with data from a large transect survey, on
Pi and Po fractions and to determine the main mechanisms
of temporal and spatial P dynamics.

METHODS
Experimental design and sample collection
for the field N manipulation experiment
The study site (elevation 1255–1260 m above sea level
[asl]) is located near the Inner Mongolia Grassland Ecosystem Research Station (IMGERS; 116 140 E, 43 130 N) in
a temperate steppe of northern China. The topography of
the study area is relatively flat. The site has a semiarid
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climate with mean annual precipitation (MAP) of
351.4 mm and mean annual temperature (MAT) of 0.9 C,
ranging from 21.4 C in January to 19.7 C in July. In
this area, the growing season extends from May to
August with ~72.8% precipitation falling during this time.
The soil is described as chestnut (Chinese classification),
Calcisorthic Aridisol (the US Soil Taxonomy classification), or Haplic Calcisol (the FAO Soil Taxonomy classification) with 21% clay, 19% silt, and 60% sand (IUSS
Working Group WRB, 2015). The soil formed from Quaternary loess with a depth of ~100 cm, a humus layer of
15–40 cm, and a petrocalcic horizon at 30–40 cm from
the soil surface. The initial soil pH was 7.5 and soil bulk
density was 1.17 g cm3 prior to experimental manipulations. The two dominant plant species, Stipa grandis and
Leymus chinensis, together accounted for more than 60%
of total peak aboveground biomass in the community.
After N addition, dominance of L. chinensis was
increased, although it was decreased for the other species
(Zhang et al., 2014). Background atmospheric N deposition and annual precipitation in this area from 2013 to
2018 were provided during the field N manipulation
experiment (Figure 2).
The experimental plots were fenced in 1999 to
exclude large animal grazing. In September 2008,
60 8 m  8 m plots (6 treatments  10 replicates) were
established in 10 treatment blocks arranged in a randomized block design with a 1-m buffer zone between any
two adjacent plots. This study is part of an on-going project designed to investigate effects of N addition rate and
frequency on ecosystem function. Here we only focused
on the treatments with low frequency of N addition.
Nitrogen was applied as NH4NO3 in six different amounts
(0, 5, 10, 15, 20, and 50 g N m2 year1) twice per year,
each with half of the amount in June and November. The
study area was close to the main grain-producing region
of the North China Plain, an intensively managed
agricultural area with heavy N fertilization activities
(Wang et al., 2018). Ecosystem N inputs as derived from
N deposition and N fertilization have been projected to
increase and stabilize at a relatively high level in the
future in our study area (Yu et al., 2019; Zhu et al., 2020).
Therefore, high rates of N addition were used to mimic
the long-term and accumulative effects of N deposition
and fertilization on this grassland ecosystem (Zhang et al.,
2014, 2016, 2019). Additionally, the rates of N applied in
this study were comparable with those used in other N
addition experiments in grassland ecosystems, where the
greatest amount of N found to affect plant productivity
and community composition was ~10 g N m2 year1 in
this grassland area (Bai et al., 2010; Tian et al., 2016). The
N treatment was started on 1 November 2008 and continued to the first day of June and November yearly during
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F I G U R E 2 Observed background N deposition rate
(g m2 year1) and annual precipitation near the study site at
IMGERS during the field N manipulation experiment. NA, no data
available in the year 2016

the experiment period. In June, N was applied in wet form
by mixing with 9.0 L purified water, and sprayed evenly to
each plot to simulate wet N deposition, at least for the low
N rates. Annually, less than 1 mm of water was added to
each plot. In November (winter season), N was applied in
dry form by mixing with sand to ensure an even distribution of additional N. In total, 0.5 kg sand mixed with N
was uniformly spread in each plot by hand. The sand was
sieved through a 1-mm screen, dipped in hydrochloric
acid, and washed in purified water and oven dried at
120 C to constant weight before mixing with N. Plots
without N addition received the same amount of water
and sand at the same frequency.
In August 2013, 2016, and 2018 (i.e., after 5, 8, and
10 years of treatment), a composite sample of the 0–10
cm soil layer was taken from five randomly selected locations at each plot, using a 10 cm-deep corer (5 cm in
diameter). Fresh samples were sieved through a 2-mm
screen to remove stones and visible plant roots. The soil
samples were stored at 4 C during transportation to the
laboratory and then air dried for further analysis. Plant
samples were harvested by clipping peak aboveground
biomass in mid-August 2018. All living vascular plants
were sampled within a 1 m  1 m quadrat, sorted to
species, oven dried at 65 C for 48 h, and then weighed.

Experimental design and sample collection
of the grassland transect study
To study the linkages among different levels of N availability and P pools of Pi, Po, and TP, a study was
conducted along a large natural grassland gradient in
northern China (Appendix S1: Figure S1). The transect
covered ~9 latitude and 36 longitude (40.1–49.3 N,
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84.8–120.5 E) and ranged across 3700 km from the west
to the east. Background atmospheric N deposition was
~1.0 g m2 year1 along the grassland transect (Yu et al.,
2019). The MAP increased from 42 to 436 mm from the
west to the east and MAT varied from 4.7 to 9.1 C
along the transect. Annual potential evapotranspiration
(PET) declined from ~1200 mm to 710 mm from the west
to the east. Therefore, the aridity was calculated to include
both MAP and MAT as “1  MAP/PET” (Feng et al., 2016).
Moving from the west to the east, the transect included the
following ecosystem types: desert (0.9 < aridity < 1.0;
11 sites), desert steppe (0.8 < aridity < 0.9; 6 sites), typical
steppe (0.6 < aridity < 0.8; 6 sites), and meadow steppe
(0.4 < aridity < 0.6; 6 sites). Soil types along the transect
were Haplic Calcisols, Calcic Cambisols and Calcic
Kastanozems from drier western sites to wetter eastern sites
(IUSS Working Group WRB, 2014). Soil samples of
0–10 cm depth were taken from each site in 2012. For each
sample site, two main plots (50 m  50 m in size and 1 km
in distance) were established with five 1 m  1 m subplots
assigned at the four corners and the center within each
main plot. All sampling sites were 500–1000 m away from
roads and more than 50 km from human settlements to
avoid grazing from cattle and other livestock and minimize
human disturbances. Soils were alkaline for both the
field-experiment site and the climosequence transect
(Feng et al., 2016; Zhang et al., 2014).

Physicochemical parameter measurements
of the field N manipulation experiment
and grassland transect
Soil pH was determined in a 1:5 (w/v) soil-to-water extract
on composite samples. Soil total N (TN) was measured on
ground soils using an elemental analyzer (Vario MACRO
Cube, Elementar, Germany). Soil available N was
extracted with 2 M KCl solution and measured using an
Autoanalyzer III continuous flow analyzer (Bran &
Luebbe, Norderstedt, Germany). Soil clay content was
determined with a combination of wet sieving and continuous flow centrifugation after disrupting soil aggregates
using ultrasonic energy (see details in Wang et al., 2016).
Soil exchangeable Ca was extracted using 1 M ammonium
acetate (CH3COONH4, pH 7.0) (Ochoa-Hueso et al., 2014).
The extractants were filtered through a Whatman no. 2 V
filter paper (quantitative and ash-free) and then analyzed
using an atomic absorption spectrometer (AAS, Shimadzu,
Japan). For soil TP concentration, 0.5 g arid-dried and
ball-milled soil was digested with 7.7 ml 75% HClO4 at
203 C for 75 min (Sommers & Nelson, 1972). The orthophosphate within the digested material was determined
using the molybdenum blue colorimetric method at
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880 nm wavelength an ultraviolet–visible (UV–vis) light
spectrometer (Murphy & Riley, 1962). Soil available P was
extracted with 0.5 M NaHCO3 (pH 8.5) (Olsen et al., 1954)
and analyzed using the molybdenum blue colorimetric
method.
Soil Pi fractions were analyzed from the 0–10 cm soil
layer for both the field N manipulation experiment (sampling year 2013 and 2018) and grassland transect study.
Soil Pi fractions were determined by a sequential extraction method for calcareous soils, as described by Chang
and Jackson (Chang & Jackson, 1958) and modified by
Wang et al. (2010) for calcareous soils. In this fractionation
scheme, six Pi fractions were extracted from soil samples
sequentially: (1) 0.25 M NaHCO3 (pH 7.5) to extract
dicalcium phosphate (Ca2-P); (2) 0.5 M NH4Ac (pH 4.2) to
extract octacalcium phosphate (Ca8-P); (3) 0.5 M NH4F
(pH 8.2) to extract variscite (Al-P); (4) 0.1 M NaOH and
Na2CO3 mixture to extract strengite (Fe-P); (5) 0.3 M mixture of Na3(citrate)–Na2S2O4 and 0.5 M NaOH to extract
occluded P (O-P); and (6) 0.25 M H2SO4 to extract hydroxylapatite (Ca10-P). The P concentrations in all extractants
were determined using the molybdenum blue colorimetric
method at a wavelength of 700 nm on a UV–vis spectrometer (UV-1700, Shimadzu) (Chang & Jackson, 1958). Total
inorganic P (TIP) was the sum of moderately occluded Pi
(including Al-P, Fe-P, and Ca2-P) and recalcitrant Pi
(including Ca8-P, Ca10-P, and O-P). The ratio of moderately occluded Pi to recalcitrant Pi was calculated to provide information on the rate of Pi transformation with N
enrichment. Soil Po concentration was determined as the
difference between soil TP and TIP concentrations.
For both the field N manipulation experiment and
grassland transect, plant P concentration was determined
by acid digestion using H2SO4–H2O2 (Thomas et al., 1967)
and analyzed using the molybdenum blue colorimetric
method at 700 nm wavelength. Thereafter, the amount of
plant community P uptake by the aboveground tissues was
estimated by summing up P content in all plant species for
the grassland transect and in the two dominant plus four
common species for the field N manipulation experiment
that comprised more than 80% of community biomass:
P uptake ¼

Xn
i

P i  Bi

ð1Þ

where Pi and Bi are the total P concentration and biomass
of species i, respectively.

Statistical analyses
For the N manipulation experiment, linear mixed effects
models were performed to determine the effects of N

addition rate, treatment duration, and their interactions
on concentrations of soil TP, Olsen P, Pi fractions, and
Po, by assigning treatment duration as a covariate and
treatment block as a random factor. Duncan’s multiple
range tests were used to compare significant differences
among N addition rates for all soil Pi fractions for each
sampling year separately. This multiple range test was
also used to compare differences among sampling years
for soil TP and Olsen P averaging across N addition rates.
Linear mixed effects models were used to determine the
relationships of soil Olsen P and Pi fractions with soil pH,
for which N addition rate was assigned as a fixed factor
and treatment block as a random factor. Based on the
above bivariate relationships and current empirical
knowledge, we built an a priori structural equation
model (SEM) to clarify direct and indirect contributions
of measured parameters to soil P availability (i.e., Olsen P
concentration) and therefore plant P uptake (Appendix
S1: Figure S2). All variables were log-transformed to generate linearity before constructing the a priori model. The
final model was established using AMOS 7.0 (AMOS
Development Co., Greene, Maine, USA) and the fit of the
model was estimated using a chi-squared test, Akaike
information criteria (AIC) and root-square error of
approximation (RMSEA).
To test the hypothesis of recalcitrant Pi transforming
to moderately occluded Pi with decreasing soil pH and
increasing soil N availability along the climosequence,
we performed multimodel inference using AIC with soil
pH, soil TN, available N, MAP, and plant P uptake as
explanatory variables, and the ratio of moderately
occluded Pi to recalcitrant Pi as a response variable. The
best model fit was chosen as the one with the lowest AIC
value using the stepAIC function within the stats package
in R, version 4.0.0 (R Development Core Team, 2020).
The relative importance (RI) value of each variable was
calculated by summing the Akaike weights across all
models that contained the candidate variable. A cutoff RI
value of 0.8 was set as the standard to differentiate the
important and unimportant predictors. We further tested
the variations of soil P fractions with changes in soil pH
and soil N parameters along the grassland transect to
help explain the dominant role of N availability and N
addition-induced soil acidification in shaping soil Pi fractions and the soil TP pool in the N addition field experiment. Curve estimations were executed to determine the
relationships among soil TP, Olsen P, Pi fractions, and
ratio of moderately occluded to recalcitrant Pi, and MAP,
aridity, soil pH, soil TN, and soil available N with the best
fitting models chosen based on ordinary least squares
using Sigmaplot (version 12.5, Systat software, Inc., San
Jose, CA, USA). Quadratic relationships were included in
the curve estimations because previous studies conducted
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along the climosequence found thresholds of climatic
and edaphic factors in controlling nutrient cycling
(Feng et al., 2016; Luo et al., 2016; Wang et al., 2014). We
were not able to rule out effects of vegetation types
and other edaphic properties on soil Pi fractions, because
quantifying all the explanatory variables would be a formidable task. Linear mixed effects and curve estimations
were conducted using the lme4 package in R, version 4.0.0
(R Development Core Team, 2020) with the significance
being accepted at p < 0.05. All data and residuals of the
models were tested for normality and homoscedasticity.
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RESULTS
Soil acidification, P pool size, and
availability
During the 10-year N addition, soil pH significantly
decreased from 7.6  0.13 to 4.7  0.06 with increasing
N addition rates (Appendix S1: Figure S3). Nitrogen addition significantly decreased soil TP concentration by up
to 10% from 385  6.8 to 346  9.5 mg kg soil1 during
the 10 years (Figure 3a). A significant increase in soil

F I G U R E 3 Soil total phosphorus (TP) and Olsen P concentrations. Effects of nitrogen (n) addition on TP (a) and Olsen P
(b) concentrations after 5 years (2013), 8 years (2016), and 10 years (2018) of treatment. Significant main effects of duration (year) and N
addition (N) are shown at the top of the figure. Lowercase letters represent significant differences among N addition rates for each sampling
year. Capital letters indicate significant differences among sampling years averaged across N addition rates. Relationships of soil total
phosphorus (TP, c–f) and Olsen P (g–j) with mean annual precipitation (MAP), aridity, soil total N (TN) and available N in the 3700-km
grassland transect. Data are given as means  standard error
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Olsen P concentration was detected with increased duration, especially under higher N addition rates, resulting
in a significant interaction between duration and N addition rate (Figure 3b). With increasing N addition rates,
soil Olsen P concentration increased from 1.9  0.45 to
4.5  0.37 mg kg soil1 in 2013 (F = 9.01, df = 5,
p < 0.001) and from 3.5  0.33 to 22.6  2.4 mg kg soil1
in 2018 (F = 31.7, df = 5, p < 0.001; Figure 3b).
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Along the 3700-km grassland transect, quadratic
relationships (decrease and then increase) were
found among concentrations of soil TP and Olsen
P and MAP, aridity, and soil TN concentration, but
linearly increased with soil available N (Figure 3c–i).
Soil pH and available N decreased, although soil
TN increased with increasing MAP (Appendix S1:
Figure S4).

F I G U R E 4 Moderately occluded Pi and recalcitrant-Pi concentrations. Changes in soil Pi fractions as affected by N addition after
5 years (2013, a) and 10 years (2018, b) of treatment. Moderately occluded Pi includes Al-P, Fe-P, and Ca2-P (lower) and recalcitrant Pi
includes Ca8-P, Ca10-P, and O-P (upper). Changes in soil moderately occluded Pi (c–f) and recalcitrant Pi (g–j) with mean annual
precipitation (MAP), soil total nitrogen (TN), available N, and soil pH along a 3700-km grassland transect in northern China
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Soil Pi fractions in the field experiment
and 3700-km grassland transect
In the field N manipulation experiment, N addition significantly increased moderately occluded Pi (by up to
168%, including Al-P, Fe-P, and Ca2-P; F = 38.89, df = 5,
p < 0.001) but decreased recalcitrant Pi (49%, including
Ca8-P, Ca10-P, and O-P) concentrations (F = 16.31,
df = 5, p < 0.001; Figure 4a,b; Appendix S1: Figure S5).
Moderately occluded Pi fractions and Olsen P were negatively, but recalcitrant Pi was positively, related to soil
pH (Appendix S1: Table S1).
For the grassland transect, moderately occluded Pi
showed no correlation with MAP, soil TN, and soil
available N, but quadratically related to soil pH
(Figure 4c–f). Recalcitrant Pi decreased with increasing
MAP but showed a quadratic relationship with soil TN
concentration; and it significantly increased with soil
available N and soil pH (Figure 4g–j).
With soil pH decrease from 7.5 to 5.6 along the grassland transect, moderately occluded Pi increased from
17.0 to 33.1 mg kg soil1 (Figure 4f; mainly driven by a
rise in Al-P and Ca2-P; Appendix S1: Figure S6a–c) and
recalcitrant-Pi concentration decreased from 173 to
47.9 mg kg soil1 (Figure 4j; mainly driven by a drop in
Ca8-P and Ca10-P; Appendix S1: Figure S6d–f). This pH
range along the grassland transect was within the pH
variation of the field N manipulation experiment (from
7.6 to 4.7) in which similar changes in moderately
occluded and recalcitrant-Pi concentrations were
detected (Figure 4a,b). Different soil Pi fractions showed
quadratic (Al-P), negative (Ca8-P and Ca10-P), or no
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(Fe-P, Ca2-P and O-P) relationships with soil TN concentration (Appendix S1: Figure S7).
Multimodel inference analyses showed that MAP
and soil TN were the most significant determinants for
variations in the ratio of moderately occluded Pi to
recalcitrant Pi (RI = 0.998 and 0.975, respectively),
followed by soil pH (RI = 0.795; Appendix S1:
Figure S8) in the studied gradient. The ratio of moderately occluded Pi to recalcitrant Pi significantly increased
with N addition rates in the N manipulation experiment
(Figure 5a,b) and significantly increased with soil TN
concentration but decreased with soil pH in the grassland
transect (Figure 5c,d). When removing the rate of
50 g N m2 year1, N addition still significantly increased
this ratio for the sampling year of 2018 (F = 9.72, p < 0.001),
but not for 2013 (F = 1.67, p = 0.18; data not shown). This
corresponded to the disproportionate declines in soil pH caused by the N addition rate of 50 g N m2 year1, with a
higher decline in the long term (i.e., 10 years for 2018) than
that in the short term (i.e., 5 years for 2013; see Appendix S1:
Figure S3). The disproportionate effect and time effect
mentioned here could be a consequence of soil buffering to
acidification, which caused a time delay in the response to
the highest N addition treatment.

Soil P removal through plant P uptake and
changes in soil Po
Nitrogen addition significantly increased plant aboveground
biomass by 10%–68% across 3 sampling years (Figure 6a;
Appendix S1: Figure S9). In 2018, plant P uptake increased

F I G U R E 5 Ratio of moderately occluded Pi to recalcitrant Pi. Changes in the ratio of moderately occluded Pi to recalcitrant Pi after
5 years (2013; a) and 10 years (2018; b) of N addition in the field N manipulation experiment and with increasing soil total N concentration
(TN; c) and soil pH (d) along the grassland transect. In panels (a) and (b), p-values for N addition effects are reported
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with increasing N addition rates from 25 to 118 mg P m2
(p < 0.001; Figure 6b). Calculated as the inverse of shoot
P concentration, P use efficiency (g biomass mg1 P) varied
with N addition rates (F = 4.53, p = 0.002) with the highest
value at 5 g N m2 year1 and the lowest values at 10 and
50 g N m2 year1 (Appendix S1: Figure S10). Nitrogen addition did not affect soil Po concentration in 2013 and 2018
(Figure 6c).
For the grassland transect, both plant aboveground
biomass and P uptake significantly increased with increasing MAP (Figure 6d,e). Soil Po concentration showed a
quadratic relationship with MAP (Figure 6f).
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Structural equation modeling
The SEM analysis demonstrated that the soil Olsen P
concentration was dominantly and directly controlled by
moderately occluded Pi (the standardized direct effect
was 0.59) and indirectly by soil pH and recalcitrant
Pi (0.37 and 0.16, respectively; Figure 7). Plant P
uptake was positively affected by soil Olsen P (direct
and total effect of 0.33) and moderately occluded Pi
(indirect and total effect of 0.20) but negatively affected
by soil pH and recalcitrant Pi (indirect and total effect
of 0.13 and 0.05, respectively; Figure 7).

F I G U R E 6 Plant biomass and P uptake from the plant community after 10 years of N addition (a, b) and soil organic P (Po) after 5 and
10 years of N addition (c), as well as across the grassland transect (d–f). In panels (a) and (b), lowercase letters indicate differences among N
rates; significance for main effects of N addition and sampling year are shown
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F I G U R E 7 A conceptual diagram for the acceleration of soil phosphorus (P) cycling after 10 years of nitrogen (N) addition in the
semiarid steppe. Numbers adjacent to the parameters indicate percentage changes as affected by an annual addition of 50 g N m2, with "
and # representing increase and decrease, respectively. Parameters colored in red were the final variables included in the structural equation
modeling with standard path coefficients, listed adjacent to the solid arrows (blue color for positive and red for negative relationships;
*p < 0.05, **p < 0.01). The arrow width is proportional to the strength of the relationship. The proportional of the variance explained by
predictors (r 2) appears alongside each response variable in the model. Standardized direct and indirect effects of predictor variables on soil
Olsen P (left panel) and plant P uptake (right panel) are shown as derived from the structural equation model

DISC USS I ON
Evidence from both the field manipulation experiment
and gradient transect observation highlighted the essential
roles of soil Pi mobilization in maintaining P availability
and driving P cycling (Figure 7). Moreover, the accelerated
transformation of recalcitrant Pi to moderately occluded Pi
was related to higher soil N concentration, decreasing soil
pH, and enhanced plant P uptake (Figures 5 and 6). This
study presents biogeochemical evidence to address the
question of whether ecosystem nutrient limitation patterns shifted from N limitation to P limitation under
anthropogenic N enrichment, and it also provides new
insights into how N enrichment can delay the occurrence
of P limitation via mobilizing recalcitrant-Pi pools to
secure plant P supply.

Our first hypothesis was partly supported by the finding
that N addition increased the transformation of recalcitrant
Ca-bound Pi to moderately occluded (e.g., Al- and Fe-bound)
Pi and Olsen P, but showed no impact on soil Po with
decreases in soil pH and increases in plant P uptake (Figure 7;
Hasegawa et al., 2016; Menezes-Blackburn et al., 2018).
Accelerated transformation of recalcitrant Pi to moderately occluded Pi fractions with increasing soil
N concentration was also found in the grassland transect, as evidenced by increases in the ratio of moderately occluded Pi to recalcitrant P i with increasing soil
N concentrations and decreasing soil pH (Figure 5c,d).
With increasing N availability, higher plant growth and
P demand could stimulate the release of organic acids
from roots to soils to further decrease soil pH and
mobilize P (Gerke, 2015). Therefore, soil acidification
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probably promoted Pi dissolution to release available P in
Ca-rich soils, e.g., absolute dissolution of octacalcium phosphate in extreme acidic conditions: Ca8H2(PO4)65H2O +
4H+ ! 8 Ca2+ + 6HPO4 2 + 5H2O (Alt et al., 2013). This
was further confirmed by the close relationship of soil pH
with both Olsen P and moderately occluded Pi (negative) as
well as with recalcitrant Pi (positive) in the N manipulation
experiment (Figure 7; Appendix S1: Table S1). Moreover,
N addition rate had strong effects on the transformation of
Pi, as shown by the increase in the ratio of moderately
occluded Pi to recalcitrant Pi with increasing N addition
rates, suggesting that accumulation of long-term N deposition could accelerate Pi mobilization and therefore supply
available P more intensively. Therefore, previous and cumulative effects of chronic N supply deserve considerable
attention, given that atmospheric N deposition is a worldwide problem (Forsmark et al., 2021; Yu et al., 2019).
We expected that enhanced plant P uptake following N
addition would deplete moderately occluded Pi and consequently increase soil Po accumulation. However, Po was not
affected by N addition in this semiarid grassland (Figure 6c),
possibly because faster mineralization of Po kept pace with
faster plant P uptake and new soil Po formation through litter
inputs, therefore driving a faster plant–soil Po cycle (Scott &
Condron, 2005; Kritzler & Johnson, 2009). Consistently,
through a meta-analysis it was shown that soil phosphatase
activity was positively related to soil TN concentration at the
global scale, suggesting that the plant–microbial system
would have a greater capacity to synthetize soil phosphatases and therefore mobilize Po under N enrichment
(Margalef et al., 2017). This would then also explain the
increase in Olsen P with N addition (Figures 3b and 7),
because mineralization of Po would directly replenish the
available P pool (Scott & Condron, 2005). Interestingly, TP
also decreased with increased N addition (Figure 3a), probably because the mobilization of P (i.e., 546% increase of
Olsen P) accelerated soil P removal via plant uptake and
leaching losses (Figure 7; Scott & Condron, 2005; Tran
et al., 2020) favoring the global transfer of P from soil to
plant and litter ecosystem compartments (Crews et al.,
1995; De Schrijver et al., 2012).
Moderately occluded Pi pool, which is an important
source of supplying P to the plant available P pool (Alt et al.,
2013), was quite sensitive to N inputs. Although soil Olsen P
concentration can serve as a good indicator of soil P availability in calcareous soils, common methods extracting available
P by salt solutions (Olsen et al., 1954) would give an incomplete estimate of P availability without considering moderately occluded Pi fractions. This is consistent with previous
studies showing that different Pi fractions could transform
from one form into another and that N addition could
accelerate P cycling (Crews et al., 1995; Marklein &
Houlton, 2012). However, our results are in contrast with
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previous studies, in which it was found that recalcitrant Pi
(especially O-P) was resistant to external disturbances of
land-use change and ecosystem development (De Schrijver
et al., 2012; Richter et al., 2006). In this study, intensified
mobilization of recalcitrant-Pi fractions could probably be
due to the increases in the dissolution and weathering of
mineral-bound P with higher soil acidity (Alt et al., 2013)
and enhanced microbial and plant root activity (e.g., more
exudates and soil space exploration) under N addition
(Menezes-Blackburn et al., 2018). This suggests that the
quantity and rate of recalcitrant-Pi transformation into
more labile P fractions are intimately linked with ecosystem
N input that pervasively drives soil P mobilization in plantsoils systems.
Along the grassland transect, our second hypothesis of
decreases in soil Pi fractions in the less arid eastern part
with increasing precipitation, but decreasing soil pH, was
supported for recalcitrant Pi but not for moderately
occluded Pi. With increasing MAP, decreasing recalcitrantPi fractions were mainly driven by the decreases in concentrations of Ca8-P and C10-P with both fractions decreasing with the decrease in soil pH (Appendix S1: Figure S6d,
e; also true for the field manipulation experiment as
shown by Appendix S1: Figure S5) and the increase in soil
TN concentration (Appendix S1: Figure S7d,e). Decreasing
recalcitrant Pi could be associated with an increased conversion into mobile P fractions across ecosystems with
increasing precipitation but decreasing soil pH (Figure 4g,
j). Consequently, this would also enhance the removal of
soil available P via leaching (Feng et al., 2016; Richter
et al., 2006) and biological uptake (Figure 6e), thereby
retaining more P as Po (Schleuss et al., 2020). Indeed, soil
Po increased with MAP ( more than 200 mm) in the less
arid eastern part (Figure 6f; Appendix S1: Figure S1),
suggesting that transformation of soil Pi to Po was accelerated due to mobilization of P from soil to plants and thereafter increased Po formation by plant growth and, finally,
more litter input of Po to top soil layers. This conversion
from Pi to Po with increasing precipitation was roughly
consistent with the results of Feng et al. (2016) across the
same grassland transect; however, a notable difference
between our results and those from Feng et al. (2016) was
that we were able to disentangle the role of Pi mobilization
in driving P transformations. This role was driven by the
increases in the ratio of moderate to recalcitrant Pi with
increasing soil TN and decreasing soil pH (i.e., along the
climosequence from dry to wet) in this study (Figure 5c,d).
Moreover, soil Po replenishment from plant residues could
be promoted because microbial decomposition was less
constrained by soil moisture from west to east in this grassland transect (Feng et al., 2016). However, we were not able
to quantify the soil microbial control of P transformations in
this study, although microbial abundance and richness were
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suggested to play fundamentally different roles along a
climosequence in coastal dune systems (García-Velazquez
et al., 2020); therefore, further work is warranted to advance
this understanding. Additionally, we are aware that the
increased plant P resorption with increasing MAP (Yuan &
Chen, 2009) may maintain more Po in the plant biomass
and therefore not necessary translate the increase in Po production into more soil Po.
Taken together, our findings from the long-term N
addition study, in combination with results from a large
climosequence, provide robust evidence that transformation of mineral-bound P fractions in calcareous grassland
ecosystems will be accelerated substantially by N enrichment. The already observed biodiversity loss and ecosystem stability decline (Zhang et al., 2019) will continue
and plant N limitation may be sustained because of the
mobilization of mineral-bound Pi to secure P supply,
therefore hindering an increase in ecosystem N:P and
slowing the projected P limitation (Ceulemans et al.,
2017; Peñuelas et al., 2020). However, the enhancement
of P availability and biomass production due to N enrichment may only be a transient phenomenon, demonstrated by the continuous mobilization and loss of soil Pi.
An increase in precipitation as experienced in northern
China (Ren et al., 2017), in combination with increasing
N supply, could further accelerate soil mineral P mobilization by facilitating soil P desorption and dissolution
and eventually decrease total P in the long run because of
enhanced P losses via leaching and runoff (Hou et al.,
2018). Given the fact that enhancement of both anthropogenic N enrichment and interannual precipitation variability
have been widely reported in dryland ecosystems throughout
the world (Gherardi & Sala, 2019), a transition of N limitation
to P limitation should emerge, particularly in areas where
biomass is traditionally harvested for hay producti on in
grasslands ecosystems that are low in total soil P (Du et al.,
2020). Nevertheless, even though the N-induced mobilization
of recalcitrant Pi can be general across the globe (Hou et al.,
2018), the magnitude and capacity of the mobilization
depend on soil biogeochemical traits and the amount and status of soil recalcitrant-Pi forms.
Our results also suggest that ecosystem P cycling model
predictions should incorporate the interactions of N and P
cycles by considering N-enrichment effects on accelerating
soil P cycling rates (Schleuss et al., 2020; Wassen et al.,
2021), so that models can be further refined by delineating
the dependence of Pi transformation on precipitation and
by the ubiquitous role of soil pH in driving the biogeochemical pathways of Pi transformation.
A C K N O WL E D G M E N T S
The authors wish to thank support provided by the
Inner Mongolia Grassland Ecosystem Research Station.

WANG ET AL.

The study was funded by the National Natural Science
Foundation of China (31430016, 31770525, and
31870441), the National Key Research and Development Program of China (2016YFC0500707) and the
Youth Innovation Promotion Association CAS to
Ruzhen Wang. JS and JP acknowledge the European
Research Council Synergy grant ERC-SyG-2013-610028
IMBALANCE-P and the Spanish government grant
PID2019-110521GB-I00. We are grateful to the
associate editor and two referees for their helpful and
constructive comments on an early version of this
manuscript.
CONFLICT OF INTEREST
The authors declare no competing interests.
AUTHOR CONTRIBUTIONS
X.H. and Y.J. planned the study with R.W., J.Y. and
H.L. performing the research. J.Y., H.L., Y.Z., X.W., C.W.,
and X.L. were responsible for sample collection and laboratory analysis. R.W. wrote the manuscript and all
authors, especially J.S., X.L., F.A..D, J.P., and X.H., contributed to further revision of the text.
DA TA AVAI LA BI LI TY S T ATE ME NT
Data (Wang et al., 2021) are available in Dryad: https://
doi.org/10.5061/dryad.nzs7h44pb.
ORCID
Ruzhen Wang https://orcid.org/0000-0001-8654-6677
Jordi Sardans https://orcid.org/0000-0003-2478-0219
Yunhai Zhang https://orcid.org/0000-0003-0613-3624
Xiaotao Lü https://orcid.org/0000-0001-5571-1895
Yong Jiang https://orcid.org/0000-0001-7518-5810
Josep Peñuelas https://orcid.org/0000-0002-7215-0150
RE FER EN CES
Alt, F., Y. Oelmann, I. Schöning, and W. Wilcke. 2013. “Phosphate
Release Kinetics in Calcareous Grassland and Forest Soils in
Response to H+ Addition.” Soil Science Society of America
Journal 77: 2060–70.
Bai, Y., J. Wu, C.M. Clark, S. Naeem, Q. Pan, J. Huang, L. Zhang,
and X. Han. 2010. “Tradeoffs and Thresholds in the Effects of
Nitrogen Addition on Biodiversity and Ecosystem Functioning: Evidence from Inner Mongolia Grasslands.” Global
Change Biology 16: 358–72.
Berdugo, M., M. Delgado-Baquerizo, S. Soliveres, R. HernandezClemente, Y.C. Zhao, J.J. Gaitan, N. Gross, et al. 2020.
“Global Ecosystem Thresholds Driven by Aridity.” Science
367: 787–90.
Ceulemans, T., S. Bodé, J. Bollyn, S. Harpole, K. Coorevits, G.
Peeters, K. Van Acker, E. Smolders, P. Boeckx, and O.
Honnay. 2017. “Phosphorus Resource Partitioning Shapes
Phosphorus Acquisition and Plant Species Abundance in
Grasslands.” Nature Plants 3: 16224.

ECOLOGY

Chang, S.C., and M.L. Jackson. 1958. “Soil Phosphorus Fractions in
some Representative Soils.” European Journal of Soil Science 9:
109–19.
Chen, J., K.J. van Groenigen, B.A. Hungate, C. Terrer, J.-W.
van Groenigen, F.T. Maestre, S.C. Ying, et al. 2020.
“Long-Term Nitrogen Loading Alleviates Phosphorus Limitation in Terrestrial Ecosystems.” Global Change Biology 26:
5077–86.
Crews, T.E., K. Kitayama, J.H. Fownes, R.H. Riley, D.A. Herbert, D.
Muellerdombois, and P.M. Vitousek. 1995. “Changes in Soil
Phosphorus Fractions and Ecosystem Dynamics across a Long
Chronosequence in Hawaii.” Ecology 76: 1407–24.
De Schrijver, A., L. Vesterdal, K. Hansen, P. De Frenne, L. Augusto,
D.L. Achat, J. Staelens, L. Baeten, L. De Keersmaeker, and S.
De Neve. 2012. “Four Decades of Post-Agricultural Forest
Development Have Caused Major Redistributions of Soil Phosphorus Fractions.” Oecologia 169: 221–34.
Devau, N., E.L. Cadre, P. Hinsinger, B. Jaillard, and F. Gérard.
2009. “Soil pH Controls the Environmental Availability of
Phosphorus: Experimental and Mechanistic Modelling
Approaches.” Applied Geochemistry 24: 2163–74.
Du, E., C. Terrer, A.F.A. Pellegrini, A. Ahlström, C.J. van Lissa, X.
Zhao, N. Xia, X. Wu, and R.B. Jackson. 2020. “Global Patterns
of Terrestrial Nitrogen and Phosphorus Limitation.” Nature
Geoscience 13: 221–6.
Elser, J.J., M.E.S. Bracken, E.E. Cleland, D.S. Gruner, W.S. Harpole,
H. Hillebrand, J.T. Ngai, E.W. Seabloom, J.B. Shurin, and J.E.
Smith. 2007. “Global Analysis of Nitrogen and Phosphorus
Limitation of Primary Producers in Freshwater, Marine and
Terrestrial Ecosystems.” Ecology Letters 10: 1135–42.
Fan, Y., X. Zhong, F. Lin, C. Liu, L. Yang, M. Wang, G. Chen, Y.
Chen, and Y. Yang. 2019. “Responses of Soil Phosphorus Fractions after Nitrogen Addition in a Subtropical Forest Ecosystem: Insights from Decreased Fe and Al Oxides and Increased
Plant Roots.” Geoderma 337: 246–55.
Feng, J., B.L. Turner, X. Lu, Z. Chen, K. Wei, J. Tian, C. Wang,
W. Luo, and L. Chen. 2016. “Phosphorus Transformations
along a Large-Scale Climosequence in Arid and Semiarid
Grasslands of Northern China.” Global Biogeochemical
Cycles 30: 1264–75.
Fleischer, K., A.J. Dolman, M.K. van der Molen, K.T. Rebel, J.W.
Erisman, M.J. Wassen, B. Pak, X. Lu, A. Rammig, and Y.-P.
Wang. 2019. “Nitrogen Deposition Maintains a Positive Effect
on Terrestrial Carbon Sequestration in the 21st Century
despite Growing Phosphorus Limitation at Regional Scales.”
Global Biogeochemical Cycles 33: 810–24.
Forsmark, B., H. Wallander, A. Nordin, and M.J. Gundale. 2021.
“Long-Term Nitrogen Enrichment Does Not Increase Microbial Phosphorus Mobilization in a Northern Coniferous Forest.” Functional Ecology 35: 277–87.
Galloway, J.N., A.R. Townsend, J.W. Erisman, M. Bekunda, Z. Cai, J.
R. Freney, L.A. Martinelli, S.P. Seitzinger, and M.A. Sutton. 2008.
“Transformation of the Nitrogen Cycle: Recent Trends, Questions, and Potential Solutions.” Science 320: 889–92.
García-Velazquez, L., A. Rodríguez, A. Gallardo, F.T. Maestre, E.
Dos Santos, A. Lafuente, M.J. Fernandez-Alonso, B.K. Singh,
J.-T. Wang, and J. Duran. 2020. “Climate and Soil MicroOrganisms Drive Soil Phosphorus Fractions in Coastal Dune
Systems.” Functional Ecology 34: 1690–701.

13 of 15

Gerke, J. 2015. “The Acquisition of Phosphate by Higher Plants:
Effect of Carboxylate Release by the Roots. A Critical Review.”
Journal of Plant Nutrition and Soil Science 178: 351–64.
Gherardi, L.A., and O.E. Sala. 2019. “Effect of Interannual Precipitation Variability on Dryland Productivity: A Global Synthesis.” Global Change Biology 25: 269–76.
Greaver, T.L., C.M. Clark, J.E. Compton, D. Vallano, A.F. Talhelm, C.
P. Weaver, L.E. Band, J.S. Baron, E.A. Davidson, and C. Tague.
2016. “Key Ecological Responses to Nitrogen Are Altered by Climate Change.” Nature Climate Change 6: 836–43.
Gustafsson, J.P., L.B. Mwamila, and K. Kergoat. 2012. “The pH
Dependence of Phosphate Sorption and Desorption in Swedish
Agricultural Soils.” Geoderma 189: 304–11.
Harpole, W.S., J.T. Ngai, E.E. Cleland, E.W. Seabloom, E.T. Borer,
M.E.S. Bracken, J.J. Elser, et al. 2011. “Nutrient Co-Limitation
of Primary Producer Communities.” Ecology Letters 14: 852–62.
Hasegawa, S., C.A. Macdonald, and S.A. Power. 2016. “Elevated
Carbon Dioxide Increases Soil Nitrogen and Phosphorus Availability in a Phosphorus-Limited Eucalyptus Woodland.” Global
Change Biology 22: 1628–43.
Hou, E., C. Chen, Y. Luo, G. Zhou, Y. Kuang, Y. Zhang, M.
Heenan, X. Lu, and D. Wen. 2018. “Effects of Climate on Soil
Phosphorus Cycle and Availability in Natural Terrestrial Ecosystems.” Global Change Biology 24: 3344–56.
IUSS Working Group WRB. 2014. “World Reference Base for Soil
Resources 2014, International Soil Classification System for
Naming Soils and Creating Legends for Soil Maps.” World Soil
Resources Reports No. 106. Rome: FAO.
IUSS Working group WRB. 2015. “World Reference Base for Soil
Resources 2014, update 2015, International Soil Classification
System for Naming Soils and Creating Legends for Soil Maps.”
World Soil Resources Reports No. 106. Rome: FAO.
Kritzler, U.H., and D. Johnson. 2009. “Mineralisation of Carbon
and Plant Uptake of Phosphorus from Microbially-Derived
Organic Matter in Response to 19 years Simulated Nitrogen
Deposition.” Plant and Soil 326: 311.
Lebauer, D., and K.K. Treseder. 2008. “Nitrogen Limitation of Net
Primary Productivity in Terrestrail Ecosystems is Globally Distributed.” Ecology 89: 371–9.
Li, Y., S. Niu, and G. Yu. 2016. “Aggravated Phosphorus Limitation
on Biomass Production under Increasing Nitrogen Loading: A
Meta-Analysis.” Global Change Biology 22: 934–43.
Liu, X., D.F.R.P. Burslem, J.D. Taylor, A.F.S. Taylor, E. Khoo, N.
Majalaplee, T. Helgason, and D.W. Johnson. 2018. “Partitioning
of Soil Phosphorus among Arbuscular and Ectomycorrhizal
Trees in Tropical and Subtropical Forests.” Ecology Letters 21:
713–23.
Lü, X.-T., Y.-Y. Hu, A.A. Wolf, and X.-G. Han. 2019. “Species Richness Mediates within-Species Nutrient Resorption: Implications for the Biodiversity–Productivity Relationship.” Journal
of Ecology 107: 2346–52.
Luo, W.T., F.A. Dijkstra, E. Bai, J. Feng, X.-T. Lü, C. Wang, H.H.
Wu, M.-H. Li, X.G. Han, and Y. Jiang. 2016. “A Threshold
Reveals Decoupled Relationship of Sulfur with Carbon and
Nitrogen in Soils across Arid and Semi-Arid Grasslands in
Northern China.” Biogeochemistry 127: 141–53.
Margalef, O., J. Sardans, M. Fernandez-Martínez, R. Molowny-Horas,
I.A. Janssens, P. Ciais, D. Goll, et al. 2017. “Global Patterns of
Phosphatase Activity in Natural Soils.” Scientific Reports 7: 1337.

14 of 15

Marklein, A.R., and B.Z. Houlton. 2012. “Nitrogen Inputs Accelerate Phosphorus Cycling Rates across a Wide Variety of Terrestrial Ecosystems.” New Phytologist 193: 696–704.
Menezes-Blackburn, D., C. Giles, T. Darch, T.S. George, M.
Blackwell, M. Stutter, C. Shand, et al. 2018. “Opportunities for
Mobilizing Recalcitrant Phosphorus from Agricultural Soils: A
Review.” Plant and Soil 427: 5–16.
Murphy, J., and J.P. Riley. 1962. “A Modified Single Solution
Method for the Determination of Phosphate in Natural
Waters.” Analytica Chimica Acta 27: 31–6.
Ochoa-Hueso, R., M.D. Bell, and E. Manrique. 2014. “Impacts of
Increased Nitrogen Deposition and Altered Precipitation
Regimes on Soil Fertility and Functioning in Semiarid Mediterranean Shrublands.” Journal of Arid Environment 104: 106–15.
Olsen, S.R., F.S. Watanabe, H.R. Cosper, W.E. Larson, and L.B.
Nelson. 1954. “Residual Phosphorus Availability in Long-Time
Rotations on Calcareous Soils.” Soil Science 78: 141–52.
Peñuelas, J., I. Jannssens, P. Ciais, M. Obersteiner, and J. Sardans.
2020. “Anthropogenic Global Shifts in Biospheric N and P
Concentrations and Ratios and their Impacts on Biodiversity,
Ecosystem Productivity, Food Security, and Human Health.”
Global Change Biology 26: 1962–85.
Peñuelas, J., B. Poulter, J. Sardans, P. Ciais, M. van der Velde, L.
Bopp, O. Boucher, et al. 2013. “Human-Induced Nitrogen–
Phosphorus Imbalances Alter Natural and Managed Ecosystems across the Globe.” Nature Communications 4: 2934.
R Development Core Team. 2020. R: A Lnguage and Environment
for Statistical Computing. The R Foundation for Statistical
Computing, Vienna.
Ren, H., Z. Xu, F. Isbell, J. Huang, X. Han, S. Wan, S. Chen, R. Wang,
D. Zeng, and Y. Jiang. 2017. “Exacerbated Nitrogen Limitation
Ends Transient Stimulation of Grassland Productivity by
Increased Precipitation.” Ecological Monographs 87: 457–69.
Richter, D., H.L. Allen, J. Li, D. Markewitz, and J.A. Raikes. 2006.
“Bioavailability of Slowly Cycling Soil Phosphorus: Major
Restructuring of Soil P Fractions over Four Decades in an
Aggrading Forest.” Oecologia 150: 259–71.
Schleuss, P.M., M. Widdig, A. Heintz-Buschart, K. Kirkman, and M.
Spohn. 2020. “Interactions of Nitrogen and Phosphorus
Cycling Promote P Acquisition and Explain Synergistic PlantGrowth Responses.” Ecology 101: e03003.
Scott, J.T., and L.M. Condron. 2005. “Short Term Effects of Radiata
Pine and Selected Pasture Species on Soil Organic Phosphorus
Mineralisation.” Plant and Soil 266: 153–63.
Sommers, L.E., and D.W. Nelson. 1972. “Determination of Total
Phosphorus in Soils: A Rapid Perchloric Acid Digestion Procedure.” Soil Science Society of America Journal 36: 902–4.
Thomas, R.L., R.W. Sheard, and J.R. Moyer. 1967. “Comparison of
Conventional and Automated Procedures for Nitrogen,
Phosphorus, and Potassium Analysis of Plant Material using a
Single Digestion.” Agronomy Journal 59: 240–3.
Tian, Q., N. Liu, W. Bai, L. Li, J. Chen, P.B. Reich, Q. Yu, et al.
2016. “A Novel Soil Manganese Mechanism Drives Plant
Species Loss with Increased Nitrogen Deposition in a Temperate
Steppe.” Ecology 97: 65–74.
Tran, C.T.K., S.J. Watts-Williams, R.J. Smernik, and T.R.
Cavagnaro. 2020. “Effects of Plant Roots and Arbuscular
Mycorrhizas on Soil Phosphorus Leaching.” Science of the
Total Environment 722: 137847.

WANG ET AL.

Turner, B.L., and M.S.A. Blackwell. 2013. “Isolating the Influence
of pH on the Amounts and Forms of Soil Organic Phosphorus.” European Journal of Soil Science 64: 249–59.
Turner, B.L., T. Brenesarguedas, and R. Condit. 2018. “Pervasive
Phosphorus Limitation of Tree Species but Not Communities
in Tropical Forests.” Nature 555: 367–70.
Vu, D.T., C. Tang, and R. Armstrong. 2008. “Changes and Availability
of P Fractions Following 65 years of P Application to a
Calcareous Soil in a Mediterranean Climate.” Plant and Soil 304:
21–33.
Wang, X., D. Cai, C. Grant, W.B. Hoogmoed, and O. Oenema. 2018.
“Changes in Regional Grain Yield Responses to Chemical
Fertilizer Use in China over the Last 20 years.” Journal of Soil
Science and Plant Nutrition 18: 312–28.
Wang, J., W. Liu, M.U. Hanfeng, and T. Dang. 2010. “Inorganic
Phosphorus Fractions and Phosphorus Availability in a
Calcareous Soil Receiving 21-year Superphosphate Application.”
Pedosphere 20: 304–10.
Wang, X.G., S.A. Sistla, X.B. Wang, X.T. Lü, and X.G. Han. 2016.
“Carbon and Nitrogen Contents in Particle–Size Fractions of
Topsoil along a 3000 km Aridity Gradient in Grasslands of
Northern China.” Biogeosciences 13: 3635–46.
Wang, C., X.B. Wang, D.W. Liu, H.H. Wu, X.-T. Lü, Y.T. Fang, W.
X. Cheng, et al. 2014. “Aridity Threshold in Controlling Ecosystem Nitrogen Cycling in Arid and Semi-Arid Grasslands.”
Nature Communications 5: 4799.
Wang, R.Z., J.J. Yang, H.Y. Liu, J. Sardans, Y.H. Zhang, X.B. Wang, C.Z.
Wei, et al. 2021. “Nitrogen Enrichment Buffers Phosphorus Limitation by Mobilizing Mineral-Bound Soil Phosphorus in Grasslands.”
Dryad, dataset. https://doi.org/10.5061/dryad.nzs7h44pb.
Wassen, M.J., J. Schrader, J. van Dijk, and M.B. Eppinga. 2021.
“Phosphorus Fertilization is Eradicating the Niche of Northern
Eurasia’s Threatened Plant Species.” Nature Ecology & Evolution 5: 67–73.
Wieder, W.R., C.C. Cleveland, W.K. Smith, and K. Todd-Brown.
2015. “Future Productivity and Carbon Storage Limited by
Terrestrial Nutrient Availability.” Nature Geoscience 8: 441–4.
Yu, G., Y. Jia, N. He, J. Zhu, Z. Chen, Q. Wang, S. Piao, X. Liu, H. He,
and X. Guo. 2019. “Stabilization of Atmospheric Nitrogen Deposition in China over the Past Decade.” Nature Geoscience 12: 424–9.
Yuan, Z.Y., and H.Y.H. Chen. 2009. “Global-Scale Patterns of Nutrient Resorption Associated with Latitude, Temperature and
Precipitation.” Global Ecology and Biogeography 18: 11–8.
Zemunik, G., B.L. Turner, H. Lambers, and E. Laliberté. 2015.
“Diversity of Plant Nutrient-Acquisition Strategies Increases
during Long-Term Ecosystem Development.” Nature Plants 1:
15050.
Zhang, Y., J. Feng, M. Loreau, N. He, X. Han, and L. Jiang. 2019.
“Nitrogen Addition Does Not Reduce the Role of Spatial Asynchrony in Stabilising Grassland Communities.” Ecology Letters
22: 563–71.
Zhang, Y., M. Loreau, X. Lü, N. He, G. Zhang, and X. Han. 2016.
“Nitrogen Enrichment Weakens Ecosystem Stability through
Decreased Species Asynchrony and Population Stability in a
Temperate Grassland.” Global Change Biology 22: 1445–55.
Zhang, Y., X. Lü, F. Isbell, C. Stevens, X. Han, N. He, G. Zhang, Q.
Yu, J. Huang, and X. Han. 2014. “Rapid Plant Species Loss at
High Rates and at Low Frequency of N Addition in Temperate
Steppe.” Global Change Biology 20: 3520–9.

ECOLOGY

Zhu, J., Z. Chen, Q. Wang, L. Xu, N. He, Y. Jia, Q. Zhang, and G.
Yu. 2020. “Potential Transition in the Effects of Atmospheric
Nitrogen Deposition in China.” Environmental Pollution 258:
113739.

S UP PO RT ING IN FOR MAT ION
Additional supporting information may be found in the
online version of the article at the publisher’s website.

15 of 15

How to cite this article: Wang, Ruzhen,
Junjie Yang, Heyong Liu, Jordi Sardans,
Yunhai Zhang, Xiaobo Wang, Cunzheng Wei, et al.
2022. “Nitrogen Enrichment Buffers Phosphorus
Limitation by Mobilizing Mineral-Bound Soil
Phosphorus in Grasslands.” Ecology e3616. https://
doi.org/10.1002/ecy.3616

