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Abstract

Aims Phosphorus (P) addition can help restore
degraded Chinese grasslands. Soil P-availability
affects the plant niche dynamics. However, the
dynamics of niche characteristics are not yet under-
stood, particularly for above- and belowground differ-
ences between species and plant—-microbe interactions
that generate these dynamics.
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Methods We conducted a long-term field P-fertiliza-
tion experiment (0 to 12.5 g P m~2 year™') to explore
the impacts of P addition on the niche dynamics of
a competitive forb (Chenopodium aristatum, a non-
mycorrhizal C, plant) and a dominant grass (Leymus
chinensis, a mycorrhizal C; plant) in a temperate
grassland in Inner Mongolia, northern China.

Results Phosphorus addition greatly changed the
niche and exacerbated aboveground competition
between C. aristatum and L. chinensis. Competitive
exclusion of L. chinensis occurred at all levels, except
P, 5. Photosynthesis and above- and belowground
morphology of C. aristatum responded more to P,
due to its high photosynthetic plasticity and nutrient
resorption, which was associated with its competi-
tive advantage. Although NO peaked at P, 5, carbon
assimilation and rhizosheath microbial biomass of L.
chinensis were optimal. Alleviated NO at P5 and P, 5
was associated with segregation of root morpholo-
gies and rhizosheath microbial composition. How-
ever, surplus niches at P5 and P,, 5 were occupied by
invasive sub-shrubs, associating with the mismatched
plant-microbe feedbacks of C. aristatum and L.
chinensis.

Conclusions Our findings suggest that rhizosheath
microbes mediate trade-offs between a host plant’s
P-conservation and acquisition and highlight the
importance of above- and belowground co-responses
to community productivity and stability under P
addition.
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Introduction

Grassland ecosystems play an important role in
maintaining biodiversity, the global carbon balance,
and soil stability in terrestrial ecosystems (Shi et al.
2021). In China, grasslands account for 41.7% of the
total land area, and provide 3 x 10® to 4 x 10%t of high-
quality forage every year (Xu et al. 2013). However,
most grassland ecosystems are facing degradation,
threatening their forage yield and ability to provide
ecosystem services (Graux et al. 2020). Phosphorus
(P) is a limiting factor for productivity in many grass-
lands (Gong et al. 2020). Severe P deficiencies in
grasslands result from unsustainable grazing, global
climate change, and long-term nitrogen (N) deposi-
tion (Bai et al. 2008; Diaz et al. 2006; Lie et al. 2022).
Reasonable P-fertilization levels alleviate P defi-
ciency in grassland ecosystems and maintain produc-
tivity (Cordell et al. 2009). Nonetheless, P-addition
increases above-ground biomass but may also alters
the niche characteristics of species, thereby reducing
species richness (van der Sande et al. 2017). Hence,
determining how species spatial assembling and
grassland productivity and stability respond to a soil
P availability gradient can support efforts to improve
the knowledge of the ecological niche theory and
improve management of P fertilization under global
change (Reich et al. 2003; Higgins et al. 2012; Fres-
chet et al. 2020; Qaswar et al. 2020).

Long-term P fertilization strongly influences an
ecosystem’s functional composition, which greatly
influences grassland productivity and stability
(Garcia-Palacios et al. 2018; Li et al. 2021). In gen-
eral, the relative dominance of grasses, specifically
the herbaceous plants in Gramineae family, strongly
contributes to the stability of grassland in northern
China (Chen et al. 2016). Soil P availability criti-
cally affects the niche dynamics of coexisting plant
(Wassen et al. 2021). Unfortunately, inappropriate
P addition may promote the relative dominance of
competing forbs and shrubs, causing a decrease in
grassland stability (Liu et al. 2018). The competi-
tion—facilitation and displacement—coexistence pro-
cesses under P-addition gradient between coexist-
ing grasses, forbs and shrubs lead to niche overlap
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(NO) and differentiation (Ashton et al. 2010; Holt
2009; Silvertown 2004; Avila-Lovera et al. 2021).
Under high P-addition, species with large niche
width, typically forbs, could effectively utilized
the increased P availability, gaining a competitive
advantage in inter-species competition and leading
to lower species diversity (Austin and Meyers 1996;
Richardson et al. 2011). Conversely, under proper
edaphic P level, species richness can be drove by
niche differentiation resulting from diverse P strat-
egies (Phoenix et al. 2020). Therefore, it is neces-
sary to improve our understanding of the responses
of niche characteristics of a grassland’s dominant
grass and forb species to P addition and the underly-
ing mechanisms that determine these responses.
Responses of niche characteristics to P addition
result from changes of P acquisition and internal
P utilization of different species, which is present-
ing by above- and belowground morphological
and physiological changes (Lejeune et al. 2006;
Avila-Lovera et al. 2021). Phosphorus addition
may increase the species richness and aboveground
biomass of a grassland community, leading to more
intense interspecific competition (Liu et al. 2018).
Different responses of vegetation cover and plant
height of different functional groups to P fertiliza-
tion could result in stronger competition for light
resources (Copeland et al. 2019; Happonen et al.
2022). In turn, changes in light resources directly
affect the photosynthetic activity of plants (Wang
et al. 2020). Fast-growing C, forbs with higher pho-
tosynthetic P-use efficiency probably decrease the
photosynthesis of co-existing C; grasses by com-
petition for light, resulting in competitive exclusion
under P addition (Ghannoum et al. 2008; Harpole
and Suding 2011). Moreover, the photosynthetic
advantages of C, plants may be increased under P
addition due to their higher light harvesting capac-
ity of PSII compared with that of C;plants (Su et al.
2021; Sun et al. 2021). In addition, soil P availabil-
ity strongly affects plant P status, thereby reducing
nutrient-resorption efficiency (Hayes et al. 2014).
Species with high N-resorption efficiency under
high P addition can maintain a high chlorophyll con-
centration, and this increases their competitiveness
in plant communities (Fiorentini et al. 2019; Yang
2018). Hence, it is critical to explore the responses
of the morphology, photosynthesis, chlorophyll
fluorescence, and nutrient resorption of coexisting
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species with different photosynthetic pathways to
P-addition levels through field investigations.

Belowground morphological and physiological
changes under P fertilization alter P acquisition of dif-
ferent species, thereby changing their niche character-
istics, and higher functional diversity promotes niche
differentiation, which mitigates the negative effects
of niche overlap on community stability (Jacoby and
Kopriva 2019; Kramer-Walter et al. 2016). Segrega-
tion of root architecture occurs under different soil P
availabilities (Walk et al. 2006). More shallow roots,
which are more conducive to absorption of P from
the upper soil, are found in P-deficient soil; in con-
trast, deeper roots are found in fertile soil (Lynch and
Brown 2008; Garlick et al. 2021; Wen et al. 2021).
The root morphological variability of perennials and
annuals under P addition affects species coexistence
(Aschehoug and Callaway 2014). Annual forbs usu-
ally have finer roots, which favor P absorption and are
effective in a soil with a high P availability, whereas
perennial grasses usually have coarser roots, which
tend to be more heavily colonized by arbuscular myc-
orrhizal fungi (AMF) and are effective in a soil with
a moderately low P availability; P addition can mod-
ify these root morphological patterns (Burns et al.
2013; Ma et al. 2018; Wen et al. 2019). Moreover, a
higher soil phosphatase activity from microbes pro-
motes niche separation because it potentially widens
the range of P resources available to the roots (Turner
et al. 2018). Organic P mineralization by microbes
is affected by both P supply and C source (Shi et al.
2023). Most herbaceous plant release C into the
rhizosphere as root exudates, thus maintaining a func-
tional microbial community, in which phosphatase
activity may be altered differently from that in annual
species under P addition (Kidd et al. 2018; Moran
2017; Spohn et al. 2013; Sullivan et al. 2014). Hence,
unraveling how root morphology and the rhizosphere
microbial community respond to P addition will
improve our understanding of the mechanisms driv-
ing niche segregation.

Patterns of plant-microbe feedbacks link above-
and belowground responses under P addition (Hata
et al. 2018; Moran 2017). Plant P status is deter-
mined by the plant’s internal P-resorption efficiency
(PRE) and external soil P acquisition (Cleveland et al.
2013). Patterns of N: P resorption ratios (NRE/PRE)
have the potential to reflect gradients in plant P lim-
itation (Cleveland et al. 2013; Du et al. 2020; Reed

et al. 2012). For external soil P acquisition, acid phos-
phatase per unit of microbial biomass carbon in the
rhizosphere imply increased acid phosphatase release
by root exudation (Peng et al. 2023; Raiesi and
Beheshti 2014). Along a P-availability gradient, there
are trade-offs between internal P resorption and exter-
nal soil P acquisition which greatly affect a plant’s
niche (Peng et al. 2023; Wassen et al. 2021). These
trade-offs are influenced by the rhizosheath microbial
N/P stoichiometry, which is mainly affected by soil
P availability (Zhang et al. 2016). High P addition
may intensify N deficiency in microbes more than in
plants, leading to a difference in the limiting nutrient
for plants and microbes and to an N/P stoichiomet-
ric imbalance (DeForest 2019; DeForest et al. 2021).
These imbalances may change relationships between
microbes and their host plants from symbiotic to par-
asitic (Pathak and Nallapeta 2014; Su et al. 2021). As
N resorption of host plants may not compensate for
the negative effects of rhizosheath microbes, the com-
petitiveness of the host plants may decrease. Thus, an
experiment with multiple levels of P addition would
reveal the N/P stoichiometric thresholds that limit
plants and microbes, and understanding these thresh-
olds is crucial for finding suitable P addition levels to
broaden the niche of desirable dominant species.

To fill some of the gaps in our knowledge, we con-
ducted a long-term P-addition field experiment to
explore the impacts of P-addition levels on an ecosys-
tem’s functional group composition, niche character-
istics, plant morphology, photosynthesis, chlorophyll
fluorescence, nutrient resorption, rhizosheath micro-
bial compositions, soil phosphatase activities, and C:
N: P stoichiometry of plant—-microbe feedbacks for C.
aristatum (a non-mycorrhizal C, forb) and L. chinen-
sis (a perennial rhizomatous mycorrhizal C; grass) in
a typical temperate grassland of northern China. We
tested three hypotheses: (1) C. aristatum will increas-
ingly occupy the niche of L. chinensis under increas-
ing P addition, associated with its more responsive
photosynthetic characteristics; (2) P addition will
modify root morphology, architecture, and rhizos-
heath microbial community composition of L. chin-
ensis and C. aristatum, thereby promoting the niche
separation of these two species, and (3) medium
P addition will promote both carbon assimilation
and rhizosheath microbial biomass of L. chinensis,
whereas high P addition leads to an imbalanced N/P
stoichiometry between plants and microbes.
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Materials and methods
Study site

Our study was conducted in a grassland ecosystem
in Inner Mongolia, China (44°48°’N to 44°49°N,
116°02’E to 116°30’E) with a temperate semi-arid
continental climate. The mean monthly temperatures
ranges from —21 °C in January to 19 °C in August,
and annual precipitation averages 300 mm (Luo et al.
2017). Nearly 80% of precipitation falls during the
growing season from May to September (Luo et al.
2017). In August 2018, the average temperature was
19°C and the total precipitation in that month was 88
mm. The soil type was classified as a Calcic-orthic
Aridisol (based on USDA Soil Taxonomy) and Hap-
lic Calcisols (based on FAO). The soil is composed of
60% sand, 21% clay, and 19% silt, with its formation
originating from eolian parent material. The domi-
nant species is the mycorrhizal C, grass Leymus chin-
ensis (Shi et al. 2021).

Experimental design

The experimental site has been fenced since 2009.
Soil properties before fertilization were presented in
Table 1. Soil (0 to 40 cm) pH was determined by a
glass electrode, total carbon and nitrogen concentra-
tion (soil [C] and [N]) were determined by CN802,
total potassium, calcium, aluminum and sodium
concentration (soil [K], [Ca], [Al], and [Na]) were

Table1 Soil (0 to 40 cm) pH, total carbon concentration
(soil [C]), total nitrogen concentration (soil [N]), total potas-
sium concentration (soil [K]), total calcium concentration (soil
[Ca]), total aluminum concentration (soil [Al]), total sodium
concentration (soil [Na]), and plant-available soil phosphorus
concentration (Olsen [P]) before fertilization in 2014

Traits Value

pH 7.71 (0.09)
Soil [C] (g kg™ 20.77 (1.10)
Soil [N] (gkg™) 1.57 (0.07)
Soil [K] (g kg™) 19.36 (0.54)
Soil [Ca] (g kg™") 38.04 (4.02)
Soil [Al] (gkg™") 40.81 (2.79)
Soil [Na] (g kg™ 15.50 (0.27)
Olsen [P] (mg kg™ 2.47 (0.45)

The values are means (SE) (n=3)
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determined by ICP-OES, and plant-available soil
phosphorus concentration (Olsen [P]) was determined
by a spectrophotometer, these methods of determina-
tions were described below. The plant-available soil
P concentration (Olsen [P]) was 2.5 mg kg_1 at that
time, which is lower than the average concentration of
5.5 mg kg~! in Inner Mongolia (http://www.imaaahs.
ac.cn/). Based on this P concentration, we designed
five P-addition treatments (control, P,, P, s, Ps, and
P,,5) with P fertilizer (orthophosphate, NaH,PO,)
used to create a gradient of soil P with additions of 0,
1,2.5,5 and 12.5 g P m2 year'l, respectively. At the
designated site, we implemented a randomized block
design, consisting of three blocks serving as repli-
cates, separated by a 1.5-meter buffer. Within each
block, we arbitrarily set up plots measuring 6 m x 6 m
(resulting in 15 plots, derived from 5 P treatments and
3 replicates). Phosphorus fertilization has been car-
ried out once per year at the beginning of each grow-
ing season since 2014.

Classification of functional groups, niche
characteristics and overlap, and aboveground growth
rate

Sampling and investigation of the plant commu-
nity was carried out at the peak of the growing sea-
son (August) in 2018, around the time of peak bio-
mass (Bai et al. 2010). We randomly selected three
quadrats (0.5 m X 0.5 m) in each plot, identified each
plant species, and determined the average height, veg-
etation cover (% of soil surface), density (number per
m?), and frequency of each species in each plot. Spe-
cies were classified into five functional groups: per-
ennial rhizomatous grasses (PRs: Leymus chinensis),
perennial bunchgrasses (PBs: Cleistogenes squar-
rosa and Stipa grandis), perennial forbs (PFs: Thal-
ictrum petaloideum, Carex breviculmis, Melilotoides
ruthenicus, Convolvulus ammannii, and Medicago
sativa), annuals (ANs: Chenopodium aristatum, Sal-
sola collina, and Chenopodium glaucum), and sub-
shrubs (SSs: Artemisia frigida). Based on these data,
we calculated the number of species (S) and the rela-
tive cover (RC), relative density (RD), relative height
(RH), and relative frequency (RF) of each species,
then calculated the importance value (IV; Simpson
1949) of each species, the Simpson index, the Shan-
non—Wiener index, and Pielou’s index of the commu-
nities, as well as the niche overlap (NO; Pianka 1973)
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of C. aristatum and L. chinensis in the five P-addition
treatments (units for all variables used in the equa-
tions were presented in Table S1):

_ RC; +RD; +RH,; + RF;

v, : )
. . s )

Simpson index = 1 — ZM 1v; 2)
. . s

Shannon-Wiener index = — Zi=1 1V;InlV, 3)

Pielou’s E = H'/InS 4)

M (IVyx 1V,
Pianka’s NO = ! Wy 2 )

r 2 r 2
\2/ 1 Vi X 2 1V

Where 1V; is the importance value of species i in
quadrat j; IV,; is the importance value of species & in
quadrat j; N, is the total importance value of species
i; r is the number of quadrats; and the range of NO is
[0, 1].

We also calculated the niche optima and the bor-
ders of niche width of each species on the soil availa-
ble P gradient using mathematical models. Integrating
the method by Boisson et al. (2020), we opted for the
Generalized Additive Model (GAM) with a restricted
maximum likelihood (REML) to simulate the relative
density of each species along the P-addition gradi-
ent. The best-fitting model was selected based on the
Akaike Information Criterion (AIC) from three levels
of smoothness (3, 4, or 5), choosing the model with
the lowest AIC value. The modeling and extraction
of response curve values were conducted using the
‘mgev’ and ‘gratia’ packages in R statistical software.

We harvested the plants in each quadrat at the same
time. Aboveground parts of the same species in each
quadrat were placed in the same bag. The samples were
taken back to the laboratory, placed in an oven, and
dried at 65°C to a constant weight, and then weighed
to determine the mean aboveground biomass (AGB) of
each species and functional group in each plot.

We also collected three to five representative intact
individuals of C. aristatum and L. chinensis with
uniform size in each plot in early July and August
of 2018 and measured their individual aboveground

biomass. We calculated the aboveground growth rate
(AGR) as follows:

AGBAugusl - AGBJuly

AGR = -
time

(©)

Sampling, photosynthetic and fluorescence
measurements, and morphological similarity

Sampling and investigation of photosynthesis, fluo-
rescence and morphology were carried out on 15th
August in 2018. In each plot, we chose 10 to 15
undamaged individuals of C. aristatum and L. chin-
ensis with uniform size and used their mature leaves
to measure the net photosynthetic rate (A) and stoma-
tal conductance (g,). We measured the photosynthetic
light response (over a range of light intensities from
0 to 2500 umol m~2 s~! photosynthetic photon flux
density [PPFD]) and measured CO,-response curves
(under 1500 umol m™? s™! PPFD and a CO, concen-
tration gradient from 0 to 1800 umol mol~") between
09:00 and 11:00 using a portable photosynthesis sys-
tem (LI-6400XT; LI-COR, Lincoln, NE, USA). We
calculated the intrinsic water-use efficiency (iWUE)
as A/g, (Guerrieri et al. 2019). We computed the max-
imum photosynthetic rate (A,,,,) and light-saturation
point (LSP) using the method of (Ye 2007), and the
maximum carboxylation efficiency (V,,,,) and maxi-
mum electron transport rate ( ) based on the meth-
ods of Farquhar et al. (1980).

We measured chlorophyll fluorescence with a
fluorescence meter (LI-6400XT-40a; LI-COR, Lin-
coln, NE, USA). Before measuring each sample,
leaves were wrapped with tinfoil for more than 40
min to allow dark adjustment. We then recorded the
maximum fluorescence (F,,) and minimum fluores-
cence (F,) in the dark. Next, we allowed the same
leaves to undergo light adjustment at 200 umol m™>2
s~! PPFD for 20 min, and then measured the mini-
mum fluorescence in the light (F,’), maximum flu-
orescence in the light (F,,’), variable fluorescence
(F,), and the steady-state fluorescence (F) after A
stabilized. After these measurements, we calculated
the maximum quantum efficiency of photosystem
II (PSII; F/F) and quantum efficiency of PSII
(F,/F,’) (Demmig-Adams et al. 1996; Maxwell
and Johnson 2000) as follows:

Jmax
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Fv/sz(Fm_Fo)/Fm (7)

Fy/Fp = (Fo —Fy)/Fu (8)

We then excavated the plants used for the gas-
exchange measurements in each plot, aiming to avoid
damaging the roots as much as possible, and marked
the roots at a depth of 5 cm below the surface to iden-
tify the near-surface roots. Roots of other species
were removed. These individuals were used to deter-
mine the leaf area (LA), specific leaf area (SLA, which
equals LA divided by the oven-dry leaf weight), root
biomass, fine root morphology, and the manganese
(Mn) and total chlorophyll (7C) concentrations of the
mature leaves and the C, N, and P concentrations of
the mature leaves and fresh leaf litter. We calculated
the similarity of height and leaf area as:

Plant height similarity = 1 — (heightii — heighzkj) [height;
)
LA similarity = 1 — (LA; — LA;) /LA, (10)

where height; and LA;; are the mean plant height and

mean LA of species i in quadrat j, respectively, and
height,; or LA,; is the mean plant height and mean LA
of species k in quadrat j, respectively.

We extracted chlorophyll from the mature leaves
using 95% (v/v) ethanol in darkness at 25 °C. We then
measured and calculated the total chlorophyll concen-
tration (7C) using the equations of Fargasova (1996).
We then calculated the total chlorophyll concentration
per unit leaf area (Chly,,,) as TCXSLA.

We defined the rhizosheath soil as the soil that
adhered to the roots after shaking the plants to remove
loose soil (Li et al. 2007), pH, acid phosphatase
(AP) activity, soil microbial biomass P, C, and N,
and microbial phospholipid fatty acids (PLFAs; as
detailed below).

Fine root morphology

We separated the rhizomes of L. chinensis from their
fine roots. We then carefully brushed the fine roots to
remove soil so we could identify living and dead roots.
We removed the dead roots and rinsed the living roots,
and then determined their fresh weight. We then used
a flatbed scanner (400 dpi resolution; DS-6500; Seiko
Epson, Nagano, Japan) to scan the roots. We measured
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the total root length using the WinRHIZOPro root anal-
ysis program (Version 2004a; Regent Instruments Inc.,
Quebec City, QC, Canada). We then severed the roots
at 5 cm below the ground surface (since more than 72%
of belowground-biomass was found in the top 10 cm of
the soil and total P concentration in 0-5 cm soil layer
was 15.9-183% higher than that in 5-10 cm soil layer)
and measured the root length in this near-surface (top-
soil, 0-5 cm) and the total root length. We measured
root shallowness as the root length in the topsoil layer
divided by the total root length (RLy/RLy). We then cal-
culated the specific root length (SRL, the length per unit
dry mass).

Nutrient concentrations and stoichiometry, and
nutrient resorption efficiency

We dried 200-mg samples of mature leaves and fresh
leaf litter of C. aristatum and L. chinensis for 48 h at
65 °C, then ground them into a powder with a grinder.
0.2 g of powder was placed into a polytetrafluoroethyl-
ene digestion vessel with 2 mL of nitric acid. After cold
digestion for 4 h, liquid was transferred to a stainless
steel jacketed vessel. Then the vessel was placed in an
oven at 165 °C for 4 h. After cooling, we diluted the
liquid with ultrapure water to a volume of 10 mL. Then
the P and Manganese (Mn) concentration of these sam-
ples were determined by inductively coupled plasma
optical-emission spectroscopy (ICP-OES; OPTIMA
3300 DV, Perkin-Elmer Inc., Waltham, MA, USA).
Manganese concentration of mature leaves has been
used as a proxy for the rhizosphere carboxylic acid con-
centration (Pang et al. 2018). We measured the carbon
(C) and nitrogen (N) concentrations using an elemental
analyzer (CN802, VELP Scientifica Srl, Usmate Velate,
Italy). We then calculated the mature leaf C: N: P.

We computed photosynthetic P- and N-use effi-
ciency (PPUE and PNUE, respectively; Onoda et al.
2004) and P and N resorption efficiency (PRE and
NRE, respectively; Du et al. 2020) as follows:

A, X SLA
PPUE(or PNUE) = —2x 7" (12)

CML

FLL » 100% (13)

Gy —C
PRE(or NRE) = MLC—
ML
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where Cyy is the P or N concentration in mature
leaves and Cyy; is the P or N concentration in fresh
leaf litter.

Soil properties, microbial biomass C: N:P,
phosphatase activity, and microbial PLFAs

We weighed 15-g samples of fresh soil and then oven-
dried the samples at 105 “C for 48 h to calculate the
soil moisture content as [(Fresh weight — Dry weight)/
Dry weight]x100%. Soil Olsen [P] was determined
following the method of Yu et al. (2020) using a spec-
trophotometer (UH5300; Hitachi, Tokyo, Japan), with
absorption at 882 nm. Soil pH was determined in sus-
pension (soil: water, 1: 2 w/w) with a glass electrode.
We determined microbial biomass C (MBC) and N
(MBN) by the method of Vance (1987), and micro-
bial biomass P (MBP) by the method of Brookes et al.
(1982). We then calculatedMBC/MBP, MBC/MBN,
and MBN/MBP. We measured the V., (maximum
reaction velocity) for acid phosphatase activity (AP)
then calculated the specific enzyme activity (Vypmax(s))
by dividing V.. by MBC, following the method of
Raiesi and Beheshti (2014). We determined the rela-
tive P limitation parameter as 1-(NRE/PRE), where
1-(NRE/PRE) <0 indicates that the plant was more
limited by P than N, and defined the external P-acqui-
sition parameter as V.. (Peng et al. 2023; Raiesi
and Beheshti 2014). We also determined internal rel-
ative P abundance parameter as (NRE/PRE)-1.

We extracted the soil PLFAs using the improved
method of Bossio and Scow (1998). The PLFAs
were extracted from fresh soil with a 0.05 M dipotas-
sium phosphate buffer to trichloromethane to methyl
alcohol solution at a ratio of 5:6:12 (v/v/v) followed
by centrifugation at 1041g for 10 min. Total, bacte-
rial (Bac), fungal (Fun), arbuscular mycorrhizal
fungal (AMF), actinomycete (Act), and eukaryote
(Euk) PLFAs were determined with version 6.51 of
the MIDI Sherlock Microbial Identification System
(MIDI Inc., Newark, DE, USA) using a gas chroma-
tograph (7890a; Agilent Technologies, Santa Clara,
CA, USA).

Statistical analyses
Statistical analyses were conducted with version

22.0 of the SPSS software (SPSS Inc., Chicago,
IL, USA). When the variance was homogeneous,

one-way ANOVAs followed by LSD tests were per-
formed to test the effects of five P-addition levels
on traits of different species, and when the variance
was heterogeneous, Welch’s ANOVA followed by
Games-Howell tests were performed. We checked
percent-percent plots for normality using the Kol-
mogorov—Smirnov test before analysis, and all data-
sets were normally distributed. Differences were
identified as significant at p <0.05. We examined
the relationships between P-addition level with
Shannon-Wiener index, Simpson index, and Pie-
lou’s E, AGB of C. aristatum with AGB of L. chin-
ensis, and Height similarity with NO using linear
regression models.We used version 4.1.2 of the R
software (https://www.r-project.org/) to perform lin-
ear regressions and calculate correlations between
variables and to perform principal components
analysis (PCA). We used Spearman’s correlation
coefficient (r) to quantify the strength of the corre-
lations between traits. We used PCA to analyze the
above- and belowground morphological and physi-
ological changes that affected the niche character-
istics of C. aristatum and L. chinensis at different
P-addition level.

Results
Niche characteristics

Along the P-addition gradient, Chenopodium
aristatum, Chenopodium glaucum, Stipa grandis,
and Medicago sativa presented niche optima at the
highest level (P, 5; 64.0 mg kg™! Olsen [P]); Melil-
otoides ruthenicus, Thalictrum petaloideum, Cleis-
togenes squarrosa, Salsola collina, and Convolvu-
lus ammannii presented niche optima at the lowest
level (Control; 5.18 mg kg_1 Olsen [P]); while Ley-
mus chinensis, Carex breviculmis and Artemisia
frigida had niche optima ranging from 21.6 to 44.8
mg kg~! Olsen [P] (Figs. la, S4). Leymus chinen-
sis had niche optima at 21.6 mg kg™! Olsen [P] and
showed the highest niche width among 12 species
(Figs. 1a, S4). Niche overlap (NO) of C. aristatum
and L. chinensis increased significantly, reaching its
peak at P, s, then decreased, but the decrease was
not significant (Fig. 1b).
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Fig. 1 a Modelled realized niches sorted by niche optima
along soil available P gradient (5.18-64.00 mg kg™') by gen-
eralized additive models (GAMs) for 12 species under P-addi-
tion gradient. Green triangles are the niche optima of species
determined by the gradient value of the relative density. Grey
straight lines are the niche widths calculated by the difference
between the borders of area of 80% under GAM-curve, and
empty dots and orange dots are the lower limits (LL) and upper
limits (UL), respectively. b Niche overlap (NO) of Chenopo-
dium aristatum and Leymus chinensis (n = 3) and (c) above-

Importance values and biomass for the functional
groups and community diversity

The importance values (IV) of different species
and functional groups differed significantly among
P-addition levels (Table S2). The IV of perennial rhi-
zome grasses (PRs) and perennial bunchgrasses (PBs)
were the highest among all functional groups in the
control and at P, 5 and P5, whereas the /V of annu-
als (ANs) was highest at P, and P, 5. IV of the PRs
decreased significantly at P, and P,,s, whereas the
1V of PBs did not change with increasing P addition,
except for a significant decrease at P, for S. grandis.
The IV of perennial forbs (PFs) generally decreased
significantly at all P-addition levels, but especially
at P,. The IV of all ANs increased significantly at P,
(to 171.7% of the corresponding value in the control)
and P, 5. The sub-shrubs (SSs) functional group only
showed a non-zero IV at Ps and P, s.
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AGB of C. aristatum (g m™)

ground biomass (AGB) of functional groups (n = 9) of the
grassland communities under different P-addition levels: P,
P, s, Ps, and P, s represent P addition at 1, 2.5, 5, and 12.5 g P
m? year'!, respectively. Trait abbreviations as in Table S1. The
values are means + SE. Values of a parameter labeled with dif-
ferent lowercase and capital letters differ significantly between
P addition levels for a given species and between species at a
given P level, respectively (p < 0.05). d NO plotted against the
height similarity of C. aristatum and L. chinensis. e AGB of L.
chinensis plotted against AGB of C. aristatum

Mean aboveground biomass (AGB) of the commu-
nity increased with increasing P addition, reaching its
peak value of 129 g m~2 at Ps, and then decreased,
but not significantly (Fig. 1a). The AGB of the PRs
accounted for 63, 20, 68, 31, and 19% of community
aboveground biomass in the control at P,, P, 5, Ps,
and P, 5, respectively; in contrast, AGB of the PBs
showed no significant difference among the P-addi-
tion levels. AGB of the PFs decreased significantly
under P addition, whereas AGB of the ANs increased
significantly, especially at P,. Mean aboveground bio-
mass (AGB) of C. aristatum was significantly nega-
tively correlated with AGB of L. chinensis (P <0.05,
r =-0.7; Fig. le).

Community diversity and evenness differed sig-
nificantly among P-addition levels, though the pattern
differed among indices (Fig. S1). The Shannon-Wie-
ner index and Pielou’s E was significantly positively
correlated with P-addition level (P<0.05; Fig. Sla,
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¢), whereas the Simpson index showed no significant
correlation with P-addition level (Fig. S1b).

Aboveground morphological similarity and growth
rates

Vegetation cover, plant height, and leaf area (LA) of
C. aristatum increased significantly with increasing
P addition, whereas the vegetation cover and plant
height of L. chinensis showed no significant differ-
ence from the control and its LA only increased sig-
nificantly at P, 5 (Fig. 2a-c). Morphological similari-
ties differed under the P-addition levels (Fig. S2). The
height similarity increased significantly with increas-
ing P addition, reaching a peak at P, 5, and leaf area
similarity increased significantly at P, Ps5, and P, s.
Height similarity increased significantly with increas-
ing NO of L. chinensis and C. aristatum (p <0.05,
»=0.71; Fig. 1f).

Specific leaf area (SLA) of C. aristatum decreased
significantly at Ps and P, 5, whereas SLA of L. chin-
ensis decreased significantly only at P, (Fig. 2d).
The aboveground growth rate (AGR) of C. aristatum
increased significantly at P;, Ps, and P, s, whereas

AGR of L. chinensis decreased significantly at P, and
increased significantly at P, 5 (Fig. 2e). The AGR of
C. aristatum was significantly greater than that of L.
chinensis, except in the control and at P, s.

Leaf nutrient status and nutrient-resorption efficiency

Leaf nutrient status and nutrient-resorption efficiency
responded differently to the P-addition levels (Fig. 3).
Leaf [P] of C. aristatum increased significantly at all
P-addition levels, whereas leaf [P] of L. chinensis only
increased significantly at P, 5, Ps, and P, s (Fig. 3a).
Leaf [N] of C. aristatum decreased significantly at Ps
and P, 5, whereas leaf [N] of L. chinensis showed no
significant response to P addition (Fig. 3b). PRE of C.
aristatum did not differ significantly among P-addi-
tion levels, except for a significant decrease at Py, s,
whereas PRE of L. chinensis decreased significantly
at P; and P,,5 (Fig. 3c). Nitrogen-resorption effi-
ciency (NRE) of C. aristatum increased significantly
at all P-addition levels, whereas NRE of L. chinensis
increased significantly at P, s, Ps and P}, 5 (Fig. 3d).
Phosphorus-resorption efficiency (PRE) and NRE of
C. aristatum were significantly greater than those of
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Fig. 2 a Vegetation cover, b height, ¢ leaf area (LA), d spe-
cific leaf area (SLA), and (e) aboveground growth rate (AGR)
of Chenopodium aristatum and Leymus chinensis under differ-
ent P-addition levels: P, P, 5, Ps, and P,, 5 represent P addition
at1,2.5,5 and 125 gP m~2 year_l, respectively. Trait abbre-

viations as in Table S1. The values are means (SE) (n=9). Val-
ues of a parameter labeled with different lowercase and capital
letters differ significantly between P addition levels for a given
species and between species at a given P level, respectively
(p<0.05)
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Fig. 3 Leaf (a) phosphorus concentration ([P]) and (b) nitro-
gen concentration ([N]), and the (c¢) phosphorus-resorption
efficiency (PRE) and (d) nitrogen-resorption efficiency (NRE),
and (e) the relative P limitation (1-(NRE/PRE)) of Chenopo-
dium aristatum and Leymus chinensis under different P-addi-
tion levels. P, P, 5, Ps, and P, 5 represent P addition at 1, 2.5,

L. chinensis at all P-addition levels. The relative P
limitation of C. aristatum and L. chinensis decreased
significantly with increasing P addition, and the rela-
tive P limitation of C. aristatum was significantly
more severe than that of L. chinensis, except at P, 5
(Fig. 3e).

Photosynthetic parameters, fluorescence parameters,
intrinsic water-use efficiency, and photosynthetic N-
and P-use efficiency

The photosynthetic parameters, fluorescence param-
eters and total chlorophyll per unit leaf area (Chlyy,)
of C. aristatum and L. chinensis differed significantly
among P-addition levels (Fig. 4). The net photosyn-
thetic rate (A) of C. aristatum increased significantly
with increasing P addition, especially at P;, whereas
the A of L. chinensis increased significantly only at P, 5
(Fig. 4a). The maximum photosynthetic rate (A,,,),
maximum carboxylation efficiency (V,,,,,), and maxi-
mum electron-transport rate (J,,,,) of C. aristatum
increased significantly at P;, whereas V.. and J,,
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5, and 12.5 g¢ P m~2 year™!, respectively. Trait abbreviations
as in Table S1. The values are means (SE) (n=9). Values of
a variable labeled with different lower-case and capital letters
differ significantly between P-addition levels for a species and
between species at a given P level, respectively (p <0.05)

of L. chinensis increased significantly at P, 5 and P;
(Fig. 4b, d, e). The light-saturation point (LSP) of
C. aristatum increased significantly only at P,s and
Ps, while LSP of L. chinensis increased significantly
under P addition (Fig. 4c). Intrinsic water-use effi-
ciency (iWUE) of C. aristatum increased significantly
at all P-addition levels, whereas iWUE of L. chinen-
sis increased significantly at P, 5 and Py (Fig. 4f). The
maximum quantum efficiency of PSII (F,/F,) and
energy-harvesting efficiency of PSII (F,/F,’) of C.
aristatum showed no significant difference from the
control under P addition, while for L. chinensis, F/F,,,
F/IF, and Chly,, increased significantly at P, 5 or
P, 5 or at both levels (Fig. 4g, h). The total chloro-
phyll concentration per unit leaf area of C. aristatum
increased significantly at P;, but decreased signifi-
cantly at P, 5; Chly,,,, of L. chinensis increased at P, 5
(Fig. 4i). Photosynthetic P-use efficiency (PPUE) of
both species decreased significantly at all P-addition
levels (Fig. 4j, k). Photosynthetic N-use efficiency
(PNUE) of C. aristatum increased significantly at P,
P, s, and Ps, whereas PNUE of L. chinensis showed no
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Fig. 4 a-e Photosynthetic characteristics, f intrinsic water-use
efficiency (iWUE), g-h chlorophyll fluorescence parameters, i-
Jj photosynthetic nitrogen (N)- and phosphorus (P)-utilization
efficiency (PNUE and PPUE), and (k) total chlorophyll per
unit leaf area (Chlyy,) of Chenopodium aristatum and Ley-
mus chinensis under different P-addition levels: P, P, 5, Ps, and

significant response to P addition. Net photosynthetic
rate, F\/F,, F/F,’, and iWUE of C. aristatum were
generally higher than those of L. chinensis.

For C. aristatum, AGB was significantly positively
correlated with leaf [P] and NRE (Fig. 5a). Plant height
was significantly positively correlated with LSP and
iWUE, and vegetation cover was significantly positively
correlated with A, A<, Vemax> and F\/F .. For L. chinen-
sis, AGB and AGR was significantly positively correlated
with A and J,,,, (Fig. 5b). In addition, height was signifi-

cantly positively correlated with Chly,,;, and vegetation
cover was significantly positively correlated with PPUE.

Belowground morphology and architecture

The belowground morphology and architecture of
C. aristatum and L. chinensis differed significantly
among the P-addition levels (Fig. 6). Root diameter
(RD) of C. aristatum decreased significantly, whereas
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P,, 5 represent P addition at 1, 2.5, 5, and 12.5 g P m™2 year™!,
respectively. Trait abbreviations as in Table 1. The values are
means (SE) (n=9). Values of a variable labeled with differ-
ent lower-case and capital letters differ significantly between
P-addition levels for a species and between species at a given P
level, respectively (p <0.05)

RD of L. chinensis showed no significant change under
P addition (Fig. 6a). Specific root length (SRL) of C.
aristatum increased significantly under P addition,
whereas SRL of L. chinensis generally decreased sig-
nificantly, except for an increase at P, 5 (Fig. 6b). Root
shallowness (RLg/RLy) of C. aristatum showed no sig-
nificant change under P addition, whereas RLy/RLy of
L. chinensis increased significantly at P, but decreased
significantly at P and P,, 5 (Fig. 6¢). Root: shoot ratio
of C. aristatum decreased significantly at P5 and P, s,
while R/S of L. chinensis showed no significant change
under P addition (Fig. 6d). Leaf [Mn] of C. aristatum
decreased significantly at all P-addition levels, whereas
leaf [Mn] of L. chinensis increased significantly at P, s,
Ps, and P, (Fig. 6e). Root diameter of L. chinen-
sis was significantly higher than that of C. aristatum,
whereas SRL and leaf [Mn] of C. aristatum was signifi-
cantly higher than that of L. chinensis.
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Fig. 5 Spearman’s correlations (r) among aboveground bio-
mass (AGB), aboveground growth rate (AGR), height, veg-
etation cover, leaf phosphorus (P) concentration ([P]), total
chlorophyll per unit leaf area (Chly,,;), net photosynthetic rate
(A), maximum photosynthetic rate (A,,,,), intrinsic water-use
efficiency (iWUE), maximum carboxylation efficiency (V.-
maximum electron transport rate (J,,.), Light-saturation point
(LSP), maximum quantum efficiency of PSII (F,/F,,), photo-
synthetic nitrogen (N)- and phosphorus (P)-utilization effi-
ciency (PPUE and PNUE), phosphorus-resorption efficiency
(PRE) and (d) nitrogen-resorption efficiency of (a) Cheno-
podium aristatum and (b) Leymus chinensis under different
P-addition levels. Trait abbreviations as in Table S1. Signifi-
cance: *p<0.05, **p<0.01, and ***p <0.001

Biochemical traits in the rhizosheath and bulk soil

The chemical traits of the rhizosheath and bulk soil
differed among P-addition levels. Olsen [P] and pH
increased significantly with increasing P addition for
both species, and the increase of Olsen [P] in the rhizos-
heath soil was greater than that in the bulk soil, espe-
cially for the rhizosheath of C. aristatum (Fig. 7a, b).
The topsoil (0 to 5 cm) showed higher Olsen [P] but a
lower moisture content than the subsoil did (5 to 10 cm;
Table S3). Acid phosphatase activity (AP) decreased
with increasing P addition, and the difference became
significant at P, or P, 5 and the decrease of AP in the
bulk soil was greater than that in the two rhizosheath
soils (Fig. 7d). The decrease of specific AP (Vypnax (5)
in the rhizosheath soil of C. aristatum was generally
greater than that of L. chinensis (Table S4).

Microbial biomass and its compositions in the
rhizosheath and bulk soil responded differently to
P addition (Figs. 7e, f, S3). The concentration of
total phospholipid fatty acids (PLFAs) increased
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significantly with increasing P addition in the rhizos-
heath of C. aristatum, whereas in the rhizosheath of L.
chinensis, total PLFAs increased significantly, reach-
ing a peak at P, 5, and then decreased (Fig. S3a). The
trends for bacterial (Bac), actinomycete (Act), and
eukaryotic (Euk) PLFAs in the rhizosheaths of C.
aristatum and L. chinensis were similar to the trends
for total PLFAs (Figs. 7e, S3c, d). AMF and fungal
(Fun) PLFAs in the bulk soil and the rhizosheath soil
of C. aristatum decreased with increasing P addition,
whereas AMF and fungal PLFAs in the rhizosheath
soil of L. chinensis increased under P addition, espe-
cially at P, s.

Trade-offs between internal and external P strategies,
plant—microbe stoichiometry, and differential
responses of above- and belowground characteristics

For both C. aristatum and L. chinensis, there were
significant negative correlations between internal rel-
ative P abundance and external P-acquisition param-
eters along the P-addition gradient (Fig. 8a, b). For
C. aristatum, there was no significant correlation
between leaf and soil C: N: P stoichiometry (Fig. 8c),
whereas for L. chinensis, there was a significant posi-
tive correlation between the leaf C: P ratio and the
rhizosheath MBC: MBP ratio (Fig. 8d).

For C. aristatum, we found that principal compo-
nents analysis (PCA) axes 1 and 2 accounted for 82.3
and 86.4%, respectively, of the variation for above- and
belowground traits. For L. chinensis, we found that PCA
axes 1 and 2 accounted for 74.7 and 98.3%, respec-
tively, of the variation for above- and belowground traits.
Based on our PCA, we found differential responses
of above- and belowground characteristics along the
P-addition gradient (Fig. 9). For the aboveground traits
of C. aristatum, PCA 1 and PCA 2 distinctly separated
C. aristatum at P, and Ps from the other P levels and
were associated with a higher A (Fig. 9a); for the above-
ground traits of L. chinensis, PCA 1 and PCA 2 dis-
tinctly separated L. chinensis at P, 5 from the other P lev-
els, with a higher J .., Chly, AGR, AGB, F’/F’, and
A (Fig. 9¢). For the belowground traits of C. aristatum,
PCA 1 and PCA 2 distinctly separated C. aristatum at
P, and P5 from the other P levels, with a higher AGB,
and AGR (Fig. 9b), whereas for belowground traits of
L. chinensis, PCA 1 and PCA 2 distinctly separated L.
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Fig. 6 a Root diameter (RD), b specific root length (SRL), ¢
root shallowness (RLg/RLy), d the root to shoot ratio (R/S), and
(e) the rhizosphere carboxylic acid concentration (proxied by
leaf [Mn]) of Chenopodium aristatum and Leymus chinensis
under different phosphorus (P)-addition levels: P}, P, 5, Ps, and
P, s represent P addition at 1, 2.5, 5, and 12.5 g P m~2 year‘l,

chinensis at P, s from the other P levels, with a higher
AGR, AGB, Act, AMF, Fun, and Euk (Fig. 9d).

Discussion

Responses to P addition along the aboveground niche
axes

Phosphorus addition changes community productiv-
ity and stability by altering the community’s func-
tional composition (Garcia-Palacios et al. 2018;
Avila-Lovera et al. 2021). In the present study, both
aboveground biomass and diversity increased with
increasing P addition. This reveals that interspecific
competition intensified under P addition (Fornara and
Tilman 2009; Liu et al. 2018). Dominance ofL. chin-
ensis (the dominant species at our study site, a per-
ennial mycorrhizal Csgrass) strongly improves grass-
land stability in northern China (Cohen 1994; Li et al.
2019). However, the importance value of a compet-
ing forb (C. aristatum, an annual non-mycorrhizal C,
forb) greatly increased under P fertilization and this

PZ.S PS

PIZ.S

respectively. Trait abbreviations as in Table S1. The values are
means (SE) (n=9). Values of a variable labeled with differ-
ent lower-case and capital letters differ significantly between
P-addition levels for a species and between species at a given P
level, respectively (p <0.05)

species occupied some of the niche of L. chinensis,
especially under low P addition (P,). We observed
significant loss of aboveground biomass by L. chinen-
sis, except under medium P addition (P, 5). Remark-
ably, under relatively high and high P addition (P;
and P, 5), competition between C. aristatum and L.
chinensis decreased slightly; the total aboveground
biomass of the community increased, and surplus
niches were mainly occupied by an invasive sub-
shrub (A. frigida). These results indicate the occur-
rence of reverse succession at P5 and P, s (Li et al.
2019). The competition betweenC. aristatum and L.
chinensis might therefore lead to a decreasing com-
munity stability at P, Ps, and P, 5 (Harpole and Sud-
ing 2011; Ren et al. 2016).

The plant-plant interactions that occur under P
fertilization depend on morphological and physi-
ological changes (Happonen et al. 2022). The veg-
etation cover, plant height, and leaf area (LA) of
C. aristatum increased sharply under P addition
(vegetation cover increased by up to 500% at P,
and up to 225% at Py, ), and aboveground growth
rate (AGR) was enhanced at P,, Ps, and P, 5. These

@ Springer



Plant Soil

o

>
=
=

b

=75
e 8.6
=<
£060
E = 8.4
Bus =
5 %82
2
230
.E
@ 15

0.0

Pp,s Control

_.
=
.
>
=

Sl

SO oAb AD b aB

ERTIk: O B “
Z I, Bagl C

g

£ 8f

%

A 6l

4 ~10 0.6
d [ Rhizo of C. aristatum | 73 € = f
I Rhizo of L. chinensis = E 0.5
3 Bulk % 8| Zost

~3L e 7
< A = 4]

=& Ten Ba| =04
) s 6 I it
= £ 3

32 £ £03
g < 4 s

N = =02
<1 = =
« =2
£ =
£ =
g <

0 0
Control P, Pys Py Control P,

PIZ.S

Fig. 7 Soil (a) Olsen phosphorus (P) concentration ([P]), (b)
pH, (c) soil moisture, (d) acid phosphatase activity (AP), and
the concentrations of (e) bacterial and (f) AMF phospholipid
fatty acids for the Chenopodium aristatum and Leymus chinen-
sis rhizosheaths and in the bulk soil under different P-addition
levels: Py, P, 5, Ps, and Py, 5 represent P addition at 1, 2.5, 5,

C
—
@
—
@

e
=

Pys 00 Control P, Pys Ps Pis
and 12.5 g P m~2 year™!, respectively. Trait abbreviations as
in Table S1. The values are means+SE (n=9). Values of a
parameter labeled with different lowercase letters differ signifi-
cantly (p <0.05) among P-addition levels for a given species or
bulk soil; different capital letters represent significant differ-

ences between the species or bulk soil at a given P addition

% g a C. aristatum g g b
£ - o2 £
E Tenl2 g _E 121
2 = s o0 H
£ Zot £ = op
£ A Z 2
Z = 2 E
5 s =
g E6l T e e g Tl
g = - 2 =
= 2 =
E ;3.P=0.016,/’=0;37 g E 31 P=0.000,7 =056
E g |— y=n -3.927%x+7.82 E N — y=-7.318*x+7.93
1 % 95% Confident band » 95% Confident band
g . ) . . <] 0 I
= 205 0.5 1.0 15 0.5

L. chinensis 1
0.8

C C. aristatum d L. chinensis 0.6

0.4

MBC/MBN f 02

MBC/MBP kKoK 0
MBN/MBP J 0

-0.4

TS S ES B

I F S 08

0.0 K
Internal P abundance parameter
(NRE/PRE-1)

Fig. 8 Correlations between the internal relative Phosphorus
abundance parameter ((NRE/PRE)-1; NRE: nitrogen-resorp-
tion efficiency; PRE: phosphorus-resorption efficiency) and
the external P-acquisition parameters (Vy,max (5): Specific acid
phosphatase activity) of (a) Chenopodium aristatum and (b)

changes might greatly increase biomass accumula-
tion and competitiveness of this species (Baldarelli
et al. 2021). Increased morphological similarity
increases niche overlap, which might lead to com-
petitive exclusion (Huang et al. 2022). Height simi-
larity and niche overlap (NO) were significantly
positively correlated under P addition. This indicates
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Internal P abundance parameter
(NRE/PRE-1)

1.0 -1

Leymus chinensis. Spearman’s correlations () among leaf, fine
root, and rhizosheath soil microbial biomass C: N:P stoichi-
ometry for (¢) C. aristatum and (d) L. chinensis under differ-
ent P-addition levels. Trait abbreviations as in Table 1. Signifi-
cance: *p <0.05, **p <0.01, and ***p <0.001

that greater height plasticity triggered by P addition
might exacerbate interspecific competition (Diaz
et al. 2006; Huang et al. 2022). Specific leaf area
(SLA) is a functional indicator of the leaf area that
intercepts the light (Shipley 2006). TheSLA of C.
aristatum decreased at P5 and P, 5. This means that
C. aristatum tended to adopt a more conservative
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foliar strategy, which would decrease competition for
light at P5 and P, 5 (Kriiger et al. 2017; Wright et al.
2005). In contrast, the plant morphology ofL. chin-
ensis showed no significant responses to P addition,
and AGR increased only at P,s. This means that L.
chinensishad specific traits to respond to soil P avail-
ability that enhanced its biomass accumulation (Shi
et al. 2020).
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phorus-addition levels. P, P, s, Ps, and P, 5 represent P addi-
tion at 1, 2.5, 5, and 12.5 g P m2 year‘l, respectively. Trait
abbreviations as in Table S1

Photosynthesis is the primary physiological pro-
cess that assimilates CO,, and P is an essential sub-
strate and powerful regulator of photosynthesis (Mo
et al. 2019; Sanaei and Ali 2019). C, plants such as
C. aristatum have a higher intercellular CO, concen-
tration, which enhances their rate and efficiency of
carbon assimilation, but this function requires extra
enzyme (PEP carboxylase) and more P (Levey et al.
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2018; Yin and Struik 2011). Phosphorus addition
sharply increased net photosynthetic rate (A) of C.
aristatum, and this was associated with an increased
maximum photosynthetic rate (4,,,,), maximum car-
boxylation rate (V,.,,,), and maximum electro- trans-
port rate (J,,,). This means that P addition increased
the assimilatory power of this species by enhancing
CO,- and light-utilization efficiency (Martini et al.
2019; Slot and Winter 2017). In addition, intrinsic
water-use efficiency ({WUE) and light-saturation point
(LSP) were positively correlated with plant height of
C. aristatum. This indicates that the increase of plant
height might be associated with increased light utili-
zation and water conservation under P addition (Yan
et al. 2013). The large increase ofA at P, (by 135.8%)
was associated with efficient functioning of photosys-
tem II complexes (PSII), which sustained its maxi-
mum quantum efficiency (F,/F ) at around 0.90. This
enhanced photophosphorylation of C. aristatum at
P, (Zhou et al. 2015). Moreover, P, greatly increased
its P status (its leaf [P] increased from 1.56 to 2.53
mg g!), as its leaf N: P ratio decreased from 22.4
to 13.3 (Giisewell 2004). In addition, at P, P- and
N-resorption efficiency (PRE and NRE) were main-
tained, but it sharply increased leaf [P] (by 56.3%)
and total chlorophyll per unit leaf area (Chlyy,; by
25.6%). These changes mean that C. aristatum was
able to modify its foliar N and P economy, and thus
to greatly increase photosynthesis at P, (Warren et al.
2000). Interestingly, at Py, s, although the A of C.
aristatum increased moderately (by 49.5%), its leaf
[N], Chlp,, and V.. decreased significantly. This
suggests that when P addition exceeds a threshold,
N simply became limiting, and hence leaf (Fioren-
tini et al. 2019; Su et al. 2021), which might result
from inhibition of N uptake by microbes (which we
will discuss further in “Belowground niche differ-
ences triggered by P addition” and “Trade-offs in
plant—microbe feedbacks” sections). This severe N
limitation would decrease Rubisco activity and chlo-
rophyll synthesis, leading to decreased photosyn-
thetic P-utilization rate (PPUE) of C. aristatum at
P, s (Smith 2022).

C; photosynthesis is less P-efficient than
C,photosynthesis (Ghannoum et al. 2008). ForL.
chinensis, leaf [P] and A showed no significant
response to P, and this was associated with a low
PPUE. This lack of a response indicates that a pho-
tosynthetic increase of L. chinensis required a larger

@ Springer

P supply than was required by C. aristatum due to the
lower P-use efficiency of Csplants (Ghannoum and
Conroy 2007). Net photosynthetic rate ofL. chinensis
increased greatly (by 75.0%) at P, 5, whereas A did not
increase further under higher P levels; V.. and J ..
also peaked at P, 5. These responses indicate that P, 5
was more suitable for carbon assimilation of L. chin-
ensis than lower or higher P levels. Moreover, L. chin-
ensis maintained its leaf [N], even at P, 5. This can
be attributed to its responsive NRE (by 21.0% at Py, ;
Li et al. 2012; Yang 2018). However, this advantage
of N conservation did not alleviate the loss of niches
byL. chinensis at P;,s, and belowground responses
of this species might determine this niche dynamic
(which we discuss further in “Belowground niche dif-
ferences triggered by P addition” and “Trade-offs in
plant—microbe feedbacks” sections).

In summary, these results support our hypothesis
1: C. aristatum will increasingly occupy the niche of
L. chinensis under P addition and show more respon-
sive photosynthetic characteristics.

Belowground niche differences triggered by P
addition

Stable coexistence between competing species
requires high functional diversity, and P addition
can act as a trigger of niche differences (Jacoby and
Kopriva 2019; Ma et al. 2018; Silvertown 2004). In
our study, P addition promoted segregation of root
depth, root morphology, and microbial mediation
ofC. aristatum and L. chinensis. Segregation of root
architectures can be attributed to soil heterogeneity
(Walk et al. 2006) as a function of depth, as the dif-
ference of the Olsen [P] values between the topsoil (0
to 5 cm) and subsoil (5 to 10 cm) increased from 1.1
mg/kg (in the control) to 44.3 mg/kg (at P,,5). The
root shallowness (RLg/RLy) of L. chinensis decreased
significantly at Ps; and P;,5, whereas that of C.
aristatum was relatively steady at 68.9 to 78.7% along
the P-addition gradient. These different responses
lead to the separation of the root distribution range of
L. chinensis and C. aristatum in the soil profile. These
characteristics help increase root functional diversity,
which was associated with slightly decreased NO at
Ps and Py, 5 (Aschehoug and Callaway 2014; Wijes-
inghe et al. 2005). Moreover, these changes might
also promote differential water acquisition due to the
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spatial separation of rainfall and deep-soil water (Li
et al. 2009; Lynch and Brown 2008).

Root morphological variability under P addition
greatly affects P acquisition, and thus changes the
coexistence of annuals and perennials (Aschehoug
and Callaway 2014; Kramer-Walter et al. 2016). The
specific root length (SRL) of C. aristatum increased
significantly under P addition. This reveals that
its roots could occupy more belowground space
per unit biomass invested, especially at P, Ps, and
P, thus increasing belowground competition
(Zhou et al. 2019). Moreover,C. aristatum had finer
roots; its root diameter (RD) decreased, but its SRL
increased under P addition. This suggests higher
root morphological plasticity than in L. chinensis,
which let C. aristatumpromote its ability to take up
nutrients, particularly in a fertile soil (Lynch and Ho
2005; Zhou et al. 2022). These changes were asso-
ciated with increasing B of C. aristatum. In addi-
tion, the root system of this non-mycorrhizal species
tends to obtain resources by itself, without relying
on arbuscular mycorrhizal fungal (AMF) symbi-
onts like most other species do (Ma et al. 2018). In
contrast, L. chinensis had coarser roots, its RD did
not change under P addition, and its SRL increased
slightly only at P, s. These responses indicate that
it tended to retain a relatively conservative func-
tional type, which usually has a greater mycorrhizal
colonization rate (Barazetti 2019; Ma et al. 2018).
These results were supported by the increased AMF
PLFAs that we observed in its rhizosheath under P
addition.

Rhizosheath microbial mediation of nutrient
uptake is an important factor that determines species
coexistence under P addition (DeFores 2019; Moran
2017). In our study, soil acid phosphatase activ-
ity (AP) decreased with increasing P addition, but P
addition increased the difference in plant-available
soil P concentration (Olsen [P]) and AP between
the bulk and rhizosheath soil. This indicates that
increased soil P availability might be associated with
decreased mineralization of organic P, and root exu-
dates might partly alleviate this effect, thereby pro-
moting plant coexistence (Liu et al. 2014; Shi et al.
2023; Zhu et al. 2020). High functional diversity of
the microbial community is associated with high
diversity of the microbial community composition,
which is modified by P addition and plant—microbe
interactions (Rejméankova and Sirova 2007; Strickland

and Rousk 2010; Xiao et al. 2020). Phosphorus addi-
tion decreased the dominance of fungi and AMF, but
increased the dominance of bacteria in the rhizos-
heath soil of C. aristatum and in the bulk soil. Moreo-
ver, the leaf [Mn] (a proxy for rhizosphere carboxylic
acid concentrations) of C. aristatum decreased sig-
nificantly with increasing P addition. These results
indicate that it was the P addition level that deter-
mined the decrease of AMF biomass in the rhizos-
heath of C. aristatum, resulting in larger differences
of the microbial community composition between the
rhizosheath soil of C. aristatum and that of L. chin-
ensis under P addition, thereby increasing functional
diversity (Barazetti 2019; Lynch and Ho 2005; Pang
et al. 2018; Tran et al. 2020; Ven et al. 2019).

Functional microbial mediation mitigates the nega-
tive effects of interspecific competition and promotes
co-growth of above- and belowground organs (Smith
2011). In our study, NO peaked at P, 5. However, the
growth of L. chinensis increased significantly at P, s,
which might depend on its increased biomass of bac-
teria, AMF, fungi, actinomycetes, and eukaryotes.
This increase might result from increased root exu-
dation at P, s, which we quantified using leaf (Pang
et al. 2018). Together, these responses reveal that
rhizosheath microbes were stimulated by P,s and
promoted co-growth of L. chinensis (Feng and Zhu
2019; DeForest et al. 2021; Luo et al. 2022). We will
discuss the negative effects of rhizosheath microbes
further in Sect. 4.3. Overall, these results support
our hypothesis 2: P addition promoted belowground
niche segregation by modifying the root morphology
and rhizosheath microbial community composition of
both species. The emergence of surplus niches at Pj
and P, 5 can be attributed to these belowground niche
differences.

Trade-offs in plant-microbe feedbacks

Trade-offs between plant internal P resorp-
tion and external soil P acquisition, influenced by
plant-microbe feedbacks, greatly affect plant niche
utilization (Fig. 10; Hata et al. 2018; Zhang et al.
2016). For both C. aristatum and L. chinensis, we
observed significant trade-offs between the internal
P abundance and external P acquisition along the
P-addition gradient. This indicates that both species
shaped their P-resorption and -acquisition strategies
in response to P addition (Peng et al. 2023). However,
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P,, s represent P addition at 1, 2.5, 5, and 12.5 g P m? year’!,
respectively. Trait abbreviations as in Table S1. The symbols 1,
|, and - indicate increases, decreases, and maintained, respec-

tively, in these traits
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the response patterns of the two species differed
greatly, and depended on their distinct plant—microbe
interactions, resulting in different niche dynamics.
ForC. aristatum, the relative P abundance increased
remarkably at P, 5. This indicates that a severe N: P
imbalance only occurred at P, 5, and that N resorp-
tion by this species did not compensate for its N loss
in leaves (Su et al. 2021). Interestingly, its rhizos-
heath microbial biomass N: P (MBN: MBP) remained
relatively high, whereas leaf and rhizosheath micro-
bial biomass C: N:P stoichiometry were mismatched.
This indicates that C. aristatum did not efficiently
obtain the limiting element (i.e. N) through its rhizos-
heath microbes; as a result, it failed to occupy an even
larger niche at P, 5. The cause for these phenomena is
that C. aristatum and its rhizosheath microbial com-
munity are not closely related as in Csplants (DeFor-
est et al. 2021; Pathak and Nallapeta 2014). The simi-
larity of the trends for total PLFAs of its rhizosheath
and the bulk soil also suggests the lack of a power-
ful plant-microbe linkage forC. aristatum (Ven et al.
2019). Due to this functional mismatch, severe P
enrichment in the rhizosheath of C. aristatum was
observed at P5 and P, 5, and this was detrimental to
the stability of the rhizosheath microbial community
(He and Dijkstra 2015; Heuck et al. 2015; Spohn and
Kuzyakov 2013).

Unlike for C. aristatum, the correlation between
leaf and rhizosheath microbial C: P of L. chin-
ensiswas significant. This indicates a stronger
plant—microbe linkage for P cycling (Moran 2017,
Su et al. 2021; Wassen et al. 2021). The niche optima
of this species presented at 21.6 mg kg™ Olsen [P]
(P, 5 ~ P5) might have resulted from this functional
plant-microbe feedback (Wang et al. 2016). However,
this linkage might become an obstacle for widen-
ing of the niches ofL. chinensiswhen its companion
microbes were suffering from a nutrient deficiency
(Pathak and Nallapeta 2014). At P5 and Py, 5, leaf N:
P remained stable, but the rhizosheath MBN:MBP
decreased significantly. The loss of relative domi-
nance by this species at Ps and P, smight be attrib-
uted to this imbalance between above- and below-
ground functions (Rejmankova and Sirova 2007; Su
et al. 2021; Zhu et al. 2020). Moreover, presumably
due to the plant-microbe imbalance at P5 and P, s,
L. chinensis did not occupy surplus niches, resulting
in invasion by A. frigida (Babalola et al. 2020; Pathak
and Nallapeta 2014; Tang et al. 2015). Overall, P, 5

promoted both carbon assimilation and rhizosheath
microbial biomass of L. chinensis, whereas Ps and
P, 5 led to imbalanced N: P stoichiometry between L.
chinensis and its rhizosheath microbes. These results
support our hypothesis 3: a moderate level of P addi-
tion will promote a matched plant—microbe feedback
of L. chinensis, but high P addition led to imbalanced
N: P stoichiometry between plants and microbes.

Conclusion

Our results show that P fertilization changed the
niche characteristics of the grassland ecosystem
which was associated with changed above- and
belowground plant morphology and physiology. Ley-
mus chinensis presented the highest realized niche
width along P-addition gradient, while P-addition
exacerbated interspecific competition between C.
aristatum and the dominant species (L. chinensis).
The height similarity of C. aristatum and L. chinensis
directly increased this competition, probably through
increased competition for light. Low and high P-addi-
tion levels caused different degrees of competitive
exclusion of L. chinensis, whereas a suitable and
potentially optimal P-addition level (P,s) enhanced
its biomass accumulation. The niche optima of L.
chinensis presented at 21.6 mg kg™' Olsen [P] (P, 5
~ P5). At the same time, P fertilization drove differ-
ences in root architecture, morphology, and microbial
mediation by C. aristatum and L. chinensis which was
associated with mitigating their niche overlap, espe-
cially at P5 and P, 5. Furthermore, trade-offs between
P resorption and acquisition were greatly altered by
the distinct patterns of plant-microbe feedbacks along
the P-addition gradient. Associated with functional
mismatches in the plant-microbe systems of the two
species, the niches of C. aristatum and L. chinensis
did not widen at P5 and P,, 5, and the surplus niches
were occupied by an invasive sub-shrub (A. frigida).
Taken together, our results highlight the impor-
tance of rhizosheath microbes in mediating trade-
offs between above- and belowground co-responses
of host plants along a P gradient, especially for the
dominant species that strongly determined commu-
nity productivity and stability. These insights could
be applied to develop P-management guidelines for
restoration of degraded grassland under future global
climate change.
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