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3. Increased precipitation enhanced plant and microbial N assimilation, ecosystem
N retention and plant C fixation. However, these effects were not consistent
across ecosystem components. Increasing precipitation progressively promoted
grass-forb ratio and community-level acquisitive root traits, whereas mycorrhi-
zal colonization was greatest at intermediate precipitation. Plant biomass C and
N accumulation remained responsive across a broader portion of the precipita-
tion gradient than did microbial N assimilation, thereby shifting plant-microbial N
partitioning.

4. Structural equation modelling indicated that the plant pathway plays a stronger
role than the microbial pathway in mediating the effects of increasing precipita-
tion on ecosystem N retention and C fixation. Our findings suggest that eco-
system responses to increasing precipitation depend on how different biotic
components respond and interact.

5. Synthesis: Increasing precipitation reshapes plant-microbial nutrient partitioning

and ecosystem C and N retention in alpine ecosystems. Our findings highlight the
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1 | INTRODUCTION

Total annual precipitation on land globally is projected to increase
by 2.4% and 8.3% under the low- and high-emissions scenarios by
2081-2100 relative to 1995-2014 (IPCC, 2023), primarily due to cli-
mate warming, enhanced evaporation and reduced atmospheric ra-
diative cooling (Cohen & Pincus, 2025). Such changes are expected
to alter not only total precipitation amounts but also the frequency
and intensity of precipitation events, particularly in alpine ecosys-
tems in which short growing seasons and strong climate sensitivity
amplify response to altered precipitation (Broadbent et al., 2024;
Chen et al., 2013). Across alpine ecosystems globally, water and
nutrient availability often jointly constrain ecosystem productivity
(Calanca, 2007; Chen et al., 2024; Ernakovich et al., 2014). By alter-
ing soil moisture, nutrient mobility and biological activity, increas-
ing precipitation may greatly influence plant-microbial nutrient
strategies and ecosystem carbon (C) and nitrogen (N) dynamics in
alpine systems (Fay et al., 2025; Lin et al., 2016; Zheng et al., 2025).
However, whether increasing precipitation affects plant and micro-
bial nutrient acquisition in parallel, or instead reshapes plant-micro-
bial nutrient partitioning and thereby ecosystem C and N retention,
remains unclear in alpine ecosystems.

Emerging evidence indicates that ecosystem responses to envi-
ronmental change are often non-linear and may exhibit saturating
patterns (Du & De Vries, 2025; Elrys et al., 2023; Wang et al., 2014;
Yang et al.,, 2023). Because above-ground and below-ground or-
ganisms in terrestrial ecosystems differ markedly in their physio-
logical and morphological strategies (Wardle, 2002), plants and soil
microbes may respond to increasing precipitation in contrasting
directions, with consequences for nutrient partitioning and ecosys-
tem functioning (Zhao, Freschet, et al., 2024). Soil microbes typi-
cally outcompete plants for mineral N in the short term and under
low-N environments due to their high surface-area-to-volume ra-
tios, rapid metabolism and low resource requirements (Kuzyakov &
Xu, 2013). By contrast, plants can retain proportionally more N over
longer time scales, and their responses to increasing precipitation
may saturate at higher levels because of greater biomass buffering,
plasticity and resistance (Perez et al., 2024; Reynolds et al., 2003).
Increasing precipitation may initially enhance microbial activities,
nutrient diffusion into the rhizosphere, relieve physical constraints
on root uptake and promote more acquisitive root nutrient strate-
gies (Bai et al., 2010; Schaeffer et al., 2013). However, such positive

need to account for non-linear and contrasting responses among different eco-
system components when predicting the consequences of future climate change
for alpine ecosystem functioning. This work contributes to providing a basis for

tracking how alpine ecosystems may reorganize under future climate change.

ecosystem components, non-linear responses, plant-microbial interactions, precipitation
change, rainfall intensification, root functional traits

effects are unlikely to increase indefinitely. Once water limitation
is alleviated, additional precipitation may yield diminishing benefits
for nutrient acquisition, and excessive soil moisture could decouple
plant-microbial interactions by altered C allocation and reduced
aeration (Schimel et al., 2007; Xu et al., 2022). Yet, whether plants
and microbes exhibit contrasting non-linear responses to increas-
ing precipitation, and how such responses alter N partitioning and
ecosystem C and N retention in alpine ecosystems, remains unclear.

Among the biotic pathways that may drive these contrasting
non-linear responses, arbuscular mycorrhizal fungi (AMF) often play
a central role, as they mediate water and nutrient exchange between
plants and soils, especially in nutrient-poor alpine systems (Smith
& Smith, 2011). Moderate increases in precipitation may promote
AMF colonization and microbial activity, thereby facilitating plant-
microbe resource exchange (Schimel et al., 2007). However, further
increases in precipitation may saturate soil moisture, reduce oxygen
availability, suppress fungal growth and AMF colonization and lessen
plant dependence on mycorrhizal symbionts for resource acquisition
(Xu et al., 2022). Because plants, mycorrhizal fungi and free-living
soil microbes differ in resource requirements and environmental
tolerances, they may exhibit contrasting non-linear responses to in-
creasing precipitation, with important consequences for ecosystem
N partitioning, biotic N competition and N retention (Kuzyakov &
Xu, 2013; Reynolds et al., 2003).

The non-linear responses of ecosystem components are likely to
scale up to ecosystem functioning, including impacting ecosystem
N retention, which is a key determinant of long-term C storage and
ecosystem stability (De Vries & Bardgett, 2012). Ecosystem N reten-
tion depends on the balance between biotic N assimilation, abiotic
retention and N losses through leaching or gaseous emissions (Zhao,
Wang, et al., 2024). Nutrient retention theory predicts that biotic as-
similation is a major mechanism of nutrient conservation under envi-
ronmental change (De Vries & Bardgett, 2012). By stimulating plant
and microbial N uptake and biomass production, increasing precipi-
tation may enhance ecosystem N retention and promote C fixation
through greater organic inputs (Bai et al., 2010; Yang et al., 2009),
although the extent to which these gains are translated to long-term
soil C storage remains uncertain due to complex microbial and soil
processes. In semi-arid grasslands, rainfall addition has been shown
to increase ecosystem N and C storage (LU et al., 2011). In alpine
ecosystems, warmer, wetter climates have been associated with en-

hanced alpine plant C fixation and net C sequestration at regional
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scales (Chen et al., 2022; Wang et al., 2023; Wei et al.,, 2021).
However, greater precipitation may also accelerate decomposition
and offset long-term C gains in alpine systems (Zhao, Freschet,
et al., 2024). Thus, understanding how precipitation responses differ
among ecosystem components is crucial for understanding how bi-
otic interactions regulate ecosystem C and N retention under chang-
ing precipitation regimes (Wardle et al., 2004).

To address these gaps, we conducted an isotopic tracing exper-
iment using a growing season precipitation addition gradient in an
alpine ecosystem on the Qinghai-Tibetan Plateau (QTP). The QTP
is undergoing rapid climatic change, with temperatures increasing
by 0.34°C per decade and precipitation by 14.8mm per decade
since 1960, reaching 16.7% above the 1961-1990 rainfall baseline
during 2016-2020 (Figure 1a). As the ‘Third Pole’, the QTP stores
substantial soil C and N pools and is strongly co-limited by water
and available N, making it an ideal model system for testing how
increasing precipitation alters plant-microbial nutrient strategies
and ecosystem-level responses. We hypothesized that: (1) increas-

ing precipitation would stimulate both microbial N assimilation and
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plant community-level N acquisition through promoting acquisitive
root functional traits; (2) plant and microbial N assimilation would
differentially respond to increasing precipitation, with plants being
more responsive to a broader portion of the precipitation gradient
than microbes; and (3) increasing precipitation would enhance eco-
system N retention and C fixation, mainly through promoting plant

N assimilation and primary productivity.

2 | METHODS

2.1 | Site description and experimental design

The study was conducted at the Gansu Gannan Grassland Ecosystem
National Observation and Research Station (33.67°N, 101.86°E;
3538 ma.s.l.) on the QTP. Alpine meadow is the dominant ecosystem
type (covering over half of the QTP) with high sensitivity to climate
change, and its productivity is co-limited by moisture and nutrients.

The climate is cold and humid, with a mean annual temperature of

Climate change during the growing season
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FIGURE 1 Climate change and above- and below-ground ecosystem responses. (a, b) Changes in precipitation and temperature on

the Qinghai-Tibetan Plateau from 1960 to 2021 (China Meteorological Forcing Data v2.0). (c) The distribution of vegetation types on the
Qinghai-Tibetan Plateau, redrawn from the Vegetation Map of China (Chinese Academy of Science, 2001). (d) Hypothesized differential non-
linear responses of above- and below-ground components to increasing precipitation.
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1.2°C and annual precipitation of 590 mm, over 80% of which oc-
curs from May to September, and 50% falls between May and July
(Figure 1b). Soils are classified as Cambisols (FAO/UNESCO), with
pH around 6.0. Vegetation is dominated by perennial herbs, includ-
ing sedges (e.g. Kobresia capillifolia), grasses (e.g. Elymus nutans) and
forbs (e.g. Aster diplostephioides), which together comprise over
95% of above-ground biomass (Zhao et al., 2020; Zhao, Wang,
et al., 2024). The site has been fenced since 2014 to exclude large
grazers and preserve experimental set-ups.

Following a randomized block design, we simulated four precipita-
tion increase levels with four replicates for each level during the grow-
ing season from 1 May to the end of July 2021. Each plot was 1mx 1 m,
and a bottom-open PVC mesocosm was inserted at depths of 0-20cm
for isotope tracing measurements. Each block had buffering zones
3-5m away from the others. Four precipitation treatments include
ambient precipitation, and an increase of 50, 100 and 150 mm of rain-
fall during the growing season, corresponding to a rise of 0% (P0), 17%
(P1), 34% (P2) and 51% (P3) to the part of annual precipitation which
occurred during the study period (295mm, 50% of annual precipita-
tion from 1 May to 31 July 2021). We terminated the precipitation and
conducted *°N isotope labelling 1day after the last precipitation event
during the near-peak growing season (i.e. 1 August 2021). We sampled
plant-soil components 48 h after 1°N addition to capture primary plant
and microbial N assimilation while allowing sufficient time for detect-
able amounts of tracer to be incorporated into biotic pools. This timing
is critical for capturing the most active phase of biotic N assimilation
while at the same time minimizing secondary redistribution, plant se-
nescence, microbial turnover and N losses (Zhao, Wang, et al., 2024).
Precipitation increases were achieved by evenly sprinkling the de-
signed amounts of tap water, corresponding to specific precipitation
levels, four times monthly during the growing season. The rainfall fre-
qguency was kept constant and only precipitation amount varied across
treatments, isolating a key facet of precipitation change. For the 5N
isotope tracing, we inserted a PVC pipe (10cm in inner diameter and
22cm in height) into each experimental plot to a depth of 20cm. These
semi-closed mesocosms had their tops extending 2cm above the soil
surface to prevent horizontal water transfer with neighbouring areas.
One day after the last precipitation addition, 5ppm *°N was applied
into each PVC mesocosm using a 40mL solution of (15NH4)2SO4 with
98% atom abundance of °N. This was evenly injected at eight distinct
points, targeting soil depths of 2 and 5cm. We also set up four parallel
PVC mesocosms without *°N labelling in ambient precipitation plots

to determine the natural *>N abundance in plant and soil components.

2.2 | Plant-soil sampling and preparation

Forty-eight hours after the *°N labelling, each mesocosm was har-
vested by pulling the PVC pipes out, including all plant and soil com-
ponents down to 20cm depth. Additionally, subsoil samples (ca. 100g
fresh weight each) beneath each mesocosm were extracted (from a
depth of 20-25cm) to assess potential 1°N leaching. Above-ground
plant materials were harvested at the soil surface, divided into grasses

and forbs, then oven-dried at 48°C for 48 h, and weighed to determine
shoot biomass and the biomass ratio of grasses to forbs. The root-soil
column in each pipe was weighed to obtain its fresh weight, manually
separated into roots and soil, and then sieved through a 2mm mesh.
Before laboratory assessments, representative soil subsamples were
immediately preserved at 4°C and -20°C. The soil water content was
determined on a 10g subsample oven-dried at 105°C for 48h. The dry
mass of total soil in each mesocosm was derived from fresh weight and
soil water content. Because alpine plant roots in our study system are
tightly intertwined within a highly diverse community, it is not tracta-
ble to disentangle roots into individual species; for this reason, root
samples were processed at the whole community level. After meticu-
lous washing, root samples were weighed to quantify the fresh root
biomass. A 10g subsample of fresh roots was manually separated into
absorptive roots (AR, root order 1-3 and diameter <2mm) and trans-
port roots (TR, root order 24, including coarse TR and rhizomes) based
on functional classification, for morphological analyses of different
root types. Another 5g subsample of fresh roots was used for morpho-
logical analysis of the whole root system (AR+TR together). Following
morphological analyses, root samples were oven-dried (48°C, 48h)
and weighed. To determine the 15N abundance, plant tissues and
soil samples were oven-dried at 48°C for 48h, a procedure adopted
to mitigate potential °N loss that can occur at 65°C or higher. Then,
subsamples were weighed and finely ground using a ball mill (MM200,
Retsch, Germany), and subsequently stored in sealed membrane en-
velopes awaiting formal analysis. For each plot, the biomass ratios of
AR to TR (AR:TR) and whole roots to shoots were calculated at the
community level. Above-ground net primary productivity (ANPP) was
approximated by measuring biomass production of all above-ground
plant materials.

2.3 | Measurements of plant, soil and microbial
properties

Soil moisture was recorded weekly in situ (FieldScout TDR 150)
within each mesocosm at a depth of 0-10cm, ahead of each time
of precipitation manipulation. Gravimetric soil water content was
measured using soil subsamples harvested from each mesocosm
by oven-drying at 105°C for 48h to calibrate the in situ soil mois-
ture measurements. Soil pH was measured using a 1:2.5w/v soil-
water mixture with the Starter 3100 pH Bench Meter (Ohaus Inc.,
USA). Total C and N concentrations in the soil were determined by
dry combustion using a Vario Micro Cube CN analyser (Elementar,
Germany). To estimate microbial biomass C (MBC) and N (MBN)
concentrations (mgkg™* soil), we employed the chloroform fumiga-
tion-extraction approach on 12.5 g of fresh soil, maintaining parallel
controls with non-fumigated samples. After fumigation, both sets of
soil were subjected to extraction using 50mL of 0.5M K,SO,,. Total
organic C and N concentrations of the extracts were determined
using a Multi N/C 3100 analyser (Analytik Jena, Germany). By com-
paring the fumigated and non-fumigated extracts and applying ex-
traction efficiency rates of 0.38 for C and 0.45 for N, we derived the
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MBC and MBN values. We also quantified soil inorganic N (NH4+—N
and NO, -N) concentrations (mgkg™ soil) from the non-fumigated
soil extracts using a SEAL-AA3 Autoanalyser (SEAL Analytical,
Germany).

AR, TR and entire root samples were scanned at 400dpi using an
Epson Expression 12000XL-PH (Japan) scanner with backlighting and
analysed with WinRHIZO 2020a (Regent Instruments Inc., Canada) to
estimate root morphological traits. Parameters such as root diameter
(RD), length, surface area and root volume were recalculated by sum-
ming values across diameter classes, given the notable inaccuracies
presented by WinRHIZO software (Freschet et al., 2021). Specific root
length (SRL, m g7%) and specific root area (SRA, cm? g™}) were derived
by expressing root length and surface area by root dry mass, respec-
tively. Root tissue density (RTD, g cm™) was expressed as the ratio
of root dry mass to its fresh volume. In the case of TR, we excluded
the length, surface area and volume of the residual truncated base of
detached AR, characterized by the diameter class: 0 < Diameter Class
<0.5mm (Zhao, Wang, et al., 2024). This exclusion is crucial to avoid
significant inaccuracies in estimating RD, SRL and SRA of TR. AMF
colonization intensity in plant roots (%, the percentage of root length
colonized by AMF) was measured using trypan blue staining, as de-
scribed by Xu et al. (2022). Soil and plant C and N concentrations were
measured with a Vario MICRO cube analyser (Elementar, Germany).

2.4 | Determination of plant-soil *°N
assimilation and competition

The ecosystem partitioning of 15N was estimated by the percentage
of N recovery from different N pools. N concentration ([N]) and
15N abundance (atom percent 5N, AT%[*°N]) in both different plant
and soil components were determined with an elemental analyser
coupled to an isotope-ratio mass spectrometer (EA-IRMS, DELTA V
Advantage, Thermo Fisher Scientific, USA). We quantified 1°N tracer
retention in six N pools: plant shoot, AR, TR, soil, K,SO ,-extractable
dissolved N and MBN. K,SO,-extractable *°N and microbial biomass
15N were determined after Kjeldahl digestion and diffusion (Stark
& Hart, 1996). The N tracer recovery in AR, TR, plant shoots, soil

microbes and bulk soil was calculated as follows:

5N recovery (%)

= (AT% [15 N] labelled ~AT% [15 N] unlabelled) X [N] xmass Nadded x 100

15
o))

where the AT%[lSN]Iabelled represents the atomic percentage of BN in
specific labelled N pools. The AT%[**N],..,.«iq is @n average of all par-
allel unlabelled samples for specific N pools. [N] represents the N con-
centration of each pool. The mass represents biomass of plant tissues,
soil microbial biomass or total soil dry mass, respectively. 15Nadcled is the
mass of 1°N tracer applied. We also determined the *°N recovery from
subsoil 5cm beneath each of the PVC mesocosms.

Plant and microbial *N assimilation was calculated as the
sum of N recovery from all plant tissues and microbial biomass,
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respectively. Ecosystem '°N retention was estimated as the sum of
plant and microbial *°N assimilation and *°N recovery in other soil
components. To assess the relative N assimilation capability and nu-
trient competition between plants and microbes, we introduced a
‘plant-microbial >N competition’ metric by comparing the *°N as-
similation per unit biomass between plants and microbes, and that is
reflective of their relative N uptake efficiency. This metric accounts
for both biomass size and N concentration, allowing evaluation of
plant-microbial competitive dynamics in N acquisition under varying

precipitation levels. It is quantified as:

Plant —microbial N competition

_ Plant °N assimilation/ Microbial °N assimilation (2)
Plant biomass MBC xmass,g;

where the MBC represents the MBC per unit of soil mass (mgkg_l),
and the mass,; represents the total soil dry mass for each mesocosm.

2.5 | Statistical analysis

All statistical analyses were conducted using R 4.4.2 (R Core Team,
https://www.r-project.org). We utilized linear mixed-effects mod-
els (LMMs) via the ‘Ime4’ R package to assess the impacts of pre-
cipitation increases on plant and soil properties, plant-microbial *°N
assimilation and their >N competition, as well as ecosystem *°N re-
tention. Within the LMMs, precipitation level was treated as a fixed
effect, with ‘block’ as a random intercept.

To capture the coordinated responses of community plant traits to
precipitation treatments and to visualize shifts in functional strategies,
we conducted a principal component analysis (PCA) for plant above-
and below-ground functional traits (RD, SRL, R[N], RTD, AMF%, TR:AR
and root:shoot ratio). In this study, ‘root foraging efficiency’ referred to
as a composite trait axis (PC1) that captures plant capacity for acquir-
ing soil nutrients, positively correlating with increasing SRL, root N and
AMF colonization, but negatively with RD and TR:AR ratio (Figure 2I).
Higher values indicate stronger nutrient foraging efficiency.

To support inference from the PCA ordination, we used
PERMANOVA to test whether functional trait composition differed
among precipitation treatments, with permutations constrained
within blocks to reflect the block design. Homogeneity of multivari-
ate dispersion among treatments was tested using ‘betadisper’. The
significance of overlaid vectors was assessed using permutation-
based vector fitting (envfit), and only statistically supported rela-
tionships were interpreted as significant (p <0.05).

To examine associations among response variables while ac-
counting for the structure of the experimental design, we used
LMMs. In the LMMs, the response variable was modelled as a func-
tion of the focal predictor, precipitation treatment was included
as a fixed effect, and block as a random effect. This approach al-
lowed us to test whether associations between variables remained
after accounting for treatment structure and block effects. Finally,
we conducted partial least squares-path modelling (PLS-PM) using
the ‘plspm’ package in R (Sanchez, 2013) to explore the direct and
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FIGURE 2 (A-H) Effects of increasing precipitation on community-level root functional traits, plant biomass allocation and functional
group composition. Values are means + SE (n=4). Statistical testing was performed using linear mixed-effects models (LMMs) with block

as a random factor. Different letters indicate significant differences among treatments (LSD test, p <0.05; p <0.10 indicates marginal
significance). (1) Principal component analysis (PCA) of community-level plant functional traits under increasing precipitation. Asterisks
indicate trait vectors significantly associated with the ordination pattern based on permutation tests (envfit, p <0.05). AMF, arbuscular
mycorrhizal fungi; ANPP, above-ground net primary productivity; RD, average root diameter; Root N, root N concentration; Root:Shoot
ratio, biomass ratio of plant roots to shoots; RTD, root tissue density; Shoot N, shoot N concentration; SRL, specific root length; TR:AR ratio,
biomass ratio of transport to absorptive roots (reversed AR:TR). PO-P3 represent precipitation increases of 0%, 17%, 34% and 51% during

the growing season, respectively.

indirect effects of precipitation increases on soil C stocks. The cli-
mate data for the last 60years over the QTP were extracted from
the China Meteorological Forcing Data v2.0 (He et al., 2025).

3 | RESULTS

3.1 | Soil and microbial properties under increased
precipitation

Precipitation addition altered soil moisture and several plant and
microbial variables, but the magnitude of the responses differed
among variables (Table S1). Specifically, increasing precipitation led

to a significant, progressive increase in soil moisture across the pre-
cipitation gradient (p <0.001). Among microbial variables, precipita-
tion addition increased MBN and decreased the MBC:MBN ratio,
but the magnitude of this effect plateaued at +34% precipitation
level (p<0.001). However, MBC, soil pH, dissolved organic carbon
(DOC), ammonium N (NH,-N) and nitrate N (NO;™-N) concen-
trations did not respond significantly to precipitation treatments
(Table S1). Additionally, soil C concentrations and soil C stocks were
significantly increased under the +34% and +51% precipitation lev-
els (p <0.05), whereas soil C:N ratio showed a marginally significant
increase in response to increasing precipitation (p=0.053). Other
soil physicochemical variables did not show consistent significant
responses (Table S1).
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3.2 | Root functional traits and mycorrhizal
association

Increased precipitation significantly altered community-level root
morphological traits, mycorrhizal colonization intensity, root N con-
tent and biomass allocation (Figure 2A-G; p <0.05). Average RD sig-
nificantly decreased with increasing precipitation, particularly under
higher levels of precipitation increase (Figure 2A; p=0.013), whereas
SRL and root N concentration increased (Figure 2B,D; p<0.05).
Notably, the responses of SRL and root N levelled off under higher
precipitation addition levels (Figure 2B,D). Moreover, RTD showed
no significant response (Figure 2C), but the biomass ratio of AR to
TR (AR:TR) increased progressively with increasing precipitation
(Figure 2E; p=0.002). The percentage of root length colonized by AMF
(AMF colonization) exhibited a non-linear response to increasing pre-
cipitation (Figure 2G; p <0.001). Specifically, AMF colonization signifi-
cantly increased under moderate precipitation (+17% and +34%) but
declined at the highest precipitation (+51%). Additionally, increasing
precipitation significantly enhanced ANPP (Figure 2H; p=0.029), the
biomass ratio of grasses to forbs (Figure 2F; p=0.006) and the above-
ground plant C stock (Table S1; p=0.006).

BRITISH
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The PCA results showed significant separation among precipi-
tation treatments (Figure 2l). PERMANOVA confirmed that precip-
itation treatment significantly affected functional trait composition
(pseudo-F=3.38,R?>=0.458, p=0.002), whereas multivariate disper-
sion did not differ among treatments (betadisper, p=0.610). Vector
fitting further showed that RD, SRL, RTD, root N concentration,
biomass ratio of TR to AR (TR:AR) and shoot N were significantly
associated with the ordination outcome (envfit, p<0.05), whereas
AMF colonization rate and biomass ratio of roots to shoots were not.
Along PC1, increasing precipitation was associated with higher SRL
and root N concentration, and lower RD, thereby resulting in higher
root foraging efficiency (Figure 21I).

3.3 | N partitioning among N pools and plant-
microbial *N competition index

The N recovery in above-ground plant tissues and AR signifi-
cantly increased with increasing precipitation (Figure 3A; p<0.05).
Microbial *N recovery significantly increased under the +17%

precipitation treatment, but showed no further increase at higher
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FIGURE 3 (A)The N partitioning among above-ground tissues, below-ground absorptive roots, transport roots, soil microbes and

other soil N pools under different precipitation levels. (B) Plant *°N assimilation totaly in above-ground and below-ground plant tissues. (C)
Plant-microbial >N competition index. Values are means + SE (n=4). Statistical testing was performed using linear mixed-effects models
(LMMs) with block as a random factor. Different letters indicate significant differences among precipitation levels (LSD test, p <0.05). PO-P3
represent precipitation increases of 0%, 17%, 34% and 51% during the growing season, respectively.
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precipitation addition levels (p=0.016). By comparison, >N recov-
ery in plant shoots and AR progressively increased with increasing
precipitation levels (p <0.001), whereas TR exhibited no significant
response (Figure 3A). At the whole-plant level, total plant N re-
covery increased with increasing precipitation (Figure 3B; p=0.002),
but levelled off at precipitation +51%. Moreover, the plant-microbial
15N competition, calculated as the ratio of plant to microbial >N as-
similation per unit biomass, significantly increased with increasing
precipitation (Figure 3C; p=0.029). Overall, the ecosystem-level
total 1°N retention significantly increased with increasing precipita-
tion (p=0.002), whereas the proportion of unrecovered *°N in the
plant-soil system significantly decreased (Figure 3A; p<0.001).

3.4 | Relationships among plant-microbial 5N
assimilation, ecosystem 1°N retention and C stocks

After accounting for treatment and block effects, the LMMs re-
vealed that soil moisture was positively associated with plant °N
assimilation (Figure 4a; p=0.034, marginal R?=0.74). Although the
LMMs showed that precipitation addition itself significantly in-
creased microbial >N assimilation across treatments (Figure 3A), the
treatment-adjusted relationship between soil moisture and micro-
bial 1°N assimilation was non-significant (Figure 4b). Additionally, the
plant-microbe >N competition index was also positively associated
with soil moisture after accounting for precipitation treatment and
block effects (Figure 4c; p=0.029, R2=O.63).

Structural equation modelling (SEM) showed that enhanced soil
moisture under increasing precipitation (Path coefficient=0.86,
p<0.001; Figure 5a) was positively associated with both plant >N
assimilation (0.84, p<0.001) and microbial 15N assimilation (0.55,
p<0.05), accounting for 71% and 30% of their variance, respec-
tively. Subsequently, plant 15N assimilation was positively associated
with above-ground plant C stock (0.60, p <0.05) and ecosystem *°N

retention (0.62, p<0.001). Microbial 15N assimilation was also pos-
itively associated with ecosystem °N retention (0.43, p<0.001),
but its association with microbial C stock was non-significant, and
the model explained only 10% of the variance in microbial C stock
(Figure 5a). Although the LMM showed a treatment-adjusted posi-
tive relationship between soil moisture and the plant-microbe **N
competition index (Figure 4c), the SEM showed a non-significant
direct path from soil moisture to plant-microbe N competition
(Figure 5a). In the SEM, the standardized effects of increasing pre-
cipitation on ecosystem N retention and C stocks were greater via
plant N assimilation than via microbial N assimilation (Figure 5b).

4 | DISCUSSION

Using an isotopic tracing experiment conducted across a growing
season precipitation addition gradient, this study showed that in-
creased precipitation can promote plant and microbial N assimila-
tion, and enhance ecosystem N retention and plant C fixation, in
water- and nutrient-limited alpine ecosystems (Figure 6). However,
these enhancements did not occur uniformly across ecosystem com-
ponents. Plant N assimilation and C fixation remained responsive
across a broader portion of the precipitation gradient (from +17%
to +51% precipitation) than microbial N assimilation (plateaued at
+17%) or AMF colonization (peaked at +34%), resulting in shifts in
plant-microbial nutrient partitioning. Increasing precipitation sig-
nificantly enhanced the advantage of plants over microbes in N as-
similation and promoted ecosystem N retention. The SEM further
indicated that plant responses played a greater role than did micro-
bial responses in mediating the effects of increasing precipitation
on ecosystem C and N retention. Together, these results suggest
that the ecological consequences of increasing precipitation de-
pend not only on whether biotic activity is stimulated, but also on

how precipitation reshapes the balance among plant, microbial and
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FIGURE 4 Treatment- and block-adjusted relationships between soil moisture and plant **N assimilation (a), microbial *°N assimilation
(b) and plant-microbial N competition (c). Th R? and p value were derived from linear mixed-effects models (LMMs), with precipitation
treatment included as a fixed effect and block as a random effect. PO-P3 represent precipitation increases of 0%, 17%, 34% and 51% during

the growing season, respectively.
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soil C stocks. The solid and dashed arrows indicate significant and insignificant pathways, respectively. The indicated values near the arrows
represent the path coefficients for the model. Asterisks indicate significant levels: *p <0.05; **p<0.01, ***p <0.001. (b) Standardized effect

size of each variable on soil C stock in the model.

symbiotic nutrient pathways. Our findings highlight the importance
of differential responses among ecosystem components and of bi-
otic nutrient partitioning in understanding how increasing precipita-
tion influences C and N cycling in water- and nutrient-limited alpine

ecosystems.

4.1 | Increasing precipitation reshapes plant-
microbial N partitioning

Plant >N assimilation significantly increased in both above-ground
tissues and AR across a broader portion of the precipitation gra-
dient, whereas microbial 15N assimilation increased at lower pre-
cipitation addition but showed no further increase beyond +17%
(Figure 6). This pattern suggests that increasing precipitation shifted
N partitioning towards plants under wetter conditions. This could
be because higher soil moisture improved the mobility and diffu-
sion of dissolved N to the rhizosphere, thereby facilitating plant
N acquisition (Schaeffer et al., 2013). Increased precipitation may
also have accelerated microbial turnover by enhancing microbial
activity and substrate diffusion, potentially releasing immobilized
N back into the soil and increasing N availability for plant uptake
(Liu et al., 2009; Yang et al., 2025). This interpretation is consist-
ent with studies showing enhanced microbial N cycling under wetter
conditions (Zheng et al., 2025), but the strength of this effect may
vary among alpine ecosystems depending on soil aeration, substrate
availability and nutrient limitation. Together with improved root

foraging and mycorrhizal associations, these changes likely contrib-
uted to the increasing relative advantage of plants in N acquisition
under elevated precipitation. In line with the enhancement of plant
N acquisition, ANPP and above-ground C stock also increased under
higher precipitation, supporting the view that alpine ecosystem pro-
ductivity in this region is constrained by both moisture and N avail-
ability (Chen et al., 2024). More importantly, this study reveals that
increasing precipitation can modify biotic N assimilation and reshape
plant-microbial N partitioning, thereby influencing ecosystem C and
N retention.

Although shifts in plant community composition may also con-
tribute to plant-microbial N partitioning (Perez et al., 2024), our re-
sults suggest that changes in soil moisture availability are a more
immediate driver under increasing precipitation in the water- and
nutrient-limited alpine ecosystem. Notably, the SEM indicated that
the effect of increasing precipitation on ecosystem N retention was
more strongly linked to plant biomass N accumulation than to the
plant-microbial competition index itself (Figure 5). This suggests
that plant-mediated nutrient pathways are more strongly linked to
ecosystem C and N retention than microbial pathways, highlight-
ing that shifting plant community level nutrient acquisition is a key
pathway regulating ecosystem N retention and C stocks under in-
creasing precipitation (De Vries & Bardgett, 2012; Fay et al., 2025;
Li et al., 2011). More broadly, our findings help refine current views
of plant-microbe interactions by showing that increasing precipita-
tion can alter plant-microbial N partitioning, and thereby provide a
mechanistic basis for dynamics of C and N pools in alpine grasslands
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FIGURE 6 A conceptual diagram of non-linear responses of above-ground and below-ground components to increasing precipitation in

the water- and nutrient-limited alpine ecosystems.

under warming and wetting climates (Chen et al., 2022; Wang
et al., 2023; Wei et al., 2021).

4.2 | Increasing precipitation alters community
root traits and mycorrhizal association

Increasing precipitation promoted a plant community shift to-
wards a more acquisitive plant nutrient strategy, characterized by
higher SRL and root N concentration, reduced RD and a higher
AR:TR ratio (Figure 6). These changes are consistent with the
‘Root Economics Space’ framework, which predicts thinner, more
acquisitive roots under enriched resource conditions (Weemstra
et al., 2016). The PCA results also suggest that increasing pre-
cipitation enhanced root nutrient foraging efficiency, which likely
contributed to the stronger plant responses in >N assimilation
observed along the precipitation gradient. The increased grass-to-
forb biomass ratio further suggests that shifts in community com-
position may have contributed to these trait changes, potentially
reinforcing plant N acquisition under elevated precipitation (Perez
et al., 2024; Zhu et al., 2022). Consistent with this interpretation,
ANPP and above-ground C stock also increased under higher pre-
cipitation, which could also partly reflect shifts in functional group
biomass composition under wetter conditions (Zhang et al., 2025;
Zhu et al., 2022). Together, these results indicate that increasing

precipitation reshaped below-ground plant nutrient-acquisition
strategies, with soil moisture likely acting as a more immediate
driver than temperature in our water- and nutrient-limited alpine
ecosystem, and which aligns with previous findings in alpine eco-
systems (Chen et al., 2024; Lin et al., 2016; Liu et al., 2009).

AMF colonization showed a unimodal response to increasing
precipitation, suggesting that intermediate precipitation addition
provides soil conditions most conducive to plant-AMF symbiosis.
Moderate precipitation increases may have enhanced mycorrhi-
zal association by improving moisture availability and plant-fun-
gal resource exchange in our alpine system (Bowles et al., 2018;
Van Der Heijden, 2010). By contrast, excessive soil moisture
under higher precipitation may reduce soil oxygen availability and
plant C allocation below-ground, thereby constraining AMF col-
onization (Zhao, Freschet, et al., 2024). Increasing dominance of
graminoids along the precipitation addition gradient (Figure 2F)
may also have contributed to the decline in AMF colonization, be-
cause graminoids are often less dependent on mycorrhizal fungi
than are forbs (Romero et al., 2023; Wilson & Hartnett, 1998).
Together, physiological constraints to host plants and AMF, and
precipitation-induced shifts in plant community composition, may
have inhibited AMF colonization of plant roots under excessive
moisture conditions.

Although we did not directly assess microbial community com-
position, precipitation-driven changes in microbial communities
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could also have modified plant-microbial interactions and thus con-
tributed to the non-linear biotic responses observed here. Increased
soil moisture may favour fast-growing copiotrophic taxa and accel-
erate microbial turnover, whereas excessive wetness may suppress
aerobic decomposers and favour denitrifying or anaerobic taxa,
thereby influencing C and N cycling (Evans & Wallenstein, 2014;
Schimel et al., 2007). Further studies combining microbial commu-
nity profiling with measurements of microbial-mediated N processes
would help determine whether such shifts contribute to non-linear
responses of biotic nutrient assimilation under increasing precip-
itation. Such below-ground changes can help explain why plant-
mediated pathways became increasingly important for ecosystem N

retention under elevated precipitation in our study.

4.3 | Shiftsin ecosystem N partitioning and their
implications for C and N dynamics

Ecosystem N retention and C gains did not continue proportionally
under the highest precipitation addition, suggesting that the positive
effects of increasing moisture availability weakened with increasing
precipitation. In particular, microbial biomass *°N levelled off earlier
than plant biomass °N along the increasing precipitation gradient,
indicating that microbial N immobilization was less responsive than
plant N uptake as soil moisture increased. The decreased microbial
biomass C:N ratio further suggests a shift towards more N-rich mi-
crobial biomass, consistent with reduced C availability relative to
N (Xu et al., 2014). At the same time, DOC and inorganic N pools
remained relatively stable, suggesting that available N was rapidly
assimilated into biotic pools rather than accumulating in soil solu-
tion (De Vries & Bardgett, 2012). Together, these patterns suggest
that enhanced ecosystem N retention under increased precipitation
was primarily linked to biotic immobilization, notably through plant
biomass N accumulation. Moreover, increased precipitation may also
promote litter decomposition and litter N release in alpine ecosys-
tems (Sundqvist et al., 2013; Zhao, Freschet, et al., 2024). Therefore,
the observed increases in soil C stock and soil C:N ratio here are
more likely to result from enhanced plant C fixation and greater or-
ganic inputs during the growing season than from reduced decom-
position. However, whether such short-term gains may be translated
into persistent soil C storage in alpine regions remains uncertain, as
long-term soil C stabilization depends on microbial processing and
physical protection of organic matter (Cotrufo et al., 2013).
Although our findings provide mechanistic insight into short-term
physiological and biogeochemical responses of an alpine ecosystem
to increasing precipitation, further research is needed to examine
the microbial and soil processes driving long-term C and N dynamics.
Our short-term isotopic labelling was intended to quantify the most
active phase of biotic N assimilation during the peak growing season
while minimizing confounding factors such as nutrient resorption
and tracer >N turnover (Zhao, Wang, et al., 2024). As such, our re-
sults provide insight into short-term N partitioning rather than into
the full downstream fate of retained N. Determining the long-term
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consequences of precipitation-driven plant-soil responses on soil
C and N dynamics requires longer experimental periods, sequential
sampling and broader measurements of microbial and soil processes
such as decomposition, denitrification and organic matter stabiliza-
tion (Cotrufo et al., 2013; Schaeffer et al., 2013; Zheng et al., 2025).
Future work should also consider how changes in precipitation in-
tensity, frequency and seasonality, as well as shifts in microbial and
mycorrhizal functional groups, influence long-term C persistence
and N retention in wetting alpine ecosystems. These extensions
would help determine whether precipitation-induced enhance-
ments in plant N acquisition and C fixation translate into consistent
gains in ecosystem productivity and soil C storage across water- and

nutrient-limited alpine ecosystems worldwide.

5 | CONCLUSIONS AND PERSPECTIVES

This study showed that increasing precipitation can enhance plant
and microbial N assimilation, strengthen ecosystem N retention
and promote plant C fixation in alpine ecosystems. However, these
enhancements did not occur uniformly across ecosystem compo-
nents. Specifically, plants, microbes and mycorrhizal associations all
exhibited contrasting non-linear responses to increasing precipita-
tion, leading to shifts in plant-microbial nutrient partitioning under
wetter conditions. Notably, plant responses may play a greater role
than microbial responses in mediating the effects of increasing pre-
cipitation on ecosystem C and N retention. Together, these findings
show that the ecological consequences of increasing precipitation
depend not only on whether biotic activity is stimulated, but on how
precipitation reorganizes the relative roles of plant, microbial and
symbiotic nutrient pathways. More broadly, this work highlights the
importance of contrasting responses of different ecosystem com-
ponents and their interactions in understanding how precipitation
change affects ecosystem C and N balance in water-limited alpine
ecosystems. Beyond these mechanistic insights, our results provide
a basis for tracking how alpine ecosystems may reorganize under

future climate change scenarios.

AUTHOR CONTRIBUTIONS

Qingzhou Zhao and Shuijin Hu conceived the idea and designed the
methodology. Qingzhou Zhao collected the data. Qingzhou Zhao and
Tingting Tao analysed the data and visualized the results; Qingzhou
Zhao led the writing of the manuscript. David A. Wardle, Grégoire T.

Freschet, Miaojun Ma and Shuijin Hu contributed to revisions.

ACKNOWLEDGEMENTS

We acknowledge the staff at the Gansu Gannan Grassland
Ecosystem National Observation and Research Station for their sup-
port during fieldwork. The climate data are provided by the National
Tibetan Plateau/Third Pole Environment Data Center (http://data.
tpdc.ac.cn). This research was supported by the Fundamental
Research Funds for the Central Universities (RENCAI2026031,
RENCAI2025013).

85UB01 7 SUOLUWIOD aA 118D 9|l dde ay) Aq peuenob aJe sooiie VO ‘85N J0 SNl 1oy Aleld18UIIUQ AB]IM UO (SUO N IPUCO-PUR-SLUIB)ALIOY™ A8 | 1M Afe.d]|Bul [Uo//Scy) SUORIPUOD pue swie 1 8y} 88S *[9202/20/7T] uo Areiqitauluo A|im ‘AiseAlun eswn Aq S8802 'Si22-GIET/TTTT OT/I0P/LIOY 48| M Ale.q1|BulUO'S [euIN0 ad)//:sany Wouy papeojumoq ‘2 ‘9202 ‘G.2S9ET


http://data.tpdc.ac.cn
http://data.tpdc.ac.cn

ZHAO ET AL.

12 0f 13 BRITISH
Eggg}ggw Journal of Ecology

CONFLICT OF INTEREST STATEMENT
Grégoire T. Freschet is an Associate Editor of Journal of Ecology, but
took no part in the peer review and decision-making processes for

this paper.

PEER REVIEW

The peer review history for this article is available at https://www.
webofscience.com/api/gateway/wos/peer-review/10.1111/1365-
2745.70385.

DATA AVAILABILITY STATEMENT
Data are available at Dryad Digital Repository: https://doi.org/10.
5061/dryad.nzs7h455f (Zhao et al., 2026).

ORCID

Qingzhou Zhao "= https://orcid.org/0000-0002-5425-137X

REFERENCES

Bai, W., Wan, S., Niu, S., Liu, W., Chen, Q., Wang, Q., Zhang, W., Han, X,
& Li, L. (2010). Increased temperature and precipitation interact to
affect root production, mortality, and turnover in a temperate steppe:
Implications for ecosystem C cycling. Global Change Biology, 16,
1306-1316. https://doi.org/10.1111/j.1365-2486.2009.02019.x

Bowles, T. M., Jackson, L. E., & Cavagnaro, T. R. (2018). Mycorrhizal fungi
enhance plant nutrient acquisition and modulate nitrogen loss
with variable water regimes. Global Change Biology, 24, e171-e182.
https://doi.org/10.1111/gcb.13884

Broadbent, A. A. D., Newbold, L. K., Pritchard, W. J., Michas, A., Goodall,
T., Cordero, I, Giunta, A., Snell, H. S. K., Pepper, V. V. L. H., Grant,
H. K., Soto, D. X., Kaufmann, R., Schloter, M., Griffiths, R. ., Bahn,
M., & Bardgett, R. D. (2024). Climate change disrupts the seasonal
coupling of plant and soil microbial nutrient cycling in an alpine
ecosystem. Global Change Biology, 30, e17245. https://doi.org/10.
1111/gcb.17245

Calanca, P. (2007). Climate change and drought occurrence in the
Alpine region: How severe are becoming the extremes? Global
and Planetary Change, 57, 151-160. https://doi.org/10.1016/j.glopl
acha.2006.11.001

Chen, H., Ju, P, Zhu, Q., Xu, X., Wu, N., Gao, Y., Feng, X., Tian, J., Niu, S.,
Zhang, Y., Peng, C., & Wang, Y. (2022). Carbon and nitrogen cycling on
the Qinghai-Tibetan Plateau. Nature Reviews Earth and Environment,
3, 701-716. https://doi.org/10.1038/s43017-022-00344-2

Chen, H., Zhu, Q., Peng, C., Wu, N., Wang, Y., Fang, X., Gao, Y., Zhu, D.,
Yang, G., Tian, J., Kang, X., Piao, S., Ouyang, H., Xiang, W., Luo, Z.,
Jiang, H., Song, X., Zhang, Y., Yu, G., ... Wu, J. (2013). The impacts of
climate change and human activities on biogeochemical cycles on
the Qinghai-Tibetan Plateau. Global Change Biology, 19, 2940-2955.
https://doi.org/10.1111/gcb.12277

Chen, S., Huang, K., Hu, L., Wang, P, & Hu, S. (2024). Precipitation-
rather than temperature-driven pattern in belowground biomass
and root:shoot ratio across the Qinghai-Tibet Plateau. Science of
the Total Environment, 915, 170158. https://doi.org/10.1016/j.scito
tenv.2024.170158

Cohen, S., & Pincus, R. (2025). A spectroscopic theory for how mean
rainfall changes with surface temperature. Science Advances, 11,
eadv6191. https://doi.org/10.1126/sciadv.adv6191

Cotrufo, M. F,, Wallenstein, M. D., Boot, C. M., Denef, K., & Paul, E. (2013).
The microbial efficiency-matrix stabilization (MEMS) framework in-
tegrates plant litter decomposition with soil organic matter stabili-
zation: Do labile plant inputs form stable soil organic matter? Global
Change Biology, 19, 988-995. https:/doi.org/10.1111/gcb.12113

De Vries, F. T., & Bardgett, R. D. (2012). Plant-microbial linkages and
ecosystem nitrogen retention: Lessons for sustainable agriculture.
Frontiers in Ecology and the Environment, 10, 425-432. https://doi.
org/10.1890/110162

Du, E., & De Vries, W. (2025). Links between nitrogen limitation and sat-
uration in terrestrial ecosystems. Global Change Biology, 31,e70271.
https://doi.org/10.1111/gcb.70271

Elrys, A. S., El-Maati, A., Mohamed, F., Dan, X., Wen, Y., Mou, J.,
Abdelghany, A. E., Uwiragiye, Y., Shuirong, T., Yanzheng, W., Meng,
L., Zhang, J., & Midiller, C. (2023). Aridity creates global thresholds
in soil nitrogen retention and availability. Global Change Biology, 30,
e17003. https://doi.org/10.1111/gcb.17003

Ernakovich, J. G., Hopping, K. A., Berdanier, A. B., Simpson, R. T,
Kachergis, E. J., Steltzer, H., & Wallenstein, M. D. (2014). Predicted
responses of arctic and alpine ecosystems to altered seasonal-
ity under climate change. Global Change Biology, 20, 3256-3269.
https://doi.org/10.1111/gcb.12568

Evans, S. E., & Wallenstein, M. D. (2014). Climate change alters ecological
strategies of soil bacteria. Ecology Letters, 17, 155-164. https://doi.
org/10.1111/ele. 12206

Fay, P. A., Gherardi, L. A., Yahdjian, L., Adler, P. B., Bakker, J. D., Bharath,
S., Borer, E. T., Harpole, W. S., Hersch-Green, E., Huxman, T. E.,
Macdougall, A. S., Risch, A. C., Seabloom, E. W., Bagchi, S., Barrio,
I. C., Biederman, L., Buckley, Y. M., Bugalho, M. N., Caldeira, M. C.,
... Wheeler, G. R. (2025). Interactions among nutrients govern the
global grassland biomass-precipitation relationship. Proceedings of
the National Academy of Sciences, 122, e2410748122. https://doi.
org/10.1073/pnas.2410748122

Freschet, G.T., Pages, L., lversen, C. M., Comas, L. H., Rewald, B., Roumet,
C., Klimesova, J., Zadworny, M., Poorter, H., Postma, J. A., Adams,
T. S., Bagniewska-Zadworna, A., Bengough, A. G., Blancaflor, E. B.,
Brunner, I., Cornelissen, J. H. C., Garnier, E., Gessler, A., Hobbie,
S. E., ... Mccormack, M. L. (2021). A starting guide to root ecol-
ogy: Strengthening ecological concepts and standardising root
classification, sampling, processing and trait measurements. New
Phytologist, 232, 973-1122. https://doi.org/10.1111/nph.17572

He, J., Yang, K., Li, X., Tang, W., Shao, C., Jiang, Y., & Ding, B. (2025). China
meteorological forcing dataset v2.0 (1951-2024). National Tibetan
Plateau Data Center.

IPCC. (2023). Water cycle changes. In Climate change 2021 - The physi-
cal science basis: Working group | contribution to the sixth assessment
report of the Intergovernmental Panel on Climate Change (pp. 1055-
1210). Cambridge University Press. https://doi.org/10.1017/97810
09157896.010

Kuzyakov, Y., & Xu, X. (2013). Competition between roots and microor-
ganisms for nitrogen: Mechanisms and ecological relevance. New
Phytologist, 198, 656-669. https://doi.org/10.1111/nph.12235

Lin, L., Zhu, B., Chen, C., Zhang, Z., Wang, Q.-B., & He, J.-S. (2016).
Precipitation overrides warming in mediating soil nitrogen pools
in an alpine grassland ecosystem on the Tibetan Plateau. Scientific
Reports, 6, 31438. https://doi.org/10.1038/srep31438

Liu, W., Zhang, Z., & Wan, S. (2009). Predominant role of water in regu-
lating soil and microbial respiration and their responses to climate
change in a semiarid grassland. Global Change Biology, 15, 184-195.
https://doi.org/10.1111/j.1365-2486.2008.01728.x

La, F.-M., LG, X.-T., Liu, W., Han, X., Zhang, G.-M., Kong, D.-L., & Han, X.-
G. (2011). Carbon and nitrogen storage in plant and soil as related
to nitrogen and water amendment in a temperate steppe of north-
ern China. Biology and Fertility of Soils, 47, 187-196. https://doi.org/
10.1007/s00374-010-0522-4

Perez, S., Hammond, M., & Lau, J. (2024). Precipitation anomalies may
affect productivity resilience by shifting plant community prop-
erties. Journal of Ecology, 113, 542-554. https://doi.org/10.1111/
1365-2745.14471

Reynolds, H. L., Packer, A., Bever, J. D., & Clay, K. (2003). Grassroots ecol-
ogy: Plant-microbe-soil interactions AS drivers of plant community

85UB01 7 SUOLUWIOD aA 118D 9|l dde ay) Aq peuenob aJe sooiie VO ‘85N J0 SNl 1oy Aleld18UIIUQ AB]IM UO (SUO N IPUCO-PUR-SLUIB)ALIOY™ A8 | 1M Afe.d]|Bul [Uo//Scy) SUORIPUOD pue swie 1 8y} 88S *[9202/20/7T] uo Areiqitauluo A|im ‘AiseAlun eswn Aq S8802 'Si22-GIET/TTTT OT/I0P/LIOY 48| M Ale.q1|BulUO'S [euIN0 ad)//:sany Wouy papeojumoq ‘2 ‘9202 ‘G.2S9ET


https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.70385
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.70385
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.70385
https://doi.org/10.5061/dryad.nzs7h455f
https://doi.org/10.5061/dryad.nzs7h455f
https://orcid.org/0000-0002-5425-137X
https://orcid.org/0000-0002-5425-137X
https://doi.org/10.1111/j.1365-2486.2009.02019.x
https://doi.org/10.1111/gcb.13884
https://doi.org/10.1111/gcb.17245
https://doi.org/10.1111/gcb.17245
https://doi.org/10.1016/j.gloplacha.2006.11.001
https://doi.org/10.1016/j.gloplacha.2006.11.001
https://doi.org/10.1038/s43017-022-00344-2
https://doi.org/10.1111/gcb.12277
https://doi.org/10.1016/j.scitotenv.2024.170158
https://doi.org/10.1016/j.scitotenv.2024.170158
https://doi.org/10.1126/sciadv.adv6191
https://doi.org/10.1111/gcb.12113
https://doi.org/10.1890/110162
https://doi.org/10.1890/110162
https://doi.org/10.1111/gcb.70271
https://doi.org/10.1111/gcb.17003
https://doi.org/10.1111/gcb.12568
https://doi.org/10.1111/ele.12206
https://doi.org/10.1111/ele.12206
https://doi.org/10.1073/pnas.2410748122
https://doi.org/10.1073/pnas.2410748122
https://doi.org/10.1111/nph.17572
https://doi.org/10.1017/9781009157896.010
https://doi.org/10.1017/9781009157896.010
https://doi.org/10.1111/nph.12235
https://doi.org/10.1038/srep31438
https://doi.org/10.1111/j.1365-2486.2008.01728.x
https://doi.org/10.1007/s00374-010-0522-4
https://doi.org/10.1007/s00374-010-0522-4
https://doi.org/10.1111/1365-2745.14471
https://doi.org/10.1111/1365-2745.14471

ZHAO ET AL.

structure and dynamics. Ecology, 84, 2281-2291. https://doi.org/
10.1890/02-0298

Romero, F., Argtiello, A., De Bruin, S., & Van Der Heijden, M. G. A. (2023).
The plant-mycorrhizal fungi collaboration gradient depends on
plant functional group. Functional Ecology, 37, 2386-2398. https://
doi.org/10.1111/1365-2435.14395

Sanchez, G. (2013). PLS path modeling with R (pp. 383-551). Trowchez
Editions. https://github.com/gastonstat/plspm

Schaeffer, S. M., Sharp, E., Schimel, J. P., & Welker, J. M. (2013). Soil-plant
N processes in a high Arctic ecosystem, NW Greenland are altered
by long-term experimental warming and higher rainfall. Global
Change Biology, 19, 3529-3539. https://doi.org/10.1111/gcb.12318

Schimel, J., Balser, T. C., & Wallenstein, M. (2007). Microbial stress-
response physiology and its implications for ecosystem function.
Ecology, 88, 1386-1394. https://doi.org/10.1890/06-0219

Smith, S. E., & Smith, F. A.(2011). Roles of arbuscular mycorrhizas in plant
nutrition and growth: New paradigms from cellular to ecosystem
scales. Annual Review of Plant Biology, 62, 227-250. https://doi.org/
10.1146/annurev-arplant-042110-103846

Stark, J. M., & Hart, S. C. (1996). Diffusion technique for preparing salt
solutions, Kjeldahl digests, and persulfate digests for nitrogen-15
analysis. Soil Science Society of America Journal, 60, 1846-1855.
https://doi.org/10.2136/s552j1996.03615995006000060033x

Sundqvist, M. K., Sanders, N. J., & Wardle, D. A. (2013). Community and
ecosystem responses to elevational gradients: Processes, mech-
anisms, and insights for global change. Annual Review of Ecology,
Evolution, and Systematics, 44, 261-280. https://doi.org/10.1146/
annurev-ecolsys-110512-135750

Van Der Heijden, M. G. A. (2010). Mycorrhizal fungi reduce nutrient loss
from model grassland ecosystems. Ecology, 91, 1163-1171. https://
doi.org/10.1890/09-0336.1

Wang, C., Wang, X., Liu, D., Wu, H,, L{, X., Fang, Y., Cheng, W., Luo, W.,
Jiang, P., Shi, J., Yin, H., Zhou, J., Han, X., & Bai, E. (2014). Aridity
threshold in controlling ecosystem nitrogen cycling in arid and
semi-arid grasslands. Nature Communications, 5, 4799. https://doi.
org/10.1038/ncomms5799

Wang, Y., Xiao, J., Ma, Y., Ding, J., Chen, X., Ding, Z., & Luo, Y. (2023).
Persistent and enhanced carbon sequestration capacity of alpine
grasslands on earth's third pole. Science Advances, 9, eade6875.
https://doi.org/10.1126/sciadv.ade6875

Wardle, D. A. (2002). Communities and ecosystems: Linking the abo-
veground and belowground components. Princeton University Press.
https://doi.org/10.1515/9781400847297

Wardle, D. A., Bardgett, R. D., Klironomos, J. N., Setala, H., van der
Putten, W. H., & Wall, D. H. (2004). Ecological linkages between
aboveground and belowground biota. Science, 304, 1629-1633.
https://doi.org/10.1126/science.1094875

Weemstra, M., Mommer, L., Visser, E. J. W., Van Ruijven, J., Kuyper, T.
W., Mohren, G. M. J,, & Sterck, F. J. (2016). Towards a multidimen-
sional root trait framework: A tree root review. New Phytologist,
211, 1159-1169. https://doi.org/10.1111/nph.14003

Wei, D., Qi, Y., Ma, Y., Wang, X., Ma, W,, Gao, T., Huang, L., Zhao, H., Zhang,
J., & Wang, X. (2021). Plant uptake of CO, outpaces losses from per-
mafrost and plant respiration on the Tibetan Plateau. Proceedings of
the National Academy of Sciences of the United States of America, 118,
€2015283118. https://doi.org/10.1073/pnas.2015283118

Wilson, G. W. T,, & Hartnett, D. C. (1998). Interspecific variation in plant
responses to mycorrhizal colonization in tallgrass prairie. American
Journal of Botany, 85, 1732-1738. https://doi.org/10.2307/2446507

Xu, X., Qiu, Y., Zhang, K., Yang, F., Chen, M., Luo, X,, Yan, X., Wang, P.,
Zhang, Y., Chen, H., Guo, H., Jiang, L., & Hu, S. (2022). Climate
warming promotes deterministic assembly of arbuscular mycor-
rhizal fungal communities. Global Change Biology, 28, 1147-1161.
https://doi.org/10.1111/gcb.15945

Xu, X., Schimel, J. P, Thornton, P. E., Song, X., Yuan, F., & Goswami,
S. (2014). Substrate and environmental controls on microbial

BRITISH 13 of 13
E men. Journal of Ecology | 1ot

assimilation of soil organic carbon: A framework for earth system
models. Ecology Letters, 17, 547-555. https://doi.org/10.1111/ele.
12254

Yang, F., Zhang, N., Zhao, Q., Luo, X., Zhou, X., Guo, H., Zhang, Y., & Hu,
S. (2025). Effects of short-term climate warming and precipitation in-
crease on plant-microbe nutrient coupling in a Tibetan alpine meadow.
Plant and Soil. https://doi.org/10.1007/s11104-025-07922-5

Yang, G. J., Stevens, C., Zhang, Z. J., LG, X. T., & Han, X. G. (2023).
Different nitrogen saturation thresholds for above-, below-, and
total net primary productivity in a temperate steppe. Global Change
Biology, 29, 4586-4594. https://doi.org/10.1111/gcb.16803

Yang, Y., Fang, J., Smith, P,, Tang, Y., Chen, A., Ji, C., Hu, H., Rao, S., Tan,
K., & He, J. S.(2009). Changes in topsoil carbon stock in the Tibetan
grasslands between the 1980s and 2004. Global Change Biology, 15,
2723-2729. https://doi.org/10.1111/j.1365-2486.2009.01924 .x

Zhang, Y., Wang, R., Gu, B,, Liu, H., Dijkstra, F. A., Han, X., & Jiang, Y.
(2025). Plant growth strategies and microbial contributions to
ecosystem nitrogen retention along a soil acidification gradient.
Ecology, 106, e4515. https://doi.org/10.1002/ecy.4515

Zhao, Q., Freschet, G. T., Tao, T., Smith, G. R., Wang, P,, Hu, L., Ma, M.,
Johnson, D., Crowther, T. W., & Hu, S. (2024). Resolving the intri-
cate effects of multiple global change drivers on root litter decom-
position. Global Change Biology, 30, e17547. https://doi.org/10.
1111/gcb.17547

Zhao, Q., Guo, J., Shu, M., Wang, P., & Hu, S. (2020). Impacts of drought and
nitrogen enrichment on leaf nutrient resorption and root nutrient al-
location in four Tibetan plant species. Science of the Total Environment,
723, 138106. https://doi.org/10.1016/j.scitotenv.2020.138106

Zhao, Q., Wang, P.,, Smith, G. R, Hu, L., Liu, X., Tao, T., Ma, M., Averill, C.,
Freschet, G. T., Crowther, T. W., & Hu, S. (2024). Nitrogen redistri-
bution and seasonal trait fluctuation facilitate plant N conserva-
tion and ecosystem N retention. Journal of Ecology, 112, 501-513.
https://doi.org/10.1111/1365-2745.14246

Zhao, Q., Wardle, D. A., Freschet, G. T., Tao, T., Ma, M., & Hu, S. (2026).
Data from: Increasing precipitation reshapes alpine plant-microbial nutri-
ent partitioning and enhances ecosystem carbon and nitrogen retention.
Dryad Digital Repository. https://doi.org/10.5061/dryad.nzs7h455f

Zheng, M., Cui, J., Wang, X., Zhang, X., Xie, Z., Zhang, R., Xu, X., & Gu, B.
(2025). Shifts in precipitation regimes exacerbate global inequal-
ity in grassland nitrogen cycles. Nature Communications, 16, 7888.
https://doi.org/10.1038/s41467-025-63206-7

Zhu, Y., Shen, H., Akinyemi, D. S., Zhang, P,, Feng, Y., Zhao, M., Kang, J.,
Zhao, X., Hu, H., & Fang, J. (2022). Increased precipitation atten-
uates shrub encroachment by facilitating herbaceous growth in a
Mongolian grassland. Functional Ecology, 36, 2356-2366. https://
doi.org/10.1111/1365-2435.14100

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Table S1. Effects of increasing precipitation on soil and microbial

properties and plant-soil C stocks.

How to cite this article: Zhao, Q., Wardle, D. A., Freschet, G.
T., Tao, T., Ma, M., & Hu, S. (2026). Increasing precipitation
reshapes alpine plant-microbial nutrient partitioning and
enhances ecosystem carbon and nitrogen retention. Journal of
Ecology, 114, €70385. https://doi.org/10.1111/1365-
2745.70385

85UB01 7 SUOLUWIOD aA 118D 9|l dde ay) Aq peuenob aJe sooiie VO ‘85N J0 SNl 1oy Aleld18UIIUQ AB]IM UO (SUO N IPUCO-PUR-SLUIB)ALIOY™ A8 | 1M Afe.d]|Bul [Uo//Scy) SUORIPUOD pue swie 1 8y} 88S *[9202/20/7T] uo Areiqitauluo A|im ‘AiseAlun eswn Aq S8802 'Si22-GIET/TTTT OT/I0P/LIOY 48| M Ale.q1|BulUO'S [euIN0 ad)//:sany Wouy papeojumoq ‘2 ‘9202 ‘G.2S9ET


https://doi.org/10.1890/02-0298
https://doi.org/10.1890/02-0298
https://doi.org/10.1111/1365-2435.14395
https://doi.org/10.1111/1365-2435.14395
https://github.com/gastonstat/plspm
https://doi.org/10.1111/gcb.12318
https://doi.org/10.1890/06-0219
https://doi.org/10.1146/annurev-arplant-042110-103846
https://doi.org/10.1146/annurev-arplant-042110-103846
https://doi.org/10.2136/sssaj1996.03615995006000060033x
https://doi.org/10.1146/annurev-ecolsys-110512-135750
https://doi.org/10.1146/annurev-ecolsys-110512-135750
https://doi.org/10.1890/09-0336.1
https://doi.org/10.1890/09-0336.1
https://doi.org/10.1038/ncomms5799
https://doi.org/10.1038/ncomms5799
https://doi.org/10.1126/sciadv.ade6875
https://doi.org/10.1515/9781400847297
https://doi.org/10.1126/science.1094875
https://doi.org/10.1111/nph.14003
https://doi.org/10.1073/pnas.2015283118
https://doi.org/10.2307/2446507
https://doi.org/10.1111/gcb.15945
https://doi.org/10.1111/ele.12254
https://doi.org/10.1111/ele.12254
https://doi.org/10.1007/s11104-025-07922-5
https://doi.org/10.1111/gcb.16803
https://doi.org/10.1111/j.1365-2486.2009.01924.x
https://doi.org/10.1002/ecy.4515
https://doi.org/10.1111/gcb.17547
https://doi.org/10.1111/gcb.17547
https://doi.org/10.1016/j.scitotenv.2020.138106
https://doi.org/10.1111/1365-2745.14246
https://doi.org/10.5061/dryad.nzs7h455f
https://doi.org/10.1038/s41467-025-63206-7
https://doi.org/10.1111/1365-2435.14100
https://doi.org/10.1111/1365-2435.14100
https://doi.org/10.1111/1365-2745.70385
https://doi.org/10.1111/1365-2745.70385

	Increasing precipitation reshapes alpine plant–microbial nutrient partitioning and enhances ecosystem carbon and nitrogen retention
	Abstract
	1  |  INTRODUCTION
	2  |  METHODS
	2.1  |  Site description and experimental design
	2.2  |  Plant–soil sampling and preparation
	2.3  |  Measurements of plant, soil and microbial properties
	2.4  |  Determination of plant–soil 15N assimilation and competition
	2.5  |  Statistical analysis

	3  |  RESULTS
	3.1  |  Soil and microbial properties under increased precipitation
	3.2  |  Root functional traits and mycorrhizal association
	3.3  |  15N partitioning among N pools and plant–microbial 15N competition index
	3.4  |  Relationships among plant–microbial 15N assimilation, ecosystem 15N retention and C stocks

	4  |  DISCUSSION
	4.1  |  Increasing precipitation reshapes plant–microbial N partitioning
	4.2  |  Increasing precipitation alters community root traits and mycorrhizal association
	4.3  |  Shifts in ecosystem N partitioning and their implications for C and N dynamics

	5  |  CONCLUSIONS AND PERSPECTIVES
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT
	ORCID
	REFERENCES


