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Abstract

Climate changes are altering precipitation to more frequent extreme precipitation events that have strong impacts on the struc-
ture and functions of grassland ecosystems. We conducted a rain simulation experiment combined with in situ '> N labeling
of three nitrogen (N) forms (NO;~, NH,*, glycine) to investigate how the frequency of extreme precipitation influences plant
productivity and N acquisition (N uptake, !> N recovery, and preference for N form) by the dominant species Stipa grandis
and soil microorganisms in the temperate steppe. Extreme precipitation had three frequencies (1, 3, and 6 events for low,
medium, and high frequency) with the same total rain amount in 1-month cycle. The low frequency reduced the S. grandis
biomass by 39%, whereas the high ones raised the S. grandis biomass by 43% and increased plant and microbial N uptake
up to 6.3-fold and 5.1-fold of those under ambient precipitation, respectively. Plants preferred NO;™ and microorganisms
preferred NH, " under low frequency, but they showed similar preference for three N forms, leading to chemical niche overlap
for NO;~, NH,*, and glycine under high frequency. This indicated that high precipitation frequency effectively reduced the
proportion of each N form, which plants and microorganisms competed for as the available N pool increased. Overall, the
increase of precipitation frequency (decreasing intensity) shifted the extreme (low frequency but high intensity) to optimal
conditions for plant productivity and N acquisition by plants and microorganisms in the temperate steppe. These findings
provide new insights for understanding the diverse responses of ecosystem functions to extreme climate events.
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Introduction

One of the major concerns regarding future climate change
is the frequency and magnitude of extreme climate events
(Easterling and Mearns 2000; Donat et al. 2016; Grant
2017; Raghavendra et al. 2018), including extreme drought
and rainfall. The models used by the Intergovernmental
Panel on Climate Change (IPCC) consistently predict the
changes in the magnitude and frequency of extreme pre-
cipitation events as the climate warms (IPCC 2013), and
these scenarios have occurred at local, regional, and global
scales (Knapp et al. 2008; IPCC 2013; Donat et al. 2016;
Wang et al. 2017). In Inner Mongolia, a region dominated
by continental temperate steppe, the extreme precipita-
tion magnitude has varied little or even slightly decreased
(0—6 mm per decade) (Zhai et al. 2005), but it increased
the frequency and intensity of short-term extreme precipi-
tation over the last 50 years, indicating unstable condition
of precipitation under ongoing climate change (Chen et al.
2012; Fu et al. 2013). Extreme precipitation accounts for
a large proportion of the total annual precipitation (Chen
et al. 2012) and leads to high precipitation variability; this
further aggravates the soil water deficit in Inner Mongolia
steppe.

In arid and semiarid areas, precipitation is a key driver
of ecosystem structure and function. Altered precipita-
tion patterns have strong effects on the plant species com-
position and net primary production (NPP) by changing
soil water availability (Knapp et al. 2008; Li et al. 2019).
Therefore, soil water availability is a crucial factor linking
precipitation with ecological response (Wu et al. 2011;
Knapp et al. 2016). In arid ecosystem, extreme precipi-
tation via greater infiltration increases the effective pre-
cipitation and available soil water for plants (Knapp et al.
2008). An increase in effective precipitation stimulates
plant photosynthesis by maximizing light capture through
opened stomata and faster CO, exchange and leads to
NPP increase (Joslin and Wolfe 1998). Changes in soil
water due to dynamic precipitation differentially affect N
turnover (Cregger et al. 2014) and plant N acquisition in
arid ecosystem and further influence plant productivity
(McCulley et al. 2009; Kong et al. 2013). After extreme
precipitation, soil nutrients are solubilized, and a large
pulse of N is released owing to the soil aggregate dis-
ruption (Borken and Matzner 2009; Navarro-Garcia et al.
2012) or even the microbial cell burst (Blagodatsky et al.
1987; Blagodatsky and Yevdokimov 1998). In temperate
grasslands, increased soil water availability promoted N
mineralization and improved soil N availability for plants
(Wang et al. 2006; Lii and Han 2010). Microbial N uptake
also has various responses to the soil moisture fluctua-
tions. In arid land, microbial metabolism and N uptake are
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supposed to increase with moisture due to water limitation
and slow substrate diffusion (Borken and Matzner 2009).
However, the moisture range required for soil microbial
metabolism is very wide, and thus, microbial N uptake
could be constant by the moisture changed from subop-
timal to optimal condition (Collins et al. 2008; Zhang
et al. 2019). And when soil is waterlogged by the extreme
precipitation events, oxygen deficit and sudden changes
in water potential in soil limit or terminate microbial
metabolic activities and decline their N uptake (Kieft
et al. 1987; Zhang et al. 2019). Many studies indicate that
extreme precipitation causes N leaching (Yahdjian and
Sala 2010; Hess et al. 2020; Zheng et al. 2020); however,
soil N pulse varies with the intensity, duration time, and
intervals between events, or even with plant species. In the
semiarid steppe and tallgrass community, soil N availabil-
ity increases about 40-60% with a shift from 10- to 30-day
interval between extreme precipitation but changes little in
mixed grasslands (Heisler-White et al. 2009). Numerous
studies investigate the effect of soil water and N fluctua-
tion induced by extreme precipitation on plant productivity
(Heisler-White et al. 2009; Kang et al. 2013; Kong et al.
2013; Wilcox et al. 2017), while few studies focus on the
further changes in plant-microbial N acquisition strategy
on plant growth in water and N-limited arid land.

Plant and microbial N acquisition is critical for under-
standing NPP because N is the often limiting nutrient
in many ecosystems (LeBeaur and Treseder 2008). In
N-limited ecosystem, plant species often perform chemi-
cal niche differentiation to minimize competition and
facilitate coexistence (McKane et al. 2002; Ashton et al.
2010; Xu et al. 2011a, b). In Arctic tundra, the most
abundant N form was first used by the most productive
species, and the less abundant N form was largely used
by sub-productive species (McKane et al. 2002). Plants
often maximize resource utilization to increase their com-
petitive abilities. Many studies on plant-microbial com-
petition for N demonstrated that microorganisms acquire
N more efficiently than plants in temperate and alpine
grasslands (Schimel et al. 1989; Ouyang et al. 2016; Xu
et al. 2011b; Liu et al. 2016). Consequently, the intensity
of plant-microbial competition for N and niche differ-
entiation (i.e., spatial, temporal and chemical) could be
changed by the N limitation arising from the altered pre-
cipitation. Plants and microorganisms increase N uptake
and acquire more NH,* than NO;~ under intense pre-
cipitation and drying-rewetting conditions (Mansson et al.
2014). This can be connected to (1) slower nitrification
under very high soil moisture due to the limited oxygen
diffusion (Grundmann et al. 1995; Chen et al. 2013) and
(2) the preferences for N form in plants and microorgan-
isms under higher water availability (Houlton et al. 2007;
Wang and Macko 2011; Kuzyakov and Xu 2013; Hong
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et al. 2019). However, it remains unclear how the chemi-
cal niche differentiation of plants and microorganisms
varies with intense precipitation. Besides chemical niche
differentiation, plants and microorganisms demonstrate
spatial niche differentiation to weaken the competition
(Xu et al. 2011b; Liu et al. 2016). The root biomass and
microbial biomass (Xu et al. 2011b; Pabst et al. 2013),
as well as soil nutrient content (Farley and Fitter 1999),
decrease with soil depth. In alpine grasslands, plants com-
peted effectively with microorganisms for NO;™ in 5 cm
depth, while microorganisms strongly outcompeted plants
for NH4Jr below 5 cm soil depth (Xu et al. 2011b). The
frequency of extreme precipitation could affect N locali-
zation in soil depth and further influence N acquisition
by plants and microorganisms.

Plant in semiarid temperate steppe is extremely vulner-
able and sensitive to the variation of soil water availabil-
ity (Christensen et al. 2004). A lack of water in the tem-
perate steppe usually limited soil available N; therefore,
plants and microorganisms diverge their N sources (N
forms) of acquisition to reduce competition and achieve
resource partition. Plants mainly use NO;~, and microor-
ganisms mainly take up NH,* and NO;~ in the temper-
ate grassland with low soil moisture (Liu et al. 2016).
After extreme precipitation, high rainfall use efficiency
in arid land and increased soil water and N mineraliza-
tion (Knapp et al. 2008) could alter the initial N uptake
strategy of plants and microorganisms. We hypothesize
that (1) increase in soil N availability induced by extreme
precipitation with high frequency will alleviate N limi-
tation for plant and microorganisms and thus increase
their N uptake and plant productivity and (2) increased
N availability will reduce the proportion of each N form
which plants and microorganisms compete for, so plants
and microorganisms will acquire N based on their pref-
erence, thus leading to strong chemical niches overlap.
Overall, extreme precipitation will alter the ratio of N
incorporated into microorganisms and plants and change
their preference for N form. To test these hypotheses,
we conducted an extreme precipitation simulation with
different frequencies, combined with pulse !> N labeling
in a temperate steppe of North China. The frequency
regulates the influence of extreme precipitation, a low
to a high frequency describes a change from extreme to
optimal condition for plant growth. The low precipita-
tion frequency represents an extreme condition due to
the largest wetting after long drying, and it is a striking
situation for the ecosystem caused by ongoing climate
change; the medium precipitation frequency represents
occasional extreme precipitation; and the high precipita-
tion frequency represents a relatively stable and optimal
condition which can alleviate limitations of water and
nutrient by frequent dry-rewetting.

Materials and methods
Study site

The study was conducted at the Xilingol Grassland Eco-
system Research Station (116° 20.718" E, 44° 16.385'
N) (XGERYS), Institute of Grassland Research, Chinese
Academy of Agricultural Sciences. The area is character-
ized by a semiarid continental climate and is a temperate
steppe dominated by Stipa grandis, and other plant species
(Table S1) include Leymus chinensis, Cleistogenes squar-
rosa, Melissilus ruthenicus, Carpesium abrotanoides, Sau-
ssurea japonica, and Allium fistulosum. The dominant spe-
cies of S. grandis was selected as the target species. Mean
annual temperature (MAT) at the study site is 0 °C, with
the highest monthly air temperature in July (18.3 °C) and
the lowest in January (— 22 °C). Mean annual precipita-
tion ranges from 350 to 450 mm year™!, and more than
70% of precipitation falls during June and August. The
soil is chestnut soil, corresponding to a Haplic or Calcic
Kastanozem (World Reference Base for Soil Resources
2014). Soil organic Cis 1.11%, total N is 0.12%, C/N ratio
is 9.35, and soil pH is 7.5.

Simulating extreme precipitation events

Sixteen 2.5 m X 2.5 m plots were randomly set, with at least
a 10 m buffer distance between every two plots (Fig. S1).
The simulation of extreme precipitation was conducted from
July 14 to August 13 of 2015, and natural precipitation was
absent during the 3 days preceding the initial of the pre-
cipitation simulation experiment (Fig. S2). The ambient pre-
cipitation during the simulation period was 32 mm, and all
the plots were under natural rain-fed condition and received
ambient rainfall in addition to the water treatments.

The daily extreme precipitation defined as that larger
than its 95th percentile for the year, from the period of past
50 years, and it usually ranged from 10 to 20 mm per day
in Inner Mongolia (Zhai et al. 2005). Extreme precipitation
events (> 10 mm per day) account for more than 50% of total
annual precipitation, and 70-80% of extreme precipitation
occurs in July and August in Inner Mongolia, correspond-
ing to 60—90 mm per month at our study site. Besides, the
maximum of an extreme precipitation event was approxi-
mately 100 mm during the past two decades (1993-2013)
at Xilinhot based on precipitation data obtained from Xilin-
hot meteorological station close to our study site (Liu et al.
2018). Therefore, a total of 105 mm water was supplied in
this study as the amount of extreme precipitation.

Different frequency (interval) of extreme precipita-
tion events alters soil moisture through differing dry—wet
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cycling of soil, in return affects plant growth, microbial
activity, and nutrient cycling. Here, the total amount of
water applied to the experimental plots was held con-
stant (105 mm) but delivered with different frequency.
Four precipitation treatments were applied, no additional
water (ambient rainfall), low precipitation frequency
(low: 105 mm water supplied over one day per month),
medium precipitation frequency (medium: 35 mm water
supplied every 10 days, or 3 times per month), and high
precipitation frequency (high: 17.5 mm water supplied
every 5 days, or 6 times per month), and each precipitation
treatment had four replicated plots. The hourly extreme
precipitation in the semiarid ecosystem of Inner Mongolia
was about 12.5 mm h~! based on 111 stations in summer
(June to August) during 1991 to 2015. In this study, water
was applied to each plot in 6 h (6:00-12:00 a.m.) to low,
2 h (6:00-8:00 a.m.) to medium, and 1 h (6:00-7:00 a.m.)
to high (corresponding to 17.5 mm h~! in all treatments).
Even water distribution was ensured each time by using
four sprinklers placed about 20 cm above the plot surface.
The water spray intensity was controlled by adjusting the
nozzle size and water pressure. The intensity of simulated
precipitation (17.5 mm h~!) has reached the extreme pre-
cipitation level in this area.

15 N pulse labeling experiment

Plant N uptake has diurnal dynamics, and N uptake is high
at 9:00-12:00 during a day combined with the high leaf pho-
tosynthetic rates (Rusjan and Miko§ 2010; Peng et al. 2014;
Liu et al. 2021). '3 N pulse labeling was conducted at 9:00
a.m. on August 16 of 2015. After the precipitation simula-
tion finished, eight 10 cm X 10 cm subplots were randomly
set in each plot with at least 50 cm apart, and totally 128 sub-
plots were set in all the treatments (Fig. S1). The medium-
sized S. grandis was selected for ' N labeling in this study,
and most roots were within the subplot. Considering the
short labeling time (3 h) and the short diffusion distance
(several cm per hour) of labeling solution, no interactive N
was up taken by the S. grandis from neighboring subplot.
Four '° N-labeled treatments (i.e., the addition of 15NO3',
SNH,*, glycine-'> N, and none) were applied separately
at two !° N-injected soil depths (i.e., 0-5 cm and 5-15 cm
in separate subplot) in each subplot. The total N amount
added in each plot was 0.60 g-N m™2, with the same amounts
(0.20 g:N m~2) of NO,~, NH,*, and glycine, but only one
N form was labeled with '> N ("N, (99.14 atom% '° N),
NH,* (99.19 atom% ' N), or glycine-'> N (99.04 atom%
5 N). A total of 60 mg of all three N forms was dissolved
in 500 ml of distilled water, with identical N amounts (cor-
responding to 0.80 ug N-g~! d.w. soil) of NH,*, NO;™, and
glycine. Forty-five milliliters of solutions was injected into
each subplot. To ensure that the !> N solution was distributed
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evenly, each subplot (10 cm X 10 cm) was equally divided
into 9 quadrats, and 5 ml solutions was injected at the center
of each quadrat. !> N solution was injected at 2.5 cm for
0-5 cm and at 10 cm for 5-15 cm soil depth, and both roots
and soils were sampled to the depth of 15 cm.

Sampling and analysis

Plant and soil samples were collected 3 h after the '° N
solution injection. Rapid soil sampling was performed
to ensure that !> N for plant and microbial uptake is in
intact injected form (Xu et al. 2011b; Moran-Zuloaga
et al. 2015). Samples were excavated as soil blocks of
10 cmx 10 cm X 15 cm from each plot, all of the soil and
the whole plant including shoots and roots within the
block were collected. After washing, roots and shoots were
carefully separated, and root samples were soaked in a
0.5 mM CaCl, solution for 30 min and rinsed with distilled
water to clear the !> N adsorbed onto the root surface (Wang
et al. 2016). Shoots and roots were dried at 65 °C for 48 h
and weighed to determine the dry mass of aboveground and
belowground plant biomass and ground to a fine powder
using a ball mill (MM2, Fa. Retsch, Haan, Germany).
Approximately 2 mg of plant material was weighed into
tin capsules to analyze the N content and !> N atom% using
a PDZ Europa ANCA-GSL elemental analyzer interfaced
with a PDZ Europa 20-20 isotope ratio mass spectrometer
(Sercon Ltd., Cheshire, UK).

Soil samples were quickly transferred to the laboratory,
sieved through a 2 mm mesh, and stored at 4 °C (Wang
et al. 2016) until analysis. Chloroform fumigation-
extraction procedure was used to measure N content
and ' N atom% of the microbial biomass (Brooks and
Schmidt 1998; Liu et al. 2016). Approximately 10 g of
soil was fumigated with alcohol-free chloroform for 24 h
and extracted with 40 ml 0.05 M K,SO, solution (Ouyang
et al. 2016). Another 10 g of soil was extracted without
fumigation, and the extracts were quickly freeze-dried for
subsequent analysis of the N content and '> N atom% using
a PDZ Europa ANCA-GSL elemental analyzer interfaced
to a PDZ Europa 20-20 isotope ratio mass spectrometer
(Sercon Ltd., Cheshire, UK). The concentrations of NH4Jr
and NO;™ in native soils were measured by an autoanalyzer
(AA3, Bran-Luebbe, Germany), and glycine-N was
measured by high-performance liquid chromatography
(Waters 515, Waters Inc., USA).

Calculation and statistics

15 N atom% excess (APE) was calculated as the excess com-
pared with the atom% of the control treatment (Fry 2006):
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APE = atom%plam—laheled - atom%plant—wnlm[ (1)

s 1gvl;ere atom%pan(_1abelea iNdicates the a.tOTTl percent in the
-labeled plant and atom%,j,n_contror indicates the atom
percent in the same control plant.
15N uptake by plants (pug-N m~2) was calculated by mul-
tiplying the N content (umol N g~! dry mass), APE, relative
molecular mass of ' N (g mol™"), and total plant biomass
(g m™?), according to the following equation (McKane et al.
2002):

umol g g
Up—labeled = Ncanlem(T) X APE X 15<—l) )(B(ﬁ)

mo
(@)

where Up j,.1q indicates the total amount of '> N uptake
by plant (pg:N m™2), N, n; indicates the plant N content
(umol g~! dry mass), APE indicates the atom percent excess
(%), 15 indicates the atomic mass of 15N, and B indicates
the total plant biomass (aboveground + belowground bio-
mass) (g m~?) collected from each subplot (10 cm % 10 cm)
at 0—15 cm soil depth.

15 N uptake by microorganisms was calculated as the dif-
ference between the '° N recovered from fumigated and non-
fumigated soil samples according to the following equation
(Zogg et al. 2000):

UM—labeled = (Rfum - Rnon—fum) 3)

where Uy jupereq indicates the total amount of '* N uptake
by microorganisms and Ry, and R, ., indicate the total
amounts of '3 N recovered from fumigated and non-fumi-
gated soil extracts, respectively.

Nitrogen uptake by plants or microorganisms was calcu-
lated by !> N and corrected with the soil-native N content
according to the following equation (McKane et al. 2002):

Ulmlabeled = Ulabeled X (munlabeled/mlabeled> (4)

where U, 1.1e.q indicates the total amount of N uptake by
plants or microorganisms, U},..;.q indicates the total amount
of 15 N uptake by plants or microorganisms, m,,;.;.; indicates
the total amount of > N added to soil in each subplot, and
M, 1abeleq 1Rdicates the soil-native N concentration from the
controlled plot.

15N recovery by plants (Rpjane> %) or microorganisms
(Ryp> %) was calculated by the following equation (Zogg
et al. 2000; Clemmensen et al. 2008):

R(%) = Uapetea! " Naddea X 100 )

where U),p.;oq indicates the amount of '* N uptake by
plants or microorganisms and '°N, ., indicates the amount
of 15 N added to the soil per square meter. !> N recovery
for the total three forms of '> N is described as the total

15 N recovery. The competition for !> N between plants and
microorganisms (Ryp/R ., 18 presented as the ratio of 5N
recovery in microorganisms (Ry,z) to !> N recovery in plants
(Rplant)'

The total content of three N forms (NH4+, NO;™, and gly-
cine) in soil was calculated to indicate the soil N availability
under different precipitation frequencies.

The study was designed as a three-factorial experiment:
(1) 4 levels of precipitation, (2) three 15N forms + unlabeled
reference, and (3) two soil depths. The effects of the precipi-
tation pattern, N form, soil depth, and their interactions on N
uptake by plants and microorganisms, Ryig, Rpj,n and Rygp/
R, jane Were tested using mixed-effect model analysis in the
SPSS 20.0 software package (SPSS Inc., Chicago, IL, USA).
The mixed-effect model analyses were performed with fixed
effect of precipitation frequency (P), N form (N), soil depth
(D), and their interactions (PXN, PXD, NXD, PXNxXD),
and random effect of plot. All the differences were tested
at p<0.05. The standard errors of means are shown in the
figures and tables.

Results
Biomass and root-to-shoot ratio of S. grandis

A total of 105 mm of extra rainfall was added in the three
experimental treatments compared to the ambient precipi-
tation (32 mm). After rainfall addition, soil water content
increased under medium and high precipitation frequencies
at 0-5 cm soil depth and increased only in the high fre-
quency at 5-15 cm (p <0.05, Table 1). The water content
under high frequency was 8.63% and 9.60% at 05 cm and
5-15 cm soil depths, which were 2.7- and 1.9-fold of those
under the ambient precipitation, respectively. Compared to
the ambient precipitation, the aboveground biomass of S.
grandis decreased under low precipitation frequency and
increased under high precipitation frequency (p <0.05,
Fig. 1). The root-to-shoot ratio of S. grandis under high pre-
cipitation frequency (0.32 +0.02) was lower than that in the
other treatments.

Nitrogen uptake by plants and microorganisms

The total N uptake of all three N forms (glycine, NH,*, and
NO;7) by S. grandis was the lowest under low frequency,
intermediate under medium frequency, and highest under
high frequency of extreme precipitation at 0-5 cm soil depth
(p <0.05) but was independent of extreme precipitation at
5-15 cm soil depth (Fig. 2a). Plant N uptake increased under
high frequency of extreme precipitation for all three N forms
at 0-5 cm soil depth and for NH,* at 5-15 cm soil depth
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Table 1 Characteri§tics of Ambient Low Medium High

the upper 15-cm soil under

different frequency of extreme 0-5 cm

precipitation in a temperate Water content (%) 3.18+£0.24° 3.75+0.36° 6.09+0.33 8.63+0.08"

steppe of Inner Mongolia | ) ) ) )
NH,* (ug N-g7") 1.68+0.465 2.26+0.218 3.31+1.01% 5.46+0.214
NO,™ (ug N-g™h) 1.36+0.32* 1.23+0.37° 1.96+0.12% 3.61+1.13*
Glycine (ug N-g™!) 0.08+0.01° 0.07 £0.00° 0.09+0.01° 0.10+0.02°
5-15cm
Water content (%) 5.17+0.16" 5.00+0.60® 6.69+0.41B 9.60+0.39*
NH,* (ugN g™} 2.01+0.16 1.88+0.21° 2.30+0.05? 1.97+0.03*
NO,~ (ug N-g™h) 1.74+0.122 1.34+0.15° 1.86+0.18° 1.52+0.21°
Glycine (ug N-g™") 0.12+0.02° 0.09+0.01¢ 0.09+0.01¢ 0.08+0.01¢

Tukey’s test was used for multiple comparison at p <0.05 level. Values show means+ SE (n=3). All units
are expressed as per g dry soil. Precipitation treatments include ambient (no additional water), low (low
precipitation frequency, single rainfall event per month), medium (medium precipitation frequency, 3 rain-
fall events per month), and high (high precipitation frequency, 6 rainfall events per month). Uppercase let-
ters indicate significant differences between precipitation treatments. Lowercase letters indicate significant

differences between three N forms

[ ] Aboveground A

2
—1— 0
—— 0

0 0.57 0.73 0.52 0.32

Plant biomass (

200 .
300\ ] Belowground
Ambient Low

Medium High

Fig.1 Aboveground and belowground biomass (0-15 cm soil depth)
of S. grandis in the temperate steppe of North China. The values on
the zero line are root-to-shoot ratios. Precipitation treatments include
ambient (no additional water), low (low precipitation frequency,
single rainfall event per month), medium (medium precipitation fre-
quency, 3 rainfall events per month), and high (high precipitation fre-
quency, 6 rainfall events per month). Uppercase letters indicate sig-
nificant differences (p <0.05) between precipitation treatments. Bars
show means + SE (n=32)

(p <0.05, Fig. S3a, b). NH4Jr uptake increased the most
among three N forms.

An increase in N uptake by microorganisms occurred
under high precipitation frequency compared with other
precipitation treatments at 0-5 cm soil depth (p <0.05,
Fig. 2b). Microbial N uptake of NO;~ and NH,* increased
with high precipitation frequency at 0-5 cm soil depth and
was increased to 4.9-fold and 5.7-fold of those with ambient
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precipitation, respectively (Fig. S3c). At 5-15 cm soil depth,
microbial uptake of NH,* and NO;~ was constant between
precipitations, whereas glycine uptake decreased under low
and high precipitation frequency compared with that under
ambient precipitation (Fig. S3d). Among all three N forms,
glycine uptake was consistently the lowest both by plants
and microorganisms (Fig. S3).

Nitrogen uptake in the temperate steppe suggested niche
differentiation for N forms between plants and microorgan-
isms. Plants and microorganisms most take up mineral N
(NH,* and NO; ") rather than organic N (glycine) (Fig. 3 and
Fig. S3). Under ambient precipitation, plants and microbial
preference for N form were similar at 0—5 cm soil depth, but
plant favored more NO;~ and microorganisms favored more
NH,* at 5-15 c¢m soil depth (Fig. 3). Under the extreme
precipitation treatments, plants favored NO;~, but with
increasing precipitation frequency, plants increased NH,*
uptake and showed a similar preference for NO;~ and NH,*
under high precipitation frequency (Fig. 3). Microorgan-
isms favored NH,* versus NO, ™, although this preference
weakened under high precipitation frequency (Fig. 3). The
preferences of plants and microorganisms for three N forms
intensely differentiated under low and medium frequency
but converged under high precipitation frequency. Plants and
microorganisms overlapped the niches for N forms under
high precipitation frequency independent of soil depth
(Fig. 3).

15 N recovery in plants and microorganisms

15N recovery in plants was greatly affected by extreme pre-
cipitation frequencies (p=0.002, Table S2). As precipita-
tion frequency increased, '> N recovery in plants for three N
forms changed, especially for mineral N forms (Fig. S4a, b).
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Fig.2 N uptake by S. grandis and microorganisms at two soil depths
under different precipitation treatments in the temperate steppe of
North China. Precipitation treatments include ambient (no additional
water), low (low precipitation frequency, single rainfall event per
month), medium (medium precipitation frequency, 3 rainfall events
per month), and high (high precipitation frequency, 6 rainfall events
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69
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per month). Soil depths included 0-5 cm and 5-15 cm. Uppercase
letters indicate significant differences (p <0.05) between precipita-
tion treatments at the same soil depth, and lowercase letters indicate
significant differences (p <0.05) between soil depths under the same
precipitation frequency. Bars show means +SE (n=4)
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Fig.3 Shifts in plants and microbial niche differentiation for the
uptake of three N forms (glycine, NO;~, and NH,*) at two soil
depths in the temperate steppe. The triangles present contribution
of glycine, ammonium, and nitrate to total N uptake (%) by plants
and microorganisms (total sum of 3 N forms in microorganisms and
plants=100%). The area enclosed by a blue solid line represents N
chemical niche of microorganisms, and the green shadowed area rep-
resents that of plants. The area overlapping between the black solid
triangle and the shadowed area represents the relative intensity of
niche overlapping between microorganisms and plants for N—pre-

Compared with ambient precipitation, 1> N recovery under
high precipitation frequency increased in all three '> N forms
except for '° N-glycine recovery at 5-15 cm soil depth. In
microorganisms, '* N recovery was independent of precipita-
tion (p=0.303, Table S2, Fig. S4b). Microbial '° N recovery
n !5 N-glycine was higher than other two '°> N forms under

NOy NH,* NO; NH,* NO,NH,* NO,
water content (%)5.2 5.0 m
Ambient Low Medium High

sented as the red value inside. Bold red values (%) show the percent-
age of niche overlapping. The larger the value, the lower portion of
N competed for, because of the increased pool size of available N for
plants and microorganisms at the high precipitation frequency. Note a
clear movement of the green triangle in the direction of NH,* uptake
with the high frequency at 0-5 cm soil depth, and with the medium
and high frequency of extreme precipitation at 5—-15 cm soil depth, as
the increasing water availability. Note that the microorganisms took
11-174 times more '3 N compared to plants (see text and Fig. 4)

ambient precipitation (p <0.05, Fig. S4c, d), while microbial
15 N recovery in three N forms was constant under extreme
precipitation treatments, except for it under medium precipi-
tation frequency at 5—15 cm soil depth.

Ratios of !> N recovery in microorganisms-to-plants
(Ryvig/Rpan) among three N forms ranged from 11.27
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Fig.4 Ratio of '> N recovery in microorganisms (Ryp) to plants
(Rpjane) at two soil depths under different precipitation treatments.
Precipitation treatments include ambient (no additional water),
low (low precipitation frequency, single rainfall event per month),
medium (medium precipitation frequency, 3 rainfall events per
month), and high (high precipitation frequency, 6 rainfall events per

to 174.25 at 0-5 cm and ranged from 21.39 to 123.02 at
5-15 cm (Fig. 4), indicating that microorganisms strongly
outcompeted plants for N over very short time. Ryp/R 10
greatly affected by precipitation frequency (p =0.007), grad-
ually declined with increasing precipitation frequency, did
not differ between soil depths (p =0.378), and differed for
each ' N form (p <0.001, Table S2). Ryp/R ., Were higher
in "NH,* and ' N-glycine than in '’NO;~ (Fig. 4).

Discussion

Biomass of S. grandis and plant-microorganism N
uptake

N uptake by plants and microorganisms increased under high
precipitation frequency (Fig. 2), relating to the improved
water and N availability in soil which control the N acquisi-
tion strategies of plants and microorganisms (Heisler-White
et al. 2009; Lii and Han 2010). In the temperate steppe, low
water availability prevented N from being available for both
plants and microorganisms (Harpole et al. 2007; Ma et al.
2018). A high frequency of precipitation offers constant
water recharge for soil, effectively alleviating water stress
in the temperate steppe (Table 1). Increased soil water avail-
ability stimulates microbial activity, results in more rapid
microbial biomass turnover and N mineralization, and
enhances N availability in soil (Fierer and Schimel 2002;
Mansson et al. 2014). Additionally, soil water stimulates
rhizosphere processes, such as fine root and mycorrhizal
growth, increases the uptake surface of roots, and promotes
nutrient acquisition (Green et al. 2005). N and C cycle inter-
acts strongly, and increased N uptake improves plant growth
in most N-limited ecosystems (Lebauer and Treseder 2008).
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month). Soil depths included 0-5 cm and 5-15 cm. Uppercase letters
indicate significant differences (p <0.05) between precipitation treat-
ments in the same N form, and lowercase letters indicate significant
differences (p <0.05) between N forms under the same precipitation
frequency. Bars show means + SE (n=4)

The precipitation frequency substantially changes dry—wet
cycles of soil, influences nutrient pools and turnover, and
leads to biomass decrease or increase (Knapp et al. 2008).
In our study, aboveground biomass decreased under low
frequency, remained stable under medium frequency, and
increased under high frequency, compared with that under
ambient precipitation (p <0.05, Fig. 1). We argue that the
(indirect) N effect on plant growth was driven initially by an
increase in soil water availability that accelerated N cycling
under high precipitation frequency. In contrast, low precipi-
tation frequency is the extreme condition with the largest
amplitude of dry-rewetting that often results in water and
nutrient losses (Knapp et al. 2008). Moreover, such striking
water pulse may have inhibited plant and microbial activity
or damage plant roots for their normal metabolism (Vicente-
Serrano et al. 2013). Overall, frequency altered the effects
of extreme precipitation on the ecosystem because a low
to high frequency converted the feeble or negative impacts
of extreme precipitation to a relatively unstressed and sta-
ble state to activate plant and microbial N uptake and plant
growth. This fully supports our first hypothesis.

Chemical niches and ratios of "> N recovery
in microorganisms to plants

Diverse N forms in soil can be taken up by plants and
microorganisms (Harrison et al. 2008; Xu et al. 2011b)
and differ with altered precipitation. Many studies have
indicated that both plants and microorganisms prefer to
absorb NH,* over NO;~ as for assimilation of NH,* is
more energetically efficient, so NO;~ has been reduced
in roots or shoots (Gavrichkova and Kuzyakov 2008; Xu
et al. 2011b). Nevertheless, owing to the higher mobility
of NO;~ and slower NH,* delivery to the root surface,
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especially at low soil moisture content (Wang and Macko
2011; Liu et al. 2016), there may be no sufficient NH4Jr
for plants and microorganisms to take up in arid soil.
Under such condition, microorganisms preferentially uti-
lize absorbable N form like NH,* owing to their higher
efficiency in N acquisition than plants (Schimel et al.
1989; Xu et al. 2011b), and thus, plants have to absorb
more NO;~ for growth. Such differentiation of N sources
between plants and microorganisms was confirmed under
arid conditions at 5-15 cm soil depth because plants
acquired more NO;~ and microorganisms acquired more
NH,* under ambient precipitation (Fig. 3). When the
extreme precipitation occurred, plants and microorganisms
differentiated intensely their acquisition of N forms under
low precipitation frequency, while under high precipita-
tion frequency, plants absorbed more NH,* and showed a
similar preference for NO;~ or NH,™ to that of microor-
ganisms and resulted in chemical niches overlap for plants
and microorganisms (Fig. 3). Nitrogen loss under low fre-
quency and relatively low water and N fluctuations under
medium frequency caused plant and microorganisms still
severely compete for N, and thus, they remained origi-
nal N acquisition strategy (distinct preference for N form)
and reduced competition by chemical niche differentia-
tion. High precipitation frequency supplied constant water
and (1) increased available N pool in soil decreasing the
proportion of each N form which plants and microorgan-
isms competed for but (2) promoted plant N uptake capac-
ity to compete for their preferential N form. Our results
were consistent with the previous studies demonstrating
that plants switched N sources from NO;~ to NH," along
an environmental gradient from drier to wetter (Houlton
et al. 2007; Wang and Macko 2011; Mansson et al. 2014).
Supporting our second hypothesis, high precipitation fre-
quency moderated the striking influence of extreme pre-
cipitation, increased N availability that could satisfy both
plants and microorganisms for taking up N according to
their preference, and lead to the same chemical niche.
Besides inorganic N, it has been well demonstrated over
past years that organic N in terms of amino acid can be
absorbed by plants and is an important N source for plants
and microorganisms in N-limited grassland (Ouyang et al.
2016; Wang et al. 2016; Tian et al. 2020). In our study,
plant and microbial glycine uptake was extremely lower
than inorganic N (Fig. 3 and Fig. S3), though relatively high
15 N-glycine was recovered by plant and microorganisms
(Fig. S4). This indicates that plants and microorganisms in
temperate steppe have high potential but low actual organic
N uptake due to the low concentration of glycine in the soil
(Kahmen et al. 2009; Liu et al. 2016) and rapid organic N
decomposition by microorganisms (Ma et al. 2021). And the
glycine content was unresponsive to the extreme precipita-
tion (Table 1). Therefore, our study suggests that organic N

contributes little to N uptake of S. grandis and microorgan-
isms in Inner Mongolia temperate steppe.

15N recovery was calculated to reflect partitioning of
added ' N between plants and microbial biomass, with-
out considering the role of native N pool. In general, > N
recovery in plants increased as the precipitation frequency
increase, whereas microbial > N recovery differed little
(Fig. S4), and Ry;p/R 1, reduced under high precipitation
frequency (Fig. 5). In arid ecosystem, low soil moisture lim-
its plant N uptake. But when the soil moisture increased with
the precipitation frequency (Table 1), plant roots and myc-
orrhizas could actively absorb more N (Green et al. 2005).
Unlike the plant, microbial N uptake might be less limited
under ambient precipitation due to the large surface-volume
ratio and fast growth rates of microorganisms, which is con-
ducive to N acquisition in short-time labeling (Schwinning
and Sala 2004; Wilkinson et al. 2014). Lower soil moisture
is needed for microorganisms to acquire enough N to grow
than plants (Schwinning and Sala 2004; Collins et al. 2008).
It is likely that the initial soil moisture of this area have
already fully activated microbial '° N uptake; hence, the
additional precipitation did not increase total !> N recovery
in microorganisms. The increased N availability under high

precipitation frequency reduced Ryp/Rj,y, confirms high

120 8
. RMB/RpIanl
O N availability 47
100 A .
3
-6
@ A 2
80 - ab >
153
s o
. =z
o
= 60+ a 44
2 a A 2
(4 Q B g
120 13 =
y=-15.1x+138.7 el
40 - 5100 R=0.89 * %
2 80 %
g, \ 42 >
= ©
o 40 >
20 - 20
0 -1
3 4 5 6 7.
N availability (mg N g~ d.w. soil)
0

1 1 1 1
Ambient Low Medium High

Content (%) 4.2 44 m

Fig.5 Ratios of total !> N recovery in microorganism (Ryp) to plant
(Rpjand)s N availability (NO5~ +NH,* +glycine-N), and water con-
tent (bottom blue arrow) at 0—15 cm soil depth under extreme precipi-
tation treatments. The inset plot shows the linear relationship between
N availability and Ryg/R,,,. Precipitation treatments include ambi-
ent (no additional water), low (low precipitation frequency, single
rainfall event per month), medium (medium precipitation frequency,
3 rainfall events per month), and high (high precipitation frequency,
6 rainfall events per month). Uppercase letters indicate significant
differences (p <0.05) in Ryp/Ry,, between precipitation treatments,
and lowercase letters indicate significant differences (p<0.05) in
N availability of soil between precipitation treatments. Bars show
means+SE (n=4)
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Fig.6 Conceptual figure on the impacts of ambient precipitation versus high frequency of extreme precipitation on N acquisition and competi-

tion between plants and microorganisms in the temperate steppe

precipitation frequency influencing the relationship between
plants and microorganisms, and greatly increased the plant
competitive capacity (Fig. 5). Overall, extreme precipita-
tion with a high frequency alters N absorption by plants and
microorganisms and shifts their preferences to the same N
form in the temperate steppe (Fig. 6).

Conclusions

Aboveground plant biomass and N acquisition by plants
and microorganisms were affected by the precipitation fre-
quency. A low to a high frequency of extreme precipita-
tion changed the conditions from extreme to optimal for
plant growth and N acquisition, linking to the increase of
soil N availability resulting in more stable soil moisture.
The extreme precipitation with low frequency reduced S.
grandis growth, whereas the extreme precipitation with
high frequency raised the growth and N acquisition of S.
grandis and promoted microbial N uptake. In the temper-
ate steppe, plants mainly absorb NO;~, and microorgan-
isms mainly take up NH,*. However, due to the increase
in water and N availability under high precipitation fre-
quency, the proportion of each N form which plants and
microorganisms compete for is reduced, and plants took up
more NH,* compared with the ambient conditions. Plants
and microorganisms absorbed N forms according to their

@ Springer

preferences and converge their chemical niche under high
precipitation frequency. Mineral N is the primary source
of plant and microbial N uptake, and glycine contributes
little due to the small concentration in the soil. A high
precipitation frequency increased the ratio between ' N
incorporated in plants and microorganisms. On the whole,
extreme precipitation shifted the extreme scenario from
a very long dry—wet cycling to a relatively mildest sta-
ble conditions for plant growth in the temperate steppe
and increased plant biomass by altering N acquisition of
plants and microorganisms. This study clarifies the effects
of extreme precipitation on the N acquisition by plants
and microorganisms through a single sampling. To better
understand the effects of extreme precipitation on temper-
ate grasslands, long-term spatio-temporal N acquisition
by plants and microorganisms combined with changes in
productivity and species diversity should be investigated
under a variety of extreme precipitation patterns.
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