Plant Soil (2023) 491:9-20
https://doi.org/10.1007/s11104-022-05435-z

RESEARCH ARTICLE

®

Check for
updates

Soil nitrate mediates the responses of plant community
production to the frequency of N addition in a temperate
grassland: a decadal field experiment

Changchun Song - Yuqiu Zhang + Zhengru Ren -
Haining Lu - Xu Chen - Ruoxuan Liu -
Jungang Chen * Yunhai Zhang

Received: 23 November 2021 / Accepted: 8 April 2022 / Published online: 13 April 2022
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2022

Abstract

Purpose Nitrogen (N) enrichment through either
artificial N application or atmospheric N deposition
often increases ecosystem aboveground net primary
productivity (ANPP). Therefore, results from N addi-
tion experiments have been used to assess the effects
of atmospheric N deposition on ecosystems. How-
ever, the frequency of atmospheric N deposition is
higher than that of artificial N addition. Whether the
frequency of N addition alters the long-term response
of ecosystem ANPP remains unclear.

Methods We conducted a N addition frequency
experiment from 2010 in a temperate grassland,
northern China. Plant community ANPP was col-
lected in 2019 and 2020, and soil physicochemical
properties were measured in 2020.
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Results Plant community ANPP was significantly
enhanced by N addition, whereas these increments
declined with the frequency of N addition. The
responses of the grasses ANPP were similar to those
of the plant community ANPP. Forbs ANPP was not
significantly altered. Meanwhile, soil ammonium
and nitrate (NO; —N) concentrations decreased with
increasing N addition frequency, while the soil water
content (SWC) and pH were similar among the fre-
quencies of N addition. Regardless of the frequency
of N addition, SWC and soil NO; N jointly pro-
moted grasses ANPP, ultimately increasing the plant
community ANPP.

Conclusion Our findings demonstrate that the fre-
quency of N addition affects plant community bio-
mass production through altering soil nitrate con-
centration in the semi-arid grassland. Therefore, this
study illustrates that a higher frequency of N addition
is more suitable for assessing the long-term impacts
of atmospheric N deposition on ecosystems.

Keywords Biomass production - Nitrogen addition
frequency - Nitrogen deposition - Plant and soil
interaction - Plant functional group - Soil moisture
Introduction

Plant community aboveground net primary produc-

tivity (ANPP) is a fundamental ecosystem function-
ing, providing food, fuel, and fiber (Haberl et al.
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2007; Knapp et al. 2017; Migliavacca et al. 2021).
The ecosystem biomass demand had been doubled
in last century and was expected to increase in the
coming decades (Krausmann et al. 2013). However,
nitrogen (N) is limited in many terrestrial ecosystems,
especially in temperate arid/semi-arid grasslands (Du
et al. 2020; LeBauer and Treseder 2008; Vitousek and
Howarth 1991), affecting plant community biomass
production and ecosystem services.

It has been suggested that the rapidly increasing
atmospheric N deposition caused by human activi-
ties (Galloway et al. 2021) could promote plant com-
munity ANPP in grasslands (Stevens et al. 2015).
Similarly, N addition could increase plant commu-
nity ANPP in various grasslands by partially or com-
pletely relieving N limitation through enrichment
of soil N concentrations (Bai et al. 2010; LeBauer
and Treseder 2008; Seabloom et al. 2021; Yue et al.
2020). Although both N fertilization and N deposition
cause increments in plant community ANPP, empiri-
cal evidence regarding whether results from N addi-
tion experiments can accurately evaluate the influence
of N deposition is still lacking, as there are apparent
differences in N input frequency between artificial N
application and atmospheric N deposition (Peng et al.
2020; Smith et al. 2009).

Clarifying whether the frequency of N input
causes different effects on ecosystems is a prerequi-
site for accurately assessing the ecological effects of
N deposition using results from N addition experi-
ments (Smith et al. 2009). In most studies simulating
N deposition (N addition) in grasslands, reactive N is
input at a low frequency (once or several times) dur-
ing the growing season (e.g., Bai et al. 2010; Clark
and Tilman 2008; Eisenlord and Zak 2010; Peng et al.
2020). In contrast, for atmospheric N deposition,
reactive N frequently enters ecosystems throughout
the year (Smith et al. 2009). In the non-growing sea-
son, N input would not be immediately absorbed by
plants because of the asynchrony between N availa-
bility and plant N demand in temperate herbs (Larsen
et al. 2012; Ma et al. 2018, 2021). Moreover, these
non-growing season N enrichments may cause N loss
through leaching and/or emission. Therefore, atmos-
pheric N deposition may result in reduced soil N
availability during the growing season in comparison
with that under N addition only during the growing
season. This suggests that a higher plant commu-
nity ANPP may be produced with a low frequency
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of N addition in the growing season compared to
that under frequent N addition throughout the year.
However, our previous studies found that higher soil
ammonia emissions (Zhang et al. 2014a) and lower
soil ammonium concentrations (Zhang et al. 2014b)
are observed under the higher frequency of N addi-
tion, but soil nitrate and inorganic N concentrations
and plant community ANPP are similar between low
and high frequencies of N addition after consecutive
5-year treatments in a temperate grassland (Zhang
et al. 2015).

There are three potential explanations for the
above-mentioned responses of plant community
ANPP between low and high frequencies of N addi-
tion. First, N applied during both the growing season
and winter, even at a low frequency, cannot appropri-
ately reflect soil N dynamics for the previous N addi-
tion during only the growing season. Second, plants
in arid/semi-arid ecosystems may prefer NO; —N
(Wang and Macko 2011; Zhang et al. 2018a, 2016);
however, soil NO;—N concentrations do not show
significant differences between low and high frequen-
cies of N addition (Zhang et al. 2014b), resulting in
similar responses in the plant community ANPP.
Third, a significant difference in species diversity
has been observed in a 5-year treatment; however,
the lost species had relatively small biomass propor-
tions (Zhang et al. 2015). The previous 5-year field
experiment might be a relatively short-term study, as
a recent report suggested that populations may need
longer time (e.g., 10 years) to respond consistently
to environmental fluctuations (Cusser et al. 2021).
Therefore, it is necessary to conduct a long-term
experiment with distinct frequencies of N addition,
especially considering addition of N only in the grow-
ing season, to determine whether and how the results
from N addition experiments can accurately verify
the effects of atmospheric N deposition on ecosystem
ANPP.

Grasslands in Inner Mongolia, which have high
biodiversity and ecosystem productivity (Bai et al.
2004), have experienced relatively low atmospheric N
deposition (Yu et al. 2019). Thus, it is an ideal model
ecosystem to evaluate the impacts of N deposition
on ecosystem functioning by comparing the effects
of different frequencies of N addition. To evaluate
the above-mentioned three potential explanations,
based on our previous results with low and high fre-
quencies of N addition (Zhang et al. 2015, 2014b,
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2018c), we conducted a new field experiment with
a control and three experimental frequencies (once
per year, twice per year, and monthly) of N addi-
tion at 10 g N m~2 year™!. We addressed two ques-
tions: (i) whether the N-induced increments in plant
community ANPP are associated with a decrease in
the frequency of N addition? and (ii) if so, whether
soil physicochemical factors mediate the responses
of plant community ANPP to the frequency of N
addition?

Materials and methods
Study site

The experiment was conducted in the Leymus chin-
ensis grassland near the Inner Mongolia Grassland
Ecosystem Research Station, Chinese Academy of
Sciences (116°42'E, 43°38'N,~1100 m a.s.l.), in the
Inner Mongolia Autonomous Region, China. The
long-term (1982-2020) mean annual precipitation
was 341.3 mm, with approximately 71.4% falling
during the growing season (from May to August).
Annual precipitation was similar between 2019 and
2020 (Fig. S1). The long-term mean annual tem-
perature is 1.1 °C, with a mean monthly temperature
ranging from—21.1 °C (January) to 20.0 °C (July).
According to the Food and Agriculture Organization
of the United Nations soil classification system, the
soil is classified as Haplic Calcisol. The plant com-
munity is dominated by perennial grasses, which
together account for more than 90% of the total peak
aboveground biomass (Zhang et al. 2015). The field
has been fenced since 1999 to exclude feeding and
trampling by large herbivores. No fertilization was
applied prior to the N addition experiment. The total
ambient atmospheric N deposition was less than
1.0 ¢ N m~2 year™! in the grassland over the past
three decades (Yu et al. 2019).

Experiment design

The frequency of N addition experiment (Fig. 1) was
established in September 2010, with a randomized
block design with six blocks (replicates). The field
experiment contained a control (ambient condition;
without N addition) and three frequencies of N addi-
tion (once per year [adding N in the growing season],

twice per year [adding N in both the growing season
and winter], and monthly) at 10 g N m~2 year™! (the
most commonly used load for assessing atmospheric
N deposition in grasslands globally [Borer et al.
2014]) as analytic solid NH,NO;. Thus, there were
24 experimental plots in total; each plot was 4 x4 m,
with 1 m intervals between plots. Specifically, to
match our previous N addition experiment with a low
(twice per year) and high (monthly) frequency of N
addition (Zhang et al. 2014b), monthly N addition
(12 N additions year™!) was started on September 1,
2010, and reapplied on the first day of each follow-
ing month; the twice per year N addition (2 N addi-
tions year‘l) was started on November 1, 2010, and
reapplied on the first day of each following June and
November. In addition, for the once per year addition,
N addition (1 N addition year™!) was started on June
1, 2010, and replied on the first day of each following
June. Therefore, after monthly N addition in August
(the peak plant community biomass period), the N
loads were equal among the three frequencies of N
addition (Fig. 1).

Field sampling and laboratory measurements

Plant community ANPP was estimated by investi-
gating the peak aboveground biomass of the com-
munity, because plant aboveground tissues are dead
during winter in temperate grasslands (Bai et al.
2004; Zhang et al. 2018b). Plant aboveground tis-
sues, separated into grasses and forbs, were clipped
using a 0.5 mx 1 m sampling quadrat in each experi-
mental plot on August 16 in both 2019 and 2020 (the
10" year of N addition). The quadrats, without spa-
tial overlapping, were randomly placed at least 0.5 m
inside the border to avoid edge effects in each plot.
Plant tissues were oven-dried at 65 °C for 48 h to a
constant weight, and then weighed.

The top 10 cm soils, five cores with 3 cm diameter,
were collected at the same location where plants were
harvested in each plot on August 16, 2020. Each soil
sample was thoroughly mixed, sieved through a 2 mm
mesh, and divided into two subsamples. One was for
soil water content (SWC, %) as well as soil ammonium
(NH,*-N; mg kg~! dry soil) and nitrate (NO;™-N; mg
kg~! dry soil) concentrations. For SWC, approximately
30 g of fresh soil was oven-dried at 105 °C for 48 h to
a constant weight. For soil NH,*-N and NO; N con-
centrations, 10 g of fresh soil was extracted with 50 mL
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Fig. 1 Nitrogen addition frequency experiment design and
location. Randomized complete block design was employed,
with six blocks. Control treatment (ambient condition without
N addition) and three frequencies of N addition (once per year
[1 N addition year‘l], twice per year [2 N additions year_l],
and monthly [12 N additions year™!]) were set in a temperate
grassland in Inner Mongolia, China. Nitrogen (as NH,NO;)
addition started on September 1, 2010, and reapplied on the

KCl (2.0 M). The extracts were measured using a flow
injection auto analyzer (FLAstar 5000 Analyzer; Foss
Tecator, Hillergd, Denmark). The other subsample was
air-dried for soil pH (soil:water=1:2.5) using a PHSJ-
4A pH meter (Leici, Shanghai, China).

Statistical analyses

The relative ANPP of grasses/forbs was calculated as:

ANPP,

L % 100%
ANPP,,,
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first day of each month thereafter for the 12 N additions year™'
treatment, started on November 1, 2010, and reapplied on the
first day of each June and November thereafter for the 2 N
additions year™!, and started on June 1, 2011, and reapplied
on the first day of each June thereafter for the 1 N addition
year‘l. That is, in August, the total annual N loadings equal
10 ¢ N m~2 year™! in each N-addition experimental plot

where ANPP; is the ANPP of grasses/forbs and
ANPP,, is the plant community ANPP.
Repeated-measures  analysis  of  variances
(ANOVA) were used to test the effects of the fre-
quency of N addition, year, and their interaction on
the ANPP of the plant community, grasses, and forbs,
and the relative ANPP of grasses/forbs, using block
as a random factor. In addition, two-way ANOVAs
were employed to detect the frequency of N addi-
tion, year, and their interaction on the ANPP of the
plant community, grasses, and forbs, and the rela-
tive ANPP of grasses/forbs. The results were similar
between repeated-measures (Table S1) and two-way
(Table S2) ANOVA. One-way ANOVAs were used
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to test the effects of the frequency of N addition on
the ANPP of the plant community, grasses, and forbs,
and the relative ANPP of grasses/forbs each year.

The soil inorganic N concentration was the sum
of the soil NH,*-N and NO;™-N. To satisfy the nor-
mality assumption, soil NH4+—N, NO;™—N, and inor-
ganic N concentrations were natural logarithm-trans-
formed. One-way ANOVAs were also used to detect
the effects of the frequency of N addition on soil
NH4+—N, NO;™—N, and inorganic N concentrations,
soil NH4+—N/NO3_—N ratio, SWC, and soil pH, using
a block as a random factor. Duncan’s new multiple
range test in R package ‘agricolae’ (de Mendiburu
2021) was employed at «=0.05.

Moreover, the relationships between soil proper-
ties and the ANPP of plant community, grasses and
forbs were explored through using correlation, partial
correlation, stepwise regression, and path analysis.
First, correlation analysis (function corr.test in pack-
age “psych’”) was used. And the strong multicollinear-
ity between variables was observed (Fig. S2). Sec-
ond, partial correlation analysis was employed with
controlling for the effects of the other soil variables,
using the function pcor in package ‘ppcor’ (Kim,
2015). Third, stepwise regression through bidirec-
tional elimination were employed using function step
(package ‘stats’). The optimal models were selected
based on the lowest Akaike’s information criterion
(AIC). Last, based on theory and previous empiri-
cal evidence (Zhang et al. 2015), we constructed an
initial path analysis model (Fig. S3). By gradually
eliminating insignificant paths using package ‘lavaan’
(Rosseel 2012), the final model fitted well with the
lowest AIC. All statistical analyses and plots were
performed on R 4.0.3 (R Core Team 2020). The code
for all analyses can be found in the supplementary
information.

Results

Effects of the frequency of N addition on plant
community ANPP

Plant community ANPP was significantly increased
by N addition (Fig. 2a), but the increments
decreased with an increase in the frequency of N
addition (Fig. 2a; Table S1; F3,15:6.1, P =0.0066).
In comparison with that of the control (ambient N),

the mean plant community ANPP was enhanced by
57.4%, 31.9%, and 19.2% under 1 N (once per year),
2 N (twice per year), and 12 N (monthly) additions
year™!, respectively (Fig. 2a). There was no signifi-
cant difference between 2019 and 2020 (F| 5,=2.5,
P=0.1282). No significant interaction effect was
observed (F3,,=1.9, P=0.1635).

Effects of the frequency of N addition on the ANPP
of grasses and forbs

Similar to the responses of the plant community
ANPP, the ANPP of grasses was increased by N
addition, and the increments significantly declined
with an increase in the frequency of N addition in
2019 (Fig. 2b; F;,5=4.57, P=0.0183) and 2020
(Fig. 2b; F5,5=3.10, P=0.0584). The increments
were 80.4%, 54.8%, and 27.0% under 1 N, 2 N, and
12 N additions year™!, respectively (Fig. 2b). The
ANPP of forbs was not altered by N addition or fre-
quency (Fig. 2¢; Table S1; F;5=0.2, P=0.9041).
There were no significant differences among years
and the interaction of the frequency of N addi-
tion and year on the ANPP of grasses and forbs
(Table S1; Ps>0.2364). Moreover, no any signifi-
cant effects were observed on the relative ANPP
of grasses/forbs (Table S1; F;5=0.4, P=0.7475).
On average, the relative ANPP of the grasses was
82.4%.

Effects of the frequency of N addition on soil
properties

Soil NH,"-N (Fig. 3a), NO; N (Fig. 3b), and inor-
ganic N concentrations (Fig. 3c) increased with N
addition, whereas the increments decreased with an
increase in the frequency of N addition (Fig. 3a—c).
Soil NH,/-N (r=0.92, P<0.0001) and NO;-N
(r=0.78, P<0.0001) were positively correlated with
the soil inorganic N concentration (Fig. S2). The soil
NH,*-N/NO;-N ratio was the highest at 1 N addi-
tion year! (Fig. 3d). SWC was similar among all
four experimental treatments (Table S3; F; 5=1.1,
P=0.3619; Fig. 3e). Soil pH significantly decreased
with N addition compared to that in the control, with-
out significant differences among the three frequen-
cies of N addition (Fig. 3f).
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Fig. 2 Effects of the
frequency of N addition on
aboveground net primary
productivity (ANPP). a
Plant community, b grasses,
and c forbs. Grey bars rep-
resent control treatment and
blue bars present three N
addition frequencies (dark
blue=1 N addition yr~!
[once per year], medium
blue=2 N additions yr~!
[twice per year], light
blue= 12 N additions yr™
[monthly]). Different letters
indicate significant differ-
ences among the frequency
of N addition (a=0.05).
Error bars indicate 1 SE

Fig. 3 Effects of the
frequency of N addition

on soil properties: a soil
ammonium concentration
(NH,"-N), b soil nitrate
concentration (NO;™-N),

¢ soil inorganic N
(NH,*~N+NO;™-N) con-
centration, d soil NH,*-N/
NO;™—N ratio, e soil water
content (SWC), and (e),
soil pH. The soil NH,*-N,
NO;™N, and inorganic N
concentrations were natural
logarithm-transformed.
Different letters indicate
significant differences
among the frequencies of
N addition (ax=0.05). Error
bars indicate 1 SE (n=6)
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Fig. 4 Proposed mecha-
nisms of the effect of the
frequency of N addition on
plant community ANPP.
Relationships between
ANPP of community and
(a), grasses and (b), forbs
in 2019 (open symbols
and red correlation) and

in 2020 (closed symbols
and green correlation). (c)
Path analysis depicting the
influence of soil properties
on the ANPP of grasses
and forbs in 2020. Numbers
denote standardized coef-
ficients. The proportion of
variance explained (R?) is
given. The goodness-of-fit
statistics: ;(2 =1.28, df=4,
P=0.865, GFI=0.98,
RMSEA <0.001. Solid
and dashed lines indicate
significant (P <0.05) and
nonsignificant (P> 0.05)
relationships

23
=}

Community ANPP (g 0.5 m~2)

(c)

(a) (b)
P L ] L]
Control o o
@ 1 N additionyear!
- O ©)
@ 2N additions year™!
12 N additions year™! (0] ® P, O
0 ~L¢€
O O ‘o =
—
D o
&
s
L1
-©- 2019 -0~ 2019
Y=0.78X+38 . Y=041X+97
R?=0.65, P<0.0001 R%2=0.07, P=0.2174
4 - L -
- -
Y=090X+25 Y=085X+78
R?2=0.55, P<0.0001 R?=0.33, P=0.0032
40 80 120 0 25 50 75 100

GrassesANPP (g 0.5 m2)

Forbs ANPP (g 0.5 m™)

-0.73
-0.58
0.58 e = e e b
1 -0.25 !
‘ ; vi l v
| NH,*—N | | NO;—N | | NH,—N/NO;—N | | swcC l | pH
\ /

Grasses ANPP

R2=051

0.61

Forbs ANPP

Relationships between soil properties and plant
community ANPP

Plant community ANPP was positively corre-
lated with the ANPP of grasses (Fig. 4a; all years:
R’=0.61, P<0.0001) and forbs (Fig. 4b; all years:
R’=0.18, P=0.0025); however, the correlation
between the ANPP of the plant community and
that of forbs was not significant in 2019 (Fig. 4b;
R?’=0.07, P=0.2174).

After controlling for the effects of the other
soil variables, results of partial correlation anal-
ysis showed that SWC was significantly posi-
tively associated with the ANPP of plant commu-
nity (Table S4; r=0.49, P=0.0293) and grasses
(Table S4; r=0.61, P=0.0040), and soil NO; -N
concentration was positively correlated with the
ANPP of grasses (Table S4; r=0.41, P=0.0760).
None of the other soil variables showed sig-
nificantly partial correlation with the ANPP of

Table 1 Results of stepwise multiple linear regression analy-
sis on aboveground net primary productivity (ANPP) of plant
community, grasses, and forbs, considering the top 10 cm soil
ammonium (NH,*-N), nitrate (NO; —N), and inorganic N
(NH,*-N+NO;™-N) concentrations (mg kg™! dry soil), soil
ammonium/nitrate (NH4+—N/NO3‘—N) ratio, soil water con-
tent (SWC, %), and soil pH in 2020. Regression equations, R?,
degrees of freedom (df), and F- and P-values were given

Regression R? df F P

Plant community 029 221 4.3 0.0268
ANPP=-141.3+9.3
SWC+22.0 NO;—N

Grasses ANPP=-179.3+10.1 0.51 2,21 11.1 0.0005
SWC+24.3 NO;-N

Forbs ANPP=—-87.5+158pH 0.10 1,22 24 0.1334

plant community, grasses and forbs (Table S4; all
Ps>0.1275).

Moreover, the results of the stepwise regres-
sion analysis showed that SWC and soil NO; —-N
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concentration together explained 29% of the variation
in the plant community ANPP (Table 1; P=0.0268)
and 51% of the variation in the ANPP of grasses
(P=0.0005), while no soil variables were obtained
for the variation in the ANPP of forbs. The results
of the path analysis also showed that SWC (Fig. 4c;
standardized coefficient=0.62) and soil NO; —-N
concentration (standardized coefficient=0.54) jointly
promoted the ANPP of grasses. No significant rela-
tionships between soil variables and the ANPP of
forbs were detected (Fig. 4c).

Discussion

We conducted a in situ study to detect the long-term
effects of the frequency of N addition on plant com-
munity biomass production for evaluating whether
and how the results of N addition experiments can
verify the impacts of atmospheric N deposition on
biomass production. We found that plant community
ANPP was enhanced by N addition, but the incre-
ments decreased with an increase in the frequency
of N addition. This suggests that a low frequency of
N addition may overestimate the positive effect of
atmospheric N deposition on plant community ANPP.
The increments in the plant community ANPP were
attributable to those of grasses ANPP in relation to
the frequency of N addition. Moreover, irrespective of
the frequency of N addition, SWC and soil NO;™—-N
concentration jointly promoted grasses ANPP, and
ultimately enhanced the plant community ANPP. We
also found that soil nitrate, not SWC, was influenced
by the frequency of N addition. Taken together, our
study indicates that soil nitrate mediates the responses
of plant community aboveground biomass production
to the frequency of N addition.

Effects of N addition on plant community ANPP

Consistent with previous reports from both field N
addition experiments (Bai et al. 2010; LeBauer and
Treseder 2008; Seabloom et al. 2021; Yue et al. 2020)
and investigations of atmospheric N deposition gra-
dients (Stevens et al. 2015), we found that plant com-
munity ANPP was enhanced under N addition. By
providing long-term empirical evidence (continuous
addition of N for 10 years), our findings confirm that
N is a limiting factor of ecosystem productivity in
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temperate grasslands (Bai et al. 2010; Lii et al. 2018;
Zhang et al. 2015).

Moreover, we found that grasses, which contrib-
uted 82.4% to the community, mediated the response
of the plant community ANPP to N addition, in line
with previous studies (La Pierre et al. 2016; Lii et al.
2018; Tian et al. 2020; Van Sundert et al. 2021) and
in support of the mass ratio hypothesis (Grime 1998).
In particular, the ANPP of grasses, not forbs, was
promoted under N addition. It has been shown that
N enrichment always promotes the ANPP of grasses
(Bai et al. 2015; Hao et al. 2018; La Pierre et al.
2016; Tang et al. 2017; Van Sundert et al. 2021). For
the ANPP of forbs, positive (La Pierre et al. 2016),
neutral (Ren et al. 2021; Tang et al. 2017; Van Sun-
dert et al. 2021), and negative (Bai et al. 2015; Lu
et al. 2021) effects under N enrichment have all been
reported in previous studies. On a global scale, a
meta-analysis has shown that N enrichment has few
impacts on alterations in the ANPP of forbs (You
et al. 2017). The distinct responses between grasses
and forbs may be attributed to their root morphology
and proliferation. Higher specific root length and spe-
cific root area (Ravenek et al. 2016; Zheng et al. 2019;
Zhou et al. 2018) can help grasses occupy N-rich
patches (Smilauerova and Smilauer 2010) to pro-
mote the growth of aboveground parts. Meanwhile,
faster growth in the ANPP of grasses may restrict
forbs through light competition (Hautier et al. 2009;
Van Sundert et al. 2021), resulting in non-significant
increases in the ANPP of forbs under N-enriched
conditions.

We further found that regardless of the frequency
of N addition, soil NO; N rather than soil NH,-N
was positively associated with the ANPP of grasses.
In arid/semi-arid ecosystems, native herbaceous
plants prefer NO;™—N, which has been reported in
deserts (Zhuang et al. 2020), grasslands (Ashton et al.
2010; Kahmen et al. 2006; Wang et al. 2021; Xu et al.
2011), and forests (Ma et al. 2021). Our finding may
support the theory that with long-term evolutionary
adaptation, preferential N form absorption by local
plant species matches the characteristics of N cycles
(Wang and Macko 2011; Zhang et al. 2018a, 2016).
We also found that both the plant community and
grasses were driven by the soil NO; —N concentra-
tion, even though the soil NH4+—N concentration was
higher (Fig. 3d). Recent empirical evidence showed
that grasses mainly absorb NO,;—N in adjacent
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grasslands where soil NO; —N is the most abun-
dant form after N addition (Cao et al. 2021; Xi et al.
2017). From a physiological perspective, NO; —N is
the main N source for photosynthesis in chloroplasts
(Heldt and Piechulla 2021; Tischner 2000), resulting
in plant-specific NO; -N preference. Furthermore,
annual and biennial forbs, which are opportunistic
species, do not show an apparent preference for N
forms (Ren et al. 2021; Zhang et al. 2015). Together,
these findings indicate that coevolution (Zhang et al.
2018a), rather than the N-induced NH4+—N incre-
ment, determines the impacts of N form on of plant
community biomass production.

Effects of the frequency of N addition on plant
community ANPP

Interestingly, we found that the plant community
ANPP increased with a decrease in the frequency
of N addition. The alterations in the plant commu-
nity ANPP based on the frequency of N addition
were attributed to changes in the ANPP of grasses,
which were associated with the N addition frequency-
induced soil NO; —N concentration (Fig. 4). The
frequency of N addition with seasonal events affects
the soil NH,*-N, NO;™-N, and inorganic N con-
centrations. First, little N is absorbed by herbaceous
plants (Joseph and Henry 2009; Ma et al. 2021) and
immobilized by microbes in the non-growing sea-
son, that is, winter (Joseph and Henry 2009; Ma et al.
2018). Second, N addition in the winter tends to be
lost from the rhizosphere through denitrification and
leaching when soil moisture becomes saturated dur-
ing freeze—thaw dynamics (Joseph and Henry 2009;
Li et al. 2021; Miiller et al. 2002). Third, Zhang
et al. (2014a) reported that increased soil ammonia
volatilization under a high frequency of N addition
results in lower soil NH,*-N concentrations in the
surface soils during the growing season. These eco-
logical processes may have caused the reduced soil N
accumulation in the surface soils during the growing
seasons under the higher frequencies of N addition
in our study. Therefore, stronger eutrophication at a
lower frequency of N addition promotes increased
plant community biomass production. This implies
that experiments with a lower frequency of N addi-
tion may overestimate the positive effect of atmos-
pheric N deposition on ecosystem productivity in
the long term. Future research should clarify how the

frequency of N addition affects ecosystem function-
ing to provide reliable parameters to accurately evalu-
ate the ecological impacts of N deposition based on N
addition field experiments.

Conclusion and outlook

By employing a 10-year field experiment with three
frequencies of N addition (once per year [growing
season], twice per year [both in growing season and
winter], and monthly) in a semi-arid grassland, we
found that the plant community ANPP increased
with a decrease in the frequency of N addition. This
suggests that previous N addition experiments may
have overestimated the increase in plant commu-
nity ANPP from atmospheric N deposition. Moreo-
ver, we found that lower soil NO; -N concentra-
tion was associated with less ANPP of grasses
and plant community at the higher frequency of N
addition. Therefore, our study provides a complete
evidence chain for long-term responses in produc-
tivity to verify that “using a higher frequency of
N addition simulates atmospheric N deposition”
(Zhang et al. 2014b). More importantly, given
that (i) the alteration in plant biomass production
is attributed to changes in soil NO; —N under the
frequency of N addition and (ii) NH,*-N/NO; -N
ratios have been changed in atmospheric N depo-
sition (Du 2016; Liu et al. 2013; Yu et al. 2019),
a new set of N deposition simulation experiments
that account for both NH,*~N/NO; -N ratios and
the frequency of N addition are urgently needed in
temperate grasslands.
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