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Abstract
Effective utilization of water is the cornerstone of maintaining plant biomass. Water use efficiency (WUE), defined as plant 
carbon assimilated as biomass per unit of water input, is significantly affected by global change, particularly by nitrogen (N) 
deposition. Generally, N availability promotes WUE by stimulating photosynthetic. However, the degree to which increased 
N availability may influence leaf WUE and photosynthesis properties (A, leaf net  CO2 assimilation rate; gs, stomatal conduct-
ance, and E, transpiration rate), especially in salinized-alkalized grasslands, is not studied well. We conducted a randomized 
block manipulative experiment to evaluate the multilevel N addition (0, 5, 10, 20, 40 g N  m− 2  year−1) on leaf photosynthesis 
properties and leaf WUE of the dominant species (Leymus chinensis (Trin.) Tzvelev) in the Songnen meadow steppe from 
2016 to 2018. We have three key findings: (1) N availability increased photosynthetic and WUE properties, instantaneous 
WUE (Wi = A/E), intrinsic WUE (Wg =  A/gs) and long-term WUE (WL) inferred from 13C composition, were all showed 
a non-linear increasing pattern in response to N availability; (2) N application decreased leaf mass per area and increased 
leaf total N content via enhancing soil inorganic N content, thus increased photosynthetic characteristics (e.g., A, E and gs), 
ultimately, promoted Wi and Wg; (3) N application enhanced WL was attributed to the N-induced improvement in Wi and Wg. 
Results of the present work are critical to our prediction of how meadow steppe dominated by L. chinensis will respond to 
severe N deposition in the future.

Keywords Nitrogen availability · Photosynthesis rate · Leaf gas exchange · Grassland

Introduction

Excessive demand for irrigation water and climate changes 
threaten the function of terrestrial ecosystems (Damerau 
et al. 2019). Thus, effective water utilization is the corner-
stone of maintaining plant biomass production. Water use 
efficiency (WUE) is a composite predictor of plant resistance 

to water stress, defined as the ratio of plant carbon (C) gain 
to water use (Condon et al. 2004). Terrestrial ecosystems 
have experienced ongoing increases in nutrient accumula-
tion since the middle of the 20th century and will continue 
in the twenty-first century (IPCC 2022). Nitrogen (N), one 
of the most critical nucleotides and protein components, is 
related to alterations in plant photosynthetic capacity and 
WUE under N eutrophication (Liang et al. 2020). It has been 
demonstrated that increased N availability can enhance plant 
resistance to drought stress (Cao et al. 2018) and saline-
alkaline stress (Fu et al. 2018), increase leaf WUE (Leakey 
et al. 2019; Liang et al. 2020) and the plant productivity 
(LeBauer and Treseder 2008; Hao et al. 2020). The above 
stimulatory effect of N is mainly attributed to the increase 
in the photosynthetic capacity of leaves (Janssens and Luys-
saert 2009). Detailed elucidation of the mechanism by which 
leaf gas exchange and WUE respond to N could improve our 
ability to predict the global C dynamics.
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Leaf net  CO2 assimilation rate (A), stomatal conduct-
ance (gs), and transpiration rate (E) are significant indica-
tors related to steady-state leaf gas exchange (Flexas et al. 
2013). There are two definitions of leaf WUE: one is the 
intrinsic WUE (Wg), and the other is the transpiration effi-
ciency. The latter can be separated into instantaneous WUE 
(Wi) and long-term WUE (WL). For  C3 species, Wg, the ratio 
of A to gs, a metric used to characterize the mechanism of 
carbon and water coupling at the leaf scale (Flexas et al. 
2013). Lower gs restrict A by reducing the stomatal aperture, 
limiting C assimilation, whereas high gs promote A at the 
expense of higher water loss (McAusland et al. 2016). In 
addition, the N addition exacerbates soil acidification, lead-
ing to the leaching of alkaline cations (e.g.,  Ca2+,  K+ and 
 Mg2+), which are the vital factor that regulates the opening 
and closing of stomata (Lanning et al. 2019). Wi, the ratio 
of A to E, reflects stomata control of the balance between 
the  CO2 uptake for A and the water loss via the transpiration 
process in leaves (Leakey et al. 2019). The trade-off between 
A and E is the nexus between ecosystem C and water cycles, 
underlies global vegetation–climate interactions (Guerrieri 
et al. 2019). N enrichment can disrupt the stoichiometric 
balance (Xiao et al. 2017), inevitably leading to changes 
in photosynthesis and transpiration processes. Estimating C 
isotope discrimination, WL provides a time-integrated index 
reflecting the plant physiology processes (van der Sleen 
et al. 2017). A meta-analysis showed that the WL slightly 
(2.5%) increased with N addition (Liang et al. 2020), while 
a long-term experiment showed a notable (16.1%) increase 
with enhancement in N availability (Leonardi et al. 2012). 
Clarifying how WL responds to increasing N availability 
is essential in assessing the sustainability of the grassland 
ecosystem.

Grasslands are one of the major biomes globally due 
to their biodiversity and carbon sequestration potential 
(O’Mara 2012). The Songnen meadow steppe is the most 
crucial alkali-saline area in northeast China, and the area 
of saline-alkali land has been increasing due to natural 
and anthropogenic factors (Yang et al. 2010). It is urgent 
to explore whether increased N availability raises WUE 
by affecting C and water processes, or a combination of 
these two processes and their effects. Using a manipulative 
experiment with five N addition levels (0, 5, 10, 20, 40 g N 
 m− 2  year−1) in the Songnen meadow steppe, we measured 
leaf gas exchange indicators (A, E and gs) and foliar carbon 
isotope composition (δ13C), leaf mass per area (LMA) and 
element content of the dominant species Leymus chinensis 
as well as soil physical and chemical properties responded 
to N enrichment during the growing season (from May to 
September) for three consecutive years (from 2016 to 2018). 
We aimed to explore how increased N availability improves 
plant leaf-level gas exchange and WUE. We have three 
hypotheses: (1) N addition would promote photosynthetic 

properties (A, E and gs) and WUE (Wi, Wg and WL); (2) N 
addition would enhance  CO2 assimilation via increasing sto-
matal opening (expressed as gs), with an acute effect on A 
than gs; and (3) N addition would increase WL by regulating 
plant physiological and morphological adaptation.

Materials and methods

Study site

A semi-arid meadow steppe located in the Jilin Songnen 
Grassland Ecosystem National Observation and Research 
Station (44°45′N, 123°45′E; western Jilin Province, north-
east China) was selected to conduct this experiment. The cli-
mate is a monsoon climate of medium latitudes (Chai et al. 
2022; Yang et al. 2020). The average annual temperature and 
precipitation (1953–2017) were 5.6 °C and 445 mm, respec-
tively. The average (1953–2017) growing season (from May 
to September) precipitation was 383.4 mm. Soil pH ranges 
from 7.5 to 9.0, and soil total N content was 1.01 g  kg−1 
(Meng et al. 2021). The dominated species was the  C3 rhi-
zomatous grass Leymus chinensis; other common species 
include but are not limited to the graminoids Phragmites 
australis, Calamagrostis epigeios and Carex duriuscula; the 
forbs Potentilla flagellaris and Kalimeris integrifolia; and 
the legumes Lespedeza davurica and Medicago ruthenica 
(Cui et al. 2021; Wang et al. 2019).

Experimental design

Two ha (100 m × 200 m) area of the grassland (historically 
used for light grazing and hay production) was fenced to 
exclude disturbances in 2010. Previous studies have reported 
experimental design and fertilizer treatments (Cui et al. 
2021). In April 2015, we established eight blocks (34 m × 
32 m) with similar vegetation conditions. In each block, we 
set up 18 plots (5 m × 10 m) and separated the adjacent 
plots by a 1 m wide buffer strip. For the present study, five 
plots (in each block) were used and randomly assigned one 
of the following N addition rates (0, 5, 10, 20 and 40 g N 
 m−2  year−1), and the N fertilizer was applied as a mixture 
of  NH4NO3 and Urea at a ratio of 7:3 with eight replicates. 
To assure that the experimental plants were only affected 
by N (Tilman 1987), we added other elements including P 
(10 g P  m−2  year−1;  (H2PO4)2·H2O); Fe (190 µg  m−2  year−1; 
 FeSO4·7H2O); Mn (160 µg  m−2  year−1;  MnSO4·H2O); Zn 
(190 µg  m−2  year−1;  ZnSO4·7H2O), Cu (15 µg  m−2  year−1; 
 CuSO4·5H2O); B (31 µg  m−2  year−1;  Na2B4O7·10H2O); Mo 
(1.4 µg  m−2  year−1;  Na2MoO4·2H2O) for all treatments (Bai 
et al. 2010). Fertilization treatments have been applied once 
a month during the growing season from May to September. 
The applied fertilizers were dissolved in 5 L deionized water 
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and sprayed evenly on each plot with a sprayer. Blank plots 
(0 g N  m−2  year−1) received equal amounts of deionized 
water.

Environmental factors

An automatic weather station (HOBO U30-NRC; Onset 
Computer Corporation, Bourne, MA, USA) was installed at 
the experimental site to collect the daily cumulative precipi-
tation and daily mean air temperature data. The soil moisture 
(SM) and soil temperature (ST) at 10 cm depth were meas-
ured concurrently with leaf gas exchange measurement (see 
below). ST was measured using a temperature probe (6000-
09TC) coupled to an infrared gas analyzer (Li-6400, Li-COR 
Inc., Lincoln, NE, USA). SM was measured using the dry-
ing method (drying 10 g of fresh soil to a constant weight 
at 105 °C). Soil pH was analyzed (air-dried soil:deionized 
water = 1:5) with a pH meter (PHS-3E INESA Scientific 
Instrument Co., Ltd, Shanghai, P.R. China).

Leaf gas exchange measurement

An open infrared portable photosynthesis system (LI-6400, 
Li-Cor Inc., Lincoln, NE, USA), connected to a standard 
20 × 30 mm chamber with a LED light source (6400-02B) 
and a  CO2-mixing device controlling the level of reference 
 CO2, was used to measure leaf gas exchange parameters (A, 
E and gs). The measurement was conducted between 8:00 
and 11:00 AM on a cloud-free day (Niu et al. 2011) from 
May to July, and the frequency was once per month. Spe-
cifically, photosynthesis measurements were conducted on 
15 May, 18 June, 20 July in 2016, 20 May, 15 June, 17 July 
in 2017, and 25 May, 22 June, and 24 July in 2018, respec-
tively. Five healthy upper-most fully expanded leaves (the 
3rd leaf from the top) of the dominant species L. chinen-
sis were randomly selected on each plot for photosynthe-
sis measurements. After the gas analyzers were warmed up 
and calibrated, the following protocols were conducted for 
leaf gas exchange measurements. Expressly, inside the leaf 
chamber, we set the PPFD at 1500 µmol  m−2  s−1, the  CO2 
concentration at 400 ppm, the flow rate at 500 µmol  s−1, 
block temperature at 25 °C, and relative humidity adjusted 
to 45–60%. One matching operation was performed for each 
leaf. Leaves were acclimated to the chamber condition for 
at least 3 min until A and gs stabilized (coefficient of varia-
tion (CV) < 1%). There were eight replicate measurements 
per treatment.

LMA measurement

Five leaves of the dominant species L. chinensis performed 
the gas exchange measurements were collected to calculate 
leaf mass per area (LMA). After scanning, the leaf area was 

calculated using Image J 1.47d (National Institute of Health, 
Washington D. C., USA). Then, plant materials were oven-
dried at 65 °C to a constant weight. LMA was calculated 
as the mass values of the area (Edwards et al. 2014). Then, 
the dry leaf materials were crushed using a ball mill (MM 
400 Retsch, Hanau, Germany) and sieved through a mesh 
(100 mm mesh) to analyze elemental contents.

Soil sample collection

We selected three soil cores (0–10 cm in-depth, 3 cm in 
diameter) in each quadrat used for plant biomass harvesting 
and mixed them into a composite sample. Then, the coarser 
roots and stones were removed and sieved through a mesh 
(2 mm mesh). The soil sample was then divided into two 
parts: one for measuring soil inorganic N content (SIN, the 
sum of soil nitrate and ammonium N content) and the other 
part, which was naturally air-dried and sieved through a 
mesh (100 mm mesh) for measuring soil nutrient content.

Foliar and soil nutrient contents

We analyzed the leaves and soil’s total N content (TN) with 
an elemental analyzer (Vario EL III, Elementar Inc., Hanau, 
Germany). Total phosphorus content (TP) of the leaves was 
determined by digesting foliar samples with  H2SO4 and 
 HClO4 at 380 °C for 3 h, then measuring colorimetrically at 
a wavelength of 700 nm (Olsen et al. 1954) using a UV spec-
trophotometer (UV-5500, Shanghai Yuan-Analysis Instru-
ment CO., LTD., Shanghai, P.R. China). SIN was deter-
mined by extracting soil samples with 2 M KCl and analyzed 
using a continuous flow analyzer (Futura Segmented Flow 
Analysis, Alliance-AMS., France). The soil was extracted 
with 0.5 M  NaHCO3 (pH = 8.5) for 1 h at 180 rpm and ana-
lyzed colorimetrically at a wavelength of 880 nm using a UV 
spectrophotometer to test the soil available phosphorus (AP).

Stable isotope analysis

In August of each experimental year, we collected the third 
fully unfolded and mature leaf from the top of the dominated 
species L. chinensis to evaluate WL. An isotope ratio mass 
spectrometry (IsoPrime100; Isoprime Ltd., Stockport, UK) 
was selected to analyze leaf stable carbon isotope composi-
tion (δ13C). δ13C was calculated as Eq. 1:

 where Rsample and Rstandard denote the molar fraction of 
the 13C/12C ratio of the sample and the Pee Dee Belem-
nite international standard (Lavergne et al. 2019), respec-
tively. In addition, plants prefer to use 12C than 13C during 

(1)�
13C = 1000 ×

(

Rsample

Rstandard

− 1

)
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photosynthesis, which resulted in carbon isotopic discrimi-
nation against 13C (Δ13C), and the Δ13C was defined as Eq. 2 
(Farquhar and Cernusak 2012; Lavergne et al. 2019),

 where δ13Ca and δ13Cp denote the δ13C values of atmos-
pheric  CO2 and plant tissue, respectively.

The previous study has demonstrated a relationship 
between δ13Ca and calendar year (t) as Eq. 3 (Feng 1999)

For  C3 plants, there is a linear relationship between the 
Δ13C and ci/ca during  CO2 fixation (Lavergne et al. 2019):

 where a (4.4‰) referred to the enrichment during  CO2 dif-
fusion and b (27‰) was the fractionation by the ribulose-1, 
5-biphosphate carboxylase oxygenase (Rubisco) against 
13CO2 (Farquhar et al. 1982). A linear relationship between 
ca and the calendar year (t) as Eq. 5 (Feng 1999),

Besides, the molar diffusivity of  CO2 is 1.6 times that of 
water (Guerrieri et al. 2019). Therefore, we can derive the 
Eq. 6:

By combining Eq. 2, Eq. 4, and Eq. 6, we can derive the 
WL as the Eq. 7:

Statistical analyses

One-way ANOVA with post hoc Tukey’s HSD test was 
used to test the main effects of N addition on soil (e.g., ST, 
SM, pH, SIN and AP), plant (e.g., LMA, TN, TP, C:N ratio 
and N:P ratio), leaf carbon exchange (e.g., A, E and gs) and 
leaf scale WUE (e.g., Wi, Wg and WL). Regression models 
were conducted to establish the relationship between soil 
and plant characteristics with different levels of N addition. 
The relative changes of X (e.g., photosynthetic character-
istics, WUE, plant and soil parameters) across three years 
were calculated as Eq. 8:

(2)Δ13C =
δ13Ca − δ13Cp

1+
δ13Cp

1000

(3)δ13Ca = −6.429 − 0.006e0.0217(t−1740)

(4)Δ13C = a + (b − a)
ci

ca

(5)ca = 277.78 + 1.35e0.0157(t−1740)

(6)
A

gs
=

(ca − ci)

1.6

(7)WL =
ca(b − Δ13C)

1.6(b − a)

where  XM and  X0 denote the X values in M g N  m−2  year−1 
and 0 g N  m−2  year−1, respectively. All statistical analysis 
was performed with SPSS software (SPSS 22.0 for windows, 
IBM-SPSS Inc., Chicago, IL, USA).

We selected Structural Equation Modeling (SEM) to 
identify direct and indirect responses of photosynthesis 
and WUE indicators to N availability (Grace et al. 2010). 
We developed an a priori model based on previous knowl-
edge, which assumed that N availability alters SIN, fur-
ther affects plant morphology (LMA) and photosynthe-
sis-related traits (e.g., TN, A, E and gs) (Ruiz et al. 2008). 
We assessed the model goodness-of-fit, including the chi-
square statistic (0 ≤ χ2/df ≤ 2, where P > 0.05 was consid-
ered adequate), root mean square error of approximation 
(0 ≤ RMSEA ≤ 0.05), and standardized root mean square 
residual (0 ≤ SRMR ≤ 0.05) (Delgado-Baquerizo et  al. 
2016). A Pseudo-R2 was calculated for response variables 
(Lefcheck 2016). SEM models and all graphics were con-
ducted by R v.3.6.3 software (R Development Core Team 
2020).

Results

Precipitation and air temperature 
during the growing season

The highest air temperature occurred in the middle of 
the growing season of all experimental years (Fig.  1). 
The growing season precipitation displayed differences 
in amount and distribution across the experimental years 
(Fig. 1). Compared to average growing season precipitation 
(1953–2017, 383.4 mm) of this region, 2016 (412.0 mm; 
+ 7.5%) and 2017 (415.4 mm; + 8.3%) were slightly wet 
years, whereas 2018 (315.0 mm; − 17.8%) was a relatively 
dry year (Fig. 1D). The coefficient of variation (CV) of the 
monthly precipitation during the growing season (from May 
to September) was 71.42%, 147.73% and 86.70% in 2016, 
2017 and 2018.

Responses of soil and plant physicochemical 
indicators to N addition

ST showed a non-linear decrease with increasing N concen-
tration (Fig. 2A). However, N addition had no pronounced 
effects on SM (Fig. 2B and Table S1). The pH had a linear 
decrease (Fig. 2C) even though there were no significant 
differences in 2016 and 2017 (Table S1). However, ongoing 
treatments significantly decreased soil pH at the N addition 
rate of 20 g N  m−2  year−1 in 2018 (Table S1). In addition, 

(8)Relative changes of X =
XM − X0

X0

× 100%
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SIN and AP showed increasing and decreasing non-lin-
ear trends with increasing N concentration, respectively 
(Fig. 2D). LMA decreased non-linearly with the increasing 
N concentration (Fig. 2F). The TN of the dominant spe-
cies L. chinensis increased significantly with N additions 
(Fig. 2G and Table S1); however, that of TP had the opposite 
direction (Fig. 2H and Table S1). Changes in TN and TP 
further led to a significant increase in the leaf N:P ratios 
(Fig. 2J). The leaf C: N ratio increased significantly with N 
additions (Fig. 2I and Table S1).

Responses of photosynthetic properties to N 
addition

N application significantly affected the photosynthetic prop-
erties (A, gs and E) across all experimental years. More spe-
cifically, both A (Fig. 3A, B) and gs (Fig. 3C, D) showed an 
increasing trend with increasing N availability. However, 
the response pattern of E showed first a decreasing and 
then an increasing trend (Fig. 3E, F). The results for each 
sampling year and the average values showed no significant 
differences among different N addition rates. The relative 
changes of A showed an increasing trend with increasing 
N availability. A significant difference appeared when the 
N concentration reached 40 g N  m−2  year−1 (Fig. 3G). At 
the same time, gs showed a non-significant increasing trend 
(Fig. 3H). The relative changes of E were similar to that of 

average values, but no significant differences among differ-
ent N addition rates (Fig. 3I).

Responses of WUE to N addition

N availability increased WUE across all experimental years 
except for Wg, which firstly increased and then decreased in 
2018 (Fig. 4C). In 2017, Wg and WL showed significant dif-
ferences at 40 g N  m−2  year−1  (N40) and 20 g N  m−2  year−1 
 (N20) treatments, respectively (Fig. 4C, E). However, the 
other treatment years showed an increasing trend but no 
significant differences among different treatments (Fig. 4A, 
C, E). The average results showed a parabolic relationship 
(with a downward opening) between WUE and N addi-
tion rate (Fig. 4B, D, F). The saturation response of Wi and 
WL appeared at the  N20 and  N40 treatments, respectively 
(Fig. 4B, F). There was a positive correlation between N 
availability and the relative change of WUE, but no signifi-
cant effect across treatments (Fig. 4G, H), except for WL, 
which had a significant increase at the  N40 (Fig. 4I).

Abiotic and biotic factors influencing leaf 
photosynthetic properties and WUE

The results of SEM model analysis revealed that N applica-
tion enhanced SIN, leaf TN, decreased LMA directly, and 
decreased LMA indirectly by promoting SIN. SIN and TN 
increased A, E, and Wi. A was directly affected by decreased 

Fig. 1  Seasonal patterns of daily precipitation (blue bars, mm), daily mean air temperature (red lines, °C) in 2016 (A), 2017 (B) and 2018 (C), 
and growing season accumulative precipitation in 2016, 2017 and 2018 (D). (Color figure online)
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LMA. TN and SIN impacted Wi indirectly combined with A 
and E. The direct and indirect pathways explained 27%, 17%, 
and 19% of the total variance in A, E, and Wi, respectively 
(Fig. 5A). For Wg, A was affected by SIN, TN, and LMA, 
but gs was not affected by TN. TN and SIN impacted Wg in 
combination with A and gs. Eventually, the direct and indi-
rect pathways explained 29%, 16%, and 13% of the total vari-
ation in A, gs, and Wg, respectively (Fig. 5B). TN and SIN 
promoted Wi, Wg, and WL. Wi and Wg impacted WL combined 

with LMA. Ultimately, the direct and indirect pathways could 
explain 19%, 15%, and 14% of the total variation in Wi, Wg 
and WL (Fig. 5C).

Fig. 2  Responses of soil (sur-
face layer; 10 cm) and plant var-
iables to N addition rate (n = 8). 
ST soil temperature, SM soil 
moisture, pH soil pH, SIN soil 
inorganic N content, AP soil 
available phosphorous con-
tent, LMA leaf mass per unit 
area, TN plant total N content, 
TP plant total phosphorous con-
tent, C:N ratio the ratio of leaf 
total carbon content to TN, N:P 
ratio the ratio of TN to TP
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Discussion

Environmental factors influence photosynthetic 
properties

N availability promoted plant growth and enhanced canopy 
cover at the community scale (Liang et al. 2020), decreasing 
the ST. Previous studies have demonstrated that the lower ST 
could reduce the N mineralization rate (Deng et al. 2018), 

which further induces a deficit of available N resources in 
the soil for maintaining plant photosynthetic physiologi-
cal processes, ultimately generating a non-linear response 
between photosynthetic physiological indicators and N 
concentrations.

Water stress mainly affects A due to decreased gs 
(McAusland et al. 2016). In this study, A and gs varied 
significantly over the three experimental years, mainly 
attributed to the seasonal distribution of precipitation, 

Fig. 3  Effects of N addition on 
leaf net  CO2 assimilation rate 
(A, µmol  CO2  m−2  s−1), stoma-
tal conductance (gs, mol  H2O 
 m−2  s−1) and transpiration rate 
(E, mmol  H2O  m−2  s−1) in each 
year (A, A; gs, C; E, E), mean 
results across all years (A, B; gs, 
D; E, F) and mean N-induced 
relative changes across all years 
(A, G; gs, H; E, I). Different 
letters present a significant dif-
ference (P < 0.05) among differ-
ent N addition rates. Error bars 
denote standard errors (n = 8)
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consistent with the findings that A and gs of the domi-
nant species (L. chinensis) decreased significantly with 
lower water availability (Li et al. 2019). In this study, 
measurements occurred from May to July, and the rain-
fall during the sampling period corresponded to 49.3% 
(203.1 mm; 2016), 36.6% (152.0 mm; 2017), and 54% 
(170.2 mm; 2018) of the annual growing season rainfall 
(383.4 mm; 1953–2017). Compared to 2016 and 2018, 
2017 was a relatively dry year. Therefore, both A and gs 

decreased. However, in 2018, the rainfall was more evenly 
distributed, which likely favored the early growth of the 
plants and thus maintained high A and gs. In other words, 
N availability significantly reduced A and gs in the dry 
year (2017) but showed the opposite response patterns in 
the wetter years (2016 and 2018). The above results sug-
gested that plants tend to be more sensitive to drought 
under N availability (Shi et al. 2018) due to their high 
water requirement (Gessler et al. 2017; Meng et al. 2021).

Fig. 4  Effects of N addition 
on instantaneous water use 
efficiency (Wi, µmol  CO2 mmol 
 H2O−1), intrinsic water use 
efficiency (Wg, µmol  CO2 mol 
 H2O−1) and long-term water use 
efficiency (Wg, µmol  CO2 mol 
 H2O−1) in each year (Wi, A; Wg, 
C; WL, E), mean results across 
all years (Wi, B; Wg, D; WL, F) 
and mean N-induced relative 
changes across all years (Wi, G; 
Wg, H; WL, I). Different letters 
present a significant difference 
(P < 0.05) among different N 
addition rates. Error bars denote 
standard errors (n = 8)
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The pH closely relates to plants’ productivity (Tian et al. 
2016). We confirmed that the soil pH decreased as N avail-
ability increased, which was in line with a study in a tropical 
forest ecosystem (Mao et al. 2018). Undeniably, N enrich-
ment will lead to soil acidification, thus threatening plant 
growth (Stevens et al. 2015). However, soil pH in our study 
showed a linear decreased tendency, which inevitably has 
a positive impact on the photosynthetic to some extent due 
to the original high pH of the present experimental area 
(Wang et al. 2020). It provides an explanatory pathway for 

the non-linear results between photosynthetic indicators and 
N availability.

N availability promotes plant C uptake by stimulating the 
photosynthetic capacity of leaves (Janssens and Luyssaert 
2009). This study found that N application affected A, and 
had interrelated effects on gs and E. We found that the A in 
 N10 treatment was increased by 10% than that in  N0, which 
is close to the results of a recent meta-analysis (including 
320 terrestrial plant species from different functional types), 
which found that N addition at 10 g N  m−2  year−1 increased 

Fig. 5  Structural equation 
modeling (SEM) of N effects on 
water use efficiency. The black 
and red solid arrows indicate 
positive and negative relation-
ships, respectively. Values at 
arrows represent standard-
ized path coefficients, and 
the thickness of the arrows is 
proportional to the strength of 
the relationship. R2 values in the 
variable box indicate the pro-
portion of variation explained 
by all relevant variables. N 
nitrogen addition, LMA leaf 
mass per unit area, SIN soil 
inorganic N content, TN plant 
total N content, A leaf net  CO2 
assimilation rate, gs stomatal 
conductance, and E transpira-
tion rate, Wi instantaneous 
WUE, Wg instantaneous WUE 
and WL long-term WUE. *, ** 
and *** indicates significant 
differences at P < 0.05, P < 0.01, 
P < 0.001, respectively
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A by 12.6% (Liang et al. 2020), suggests that C assimilation 
will be enhanced with increasing N availability. We found 
a continuous increase in gs with increasing N availability, 
inconsistent with a previous study that found N addition 
will exacerbate soil acidification. The decreased pH may 
lead to the leaching of alkaline cations (e.g.,  Ca2+,  K+ and 
 Mg2+), which are vital factors related to stomata opening 
and closing (Lanning et al. 2019). That result was probably 
attributed to the high initial pH in this grassland. A degree of 
reduction in soil pH as N availability increases may benefit 
the plant’s growth.

The stability of elemental stoichiometry is essential for 
plant growth (Xiao et al. 2017; Peng et al. 2017). A study 
reported that long-term N addition enhanced overall pho-
tosynthesis in terrestrial systems by 18.4% via increasing 
TN (Liang et al. 2020). Our study found that the TN of L. 
chinensis increased significantly with N gradients, similar to 
a previous meta-analysis that showed a 19.6% increase in TN 
at 10 g N  m−2  year−1 (Ostertag and DiManno 2016). Plant 
N:P ratio has a remarkable impact on revealing C dynam-
ics in increased N availability. For instance, plant biomass 
was mainly N-limited when the N:P ratio was < 14. How-
ever, resource limitations were shifted from N-limited to 
P-limited once N:P ratio was > 16 (Peng et al. 2017). Our 
result confirmed that photosynthetic characteristics did not 
increase with a sustained increase in N availability, and the 
N:P ratio would adequately be a validated pathway. In this 
study, we found that the N:P ratio of the dominant species 
(L. chinensis) ranged from 4.9 ± 0.5 (Table S1,  N0 in 2016) 
to 28.8 ± 1.6 (Table S1,  N40 in 2018). Therefore, ongoing 
N addition may lead to an imbalance of leaf stoichiometry, 
resulting in limiting resources shifted from N to phosphorus.

Responses of leaf water use efficiency to N 
addition

We found no significant difference in WUE with a con-
tinuous increase in N concentration, similar to a recent 
meta-analysis, which reported no significant change in Wi 
with N availability (Liang et al. 2020). Compared to Wg, 
however, Wi had a more robust response to N availability 
(Fig. 4G, H). The main reason for this phenomenon was 
that N-induced relative change in gs was more significant 
than that in E (Fig. 3H, I). The results of WL calculated by 
the isotope technique increased significantly with increas-
ing N availability than that of Wi and Wg, which would be 
attributed to the fact that the isotopic technique is a com-
prehensive reflection of the changes in the external envi-
ronment (e.g., climatic conditions, light, nutrients, water) 
experienced throughout its lifetime (van der Sleen et al. 
2017). Our findings were similar to a recent meta-analysis 

that found WL shows a slight increase (2.5%) with the addi-
tion of N (Liang et al. 2020). And that was lower than a 
previous study which found a significantly increasing trend 
(16.1%) of WL with a long-term (from 1850 to 2000) N 
deposition (Leonardi et al. 2012). Therefore, both the treat-
ment time and the cumulative effect of N may play equally 
important roles in assessing the plant’s response to future 
N deposition (Yu et al. 2019). SEM results suggested that 
the following mechanisms can explain the response of leaf 
WUE to N availability. N addition enhances soil SIN and 
then affects the response of leaf morphology (e.g., LMA) 
and stoichiometry (e.g., TN), thus increasing photosyn-
thetic characteristics (e.g., A, E and gs). N-enhanced leaf 
WL was attributed to the cumulative N-induced increase in 
Wi and Wg within a given growth cycle.

Conclusions

In summary, there were three key findings: (a) N addition 
significantly increased A and gs in the dry year but not in 
the wetter years, and the increase in A was more extensive 
than that of gs could be used to interpret the positive cor-
relation between Wg and N availability; (b) leaf WUE (e.g., 
Wi, Wg and WL) were all showed a non-linear enhancement 
with increasing available N content, and the increase in N 
availability leads to a break in stoichiometry balance and 
further induced resource limitation shift from N to other 
resources; (c) N application decreased LMA and increased 
TN via enhancing SIN, which enhanced photosynthetic 
characteristics (e.g., A, E and gs), thus promoted Wi and 
Wg. Additionally, enhanced WL under N enrichment was 
attributed to the N-induced improvement in Wi and Wg.
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