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Abstract
To investigate the response characteristics and adaptation patterns of dominant
plants in desert steppe to water and nutrient inputs, we established 2 water
levels (natural rainfall, water addition) and 3 nutrient levels (no nutrient ad-
dition, N addition, NPK addition), constituting 6 treatments, to examine the
effects of water and nutrient addition on growth, physiology, and sensitivity
of the desert steppe dominant plant Stipa glareosa. Two-way ANOVA results
demonstrated that the main effect of water, main effect of nutrient, and their
interaction significantly influenced the growth and physiological traits of Stipa
glareosa (P<0.05). Water addition significantly increased leaf fresh weight, dry
weight, plant height, and relative electrical conductivity, while decreasing SOD
activity; nutrient addition increased leaf area, N addition increased malondi-
aldehyde content, and NPK addition decreased chlorophyll a/b ratio (Ca/Cb)
and SOD activity; the water-nutrient interaction significantly affected leaf area,
leaf thickness, chlorophyll a (Ca), proline, protein content, and SOD activity.
Sensitivity analysis revealed that leaf area and Ca content were more sensitive
to combined water and NPK addition treatment, whereas Ca/Cb was more
sensitive to water addition treatment. In summary, Stipa glareosa can adapt
to water and nutrient variations by modulating specific growth and physiologi-
cal characteristics, which is crucial for elucidating the response mechanisms of
desert steppe plants to global change.
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Abstract

To investigate the response characteristics and adaptation mechanisms of dom-
inant plants in desert steppe ecosystems to water and nutrient inputs, we con-
ducted a field experiment with two water levels (natural rainfall and water
addition) and three nutrient levels (no nutrient addition, N addition, and NPK
addition), totaling six treatments. We examined the effects of water and nutri-
ent addition on the growth, physiological traits, and sensitivity of Stipa glare-
osa, a dominant species in desert steppe communities. Two-way ANOVA results
indicated that the main effects of water, nutrients, and their interaction signifi-
cantly influenced the growth and physiological characteristics of S. glareosa (P
< 0.05). Water addition significantly increased leaf fresh weight, dry weight,
plant height, and relative electrical conductivity, while decreasing superoxide
dismutase (SOD) enzyme activity. Nutrient addition increased leaf area; N
addition increased malondialdehyde content, whereas NPK addition decreased
chlorophyll a/b ratio and SOD activity. The water × nutrient interaction sig-
nificantly affected leaf area, leaf thickness, chlorophyll a, proline and protein
contents, and SOD activity. Sensitivity analysis revealed that leaf area and
chlorophyll a content were most sensitive to combined water and NPK addition,
while chlorophyll a/b ratio was more sensitive to water addition alone. In con-
clusion, S. glareosa can adapt to variations in water and nutrient availability by
altering specific growth and physiological traits, which is crucial for elucidating
the response mechanisms of desert steppe plants to global change.
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Introduction

Since the Industrial Revolution, increasing atmospheric CO2 concentrations
have contributed to global temperature rise, affecting atmospheric water content
and intensifying the hydrological cycle, which is projected to alter precipitation
patterns [2]. Regional precipitation in China is expected to show large fluctu-
ations, with precipitation increasing to some extent in Northwest China and
Inner Mongolia [3]. Increased precipitation during the growing season may play
an important role in regulating vegetation growth, enhancing photosynthesis,
promoting plant development, and increasing species richness and community
coverage [4]. However, increased extreme precipitation also exacerbates flood
risks, and prolonged waterlogging can cause plant anaerobic respiration to in-
tensify, leading to accumulation of harmful substances, blocked photosynthesis,
reduced biomass, individual mortality, and altered vegetation structure [5,6].

Water and nutrients interactively affect plant growth and development. Water
deficiency can limit nutrient availability and affect nutrient transformation, ab-
sorption, and utilization in soil, while excessive water can cause nutrient leach-
ing and loss [7]. Desert steppe represents a transitional ecosystem between
grassland and desert, characterized by low annual rainfall, large seasonal and
diurnal temperature variations, relatively simple plant community composition,
simple vegetation structure, low coverage, harsh environmental conditions, and
high sensitivity to natural and anthropogenic disturbances [8,9]. Understanding
changes in plant growth and physiology in desert steppe under global change
is essential for recognizing plant adaptation strategies and mitigating potential
losses.

Previous studies have shown that grassland vegetation responds sensitively to
water and nutrients, and their synergistic effects significantly influence grass-
land community composition, structure, and function [10,11,15]. While short-
term or low-level N addition can significantly promote plant growth, excessive
single-nutrient input can lead to ecosystem degradation [12,13]. Research on the
responses of desert steppe to water and nutrient addition has made substantial
progress at the community level, but understanding remains limited regarding
impacts at the species level. Most existing studies have focused on stoichio-
metric characteristics of dominant plants [11,15]. Investigating plant growth
and physiological traits helps explain species-specific responses to environmen-
tal conditions and provides a foundation for understanding plant variability
along natural environmental gradients and under climate change [18].

Using the global change multi-factor field control experiment platform at the
Urat Desert Grassland Research Station, Chinese Academy of Sciences, we ex-
amined the responses of S. glareosa, a dominant species in the Urat Desert
Grassland of Inner Mongolia, to water, nutrients, and their coupled effects.
This study aims to reveal the growth and physiological response mechanisms
of dominant desert steppe species to environmental changes, which is impor-
tant for describing vegetation growth under global change, evaluating grassland
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ecosystem functions, and managing grassland resources.

1. Materials and Methods

1.1 Study Area The study area is located in Urat Rear Banner, western
Inner Mongolia Autonomous Region (106°58�E, 41°25�N; elevation 1650 m). The
region has a continental climate with cold, long winters and cool, short summers.
Precipitation is scarce, with strong winds, an average annual temperature of
3.9°C, average annual precipitation of 180 mm, average wind speed of 5 m・
s−1, and a frost-free period of approximately 130 days. The experimental site
is situated at the Urat Desert Grassland Research Station, Northwest Institute
of Eco-Environment and Resources, Chinese Academy of Sciences. Dominant
plant species include Stipa glareosa, Peganum harmala, and Allium polyrhizum.
Soil types are brown calcic soil and gray desert soil.

1.2 Experimental Design The experiment utilized the global change multi-
factor field control platform at the Urat Desert Grassland Research Station,
based on protocols from the Nutrient Network and Drought Net. Multiple wa-
ter and nutrient treatments were established in 2016 and have been maintained
since. The experiment included two water levels: natural rainfall (W0) and
water addition (W1), and three nutrient levels: no nutrient addition (N0), N
addition (N1), and NPK addition (N2). A randomized block design was em-
ployed with the following treatments: (1) W0N0 (control: natural rainfall, no
nutrients), (2) W1N0 (water addition, no nutrients), (3) W0N1 (natural rainfall,
N addition), (4) W1N1 (water addition, N addition), (5) W0N2 (natural rainfall,
NPK addition), and (6) W1N2 (water addition, NPK addition). Each treatment
had four replicates, totaling 24 experimental plots. Each plot measured 6 m × 6
m, with trenches dug around the perimeter, plastic film and iron sheets installed
to prevent lateral water and nutrient movement, and a 1 m buffer zone between
plots. Water addition treatments received supplemental irrigation equivalent
to 50% of natural rainfall after each precipitation event. In 2017, the growing
season natural precipitation was 247 mm. Fertilizers were applied once in early
July. Nutrient addition rates were 10 g・m−2 for N (as urea containing 46% N),
10 g・m−2 for P (as triple superphosphate containing 46% P2O5), and 10 g・m−2

for K (as resin-coated potassium sulfate containing 54% K2O).

1.3 Measurements In mid-July 2017 (peak growing season), 30 S. glareosa
individuals were collected from each plot in the morning, placed in ziplock bags,
and stored in a mobile refrigerator for transport to the laboratory. In the lab-
oratory, plants were removed from bags, petioles were trimmed, and mature,
healthy leaves were selected for measurements. Plant height, leaf area, leaf
fresh weight, leaf dry weight, and leaf thickness were measured following stan-
dard protocols [20]. Chlorophyll a (Ca), chlorophyll b (Cb), and carotenoid
contents were determined using the acetone extraction method [21]. Proline
content was measured using the ninhydrin colorimetric method [22]. Protein
content was determined using the Coomassie brilliant blue G-250 method [23].
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Malondialdehyde (MDA) content was measured using the thiobarbituric acid
method [24]. Relative electrical conductivity (REC) was measured using a con-
ductivity meter (SanXin SX823). Superoxide dismutase (SOD) and peroxidase
(POD) activities were measured using the nitroblue tetrazolium method and
guaiacol method, respectively [25,26].

1.4 Sensitivity Analysis To assess the sensitivity of S. glareosa to different
water and nutrient treatments, we conducted sensitivity analysis on growth
and physiological traits that showed significant responses. Higher sensitivity
values indicate greater responsiveness to treatments. The sensitivity index was
calculated as:

Impact = 𝑇 − 𝐶𝐾
𝐶𝐾

where T represents the trait value under experimental treatment, and CK rep-
resents the trait value under control conditions (natural rainfall, no nutrient
addition).

1.5 Statistical Analysis All data are presented as means ± standard error.
Two-way ANOVA was used to test the effects of nutrients, water, and their in-
teractions on growth and physiological traits of S. glareosa. One-way ANOVA
was used to test the effects of individual factors and the sensitivity of different
treatments, followed by least significant difference (LSD) tests for multiple com-
parisons (P < 0.05). Statistical analyses and figure preparation were performed
using SPSS 22.0 and SigmaPlot 12.5 software.

2. Results

2.1 Effects of Water and Nutrient Addition on S. glareosa Growth
and Physiology: ANOVA Results The growth and physiological charac-
teristics of S. glareosa were significantly affected by water and nutrient addition
(Table 1). Leaf fresh weight, leaf dry weight, plant height, and SOD activity
were significantly affected by the main effect of water. The main effect of nutri-
ents significantly influenced leaf area, chlorophyll a/b ratio, and SOD activity.
The interaction between water and nutrients significantly affected leaf area, leaf
thickness, chlorophyll a, proline and protein contents, and SOD activity.

2.2 Main Effects of Water and Nutrient Addition on S. glareosa Traits
Based on ANOVA results, we analyzed traits significantly affected by main ef-
fects (Fig. 1). Water addition significantly increased leaf fresh weight (by
34.17%), leaf dry weight (by 50.00%), and plant height (by 22.32%), while de-
creasing SOD activity by 55.01%. Nutrient addition increased leaf area by
20.36% compared to the control. N addition increased malondialdehyde content
by 26.71% and decreased chlorophyll a/b ratio by 18.97%. NPK addition had
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no significant effect on chlorophyll a/b ratio, but significantly increased proline
content by 7.75% compared to the control, with proline content under NPK
addition being 31.76% higher than under N addition.

[Figure 1: see original paper]

2.3 Interactive Effects of Water and Nutrient Addition Based on
ANOVA results, we analyzed traits significantly affected by the water × nutri-
ent interaction (Fig. 2). The W1N2 treatment significantly increased leaf area
and leaf thickness, with significant differences between water treatments under
nutrient addition conditions. However, leaf area and thickness under W1N1
did not differ significantly from the control. The W1N2 treatment significantly
increased chlorophyll a content and decreased SOD activity, with significant dif-
ferences between water conditions under NPK addition. Protein content under
W1N2 was significantly higher than under W0N2, and the sensitivity of protein
content to W1N2 was significantly higher than to W0N2. The chlorophyll a/b
ratio was most sensitive to the W1N0 treatment. Proline content under W0N2
was significantly higher than under W0N1, with significant differences between
water conditions under NPK addition.

[Figure 2: see original paper]

2.4 Sensitivity of S. glareosa Growth and Physiological Traits Sensi-
tivity analysis revealed differential responses among growth and physiological
traits (Fig. 3). Leaf area showed highest sensitivity to the W1N2 treatment.
Leaf dry weight was most sensitive to the W0N1 treatment, while leaf thickness
was most sensitive to W1N1. Plant height sensitivity did not differ significantly
among treatments. The W1N2 treatment significantly reduced SOD activity
sensitivity compared to W0N2. Protein content sensitivity to W1N2 was sig-
nificantly higher than to W0N2. Chlorophyll a/b ratio was more sensitive to
water addition treatments, particularly W1N0. Proline sensitivity was signif-
icantly higher under W0N2 than W0N1, with significant differences between
water conditions under NPK addition.

[Figure 3: see original paper]

3. Discussion

Precipitation is the primary limiting factor for plant growth and vegetation
development in arid and semi-arid grasslands. Increased precipitation can en-
hance soil nutrient and water availability, accelerating plant growth [27]. In
this study, water addition significantly promoted the growth of S. glareosa in
the desert steppe, increasing leaf fresh weight, leaf dry weight, and plant height.
Similar results indicate that herbaceous plants under low water conditions ex-
hibit reduced height and biomass to cope with drought stress [28]. Antioxidant
enzymes such as SOD and POD can mitigate reactive oxygen species damage,
inhibit decomposition of unsaturated fatty acids in membranes, and maintain
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cell membrane permeability within a stable range [29]. During drought stress,
plants can increase antioxidant enzyme activity to scavenge reactive oxygen
species and reduce osmotic potential to maintain cell turgor. Water addition
alleviated soil drought stress, thereby reducing SOD activity and MDA content
in S. glareosa.

Nutrients are essential for normal plant growth and development. Nutrient ad-
dition can enhance photosynthesis and promote plant growth [30]. Some studies
suggest that grassland ecosystems may shift from N limitation to co-limitation
by multiple elements under climate change and human disturbance [31]. In this
experiment, S. glareosa responded positively to nutrient addition by increasing
leaf area. Research has shown that nutrient addition can increase individual leaf
area and total photosynthetic benefit [32]. N addition significantly decreased
SOD activity, reflecting reduced photosynthetic activity [30] and weakened an-
tioxidant capacity. NPK addition significantly increased proline content in S.
glareosa, suggesting that nutrient addition may create a drought stress envi-
ronment. This could be because rapid plant growth under nutrient enrichment
leads to tender tissues, large and thin leaves, and increased water consumption
[33].

Water and nutrient addition improved soil resource availability but may also in-
tensified interspecific competition. Under resource-rich conditions, competition
can be more intense than under stressful conditions [34]. In this study, pro-
tein content under W1N2 treatment was significantly lower than under W0N2,
possibly because higher leaf water content diluted cellular contents, reducing
substance concentration per unit mass. The W1N2 treatment significantly in-
creased leaf area and decreased SOD activity. Desert steppe is a nutrient-poor
ecosystem where, in addition to N limitation, other elements are also deficient;
thus, multi-nutrient addition is more beneficial for plant growth and develop-
ment [31].

Sensitivity analysis showed that different traits exhibited varying sensitivities
to treatments. Leaf area was most sensitive to W1N2 treatment, indicating
that multi-element addition caused substantial changes in leaf area. Leaf dry
weight was most sensitive to W0N1 treatment, while leaf thickness was most
sensitive to W1N1 treatment, suggesting that N has substantial effects on leaf
dry weight and thickness. Chlorophyll a/b ratio was sensitive to water addition
treatments, indicating that in arid and semi-arid regions, plant photosynthetic
activity is more sensitive to water availability. Plant physiological responses
can be contradictory; while pot experiments often yield consistent results, field
experiments reveal more complex patterns. However, pot experiment results
may deviate from field conditions, making field studies crucial for exploring
plant response mechanisms to environmental changes.
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4. Conclusion

Water addition alleviated soil drought stress and significantly promoted the
growth of S. glareosa, increasing leaf biomass and plant height. Nutrient addi-
tion significantly increased leaf area but may have increased water consumption,
exacerbating drought stress and significantly affecting physiological traits. The
coupling of water and nutrient addition enriched soil resources but may also
enhance interspecific competition, resulting in complex responses of S. glareosa
growth and physiological traits. In arid and semi-arid regions, plant photo-
synthetic activity is more sensitive to water addition than to nutrient addition.
Investigating the growth and physiological responses of S. glareosa to water and
nutrient addition helps explain plant-specific reactions to climate change and is
important for evaluating grassland ecosystem functions and managing grassland
resources.

References

[1] Zhang Y, Moran M S, Nearing M A, et al. Extreme precipitation patterns
and reductions of terrestrial ecosystem production across biomes[J]. Journal of
Geophysical Research: Biogeosciences, 2013, 118(1): 148-157.

[2] Ding Y, Ren G, Zhao Z, et al. Detection, causes and projection of climate
change over China: An overview of recent progress[J]. Advances in Atmospheric
Sciences, 2007, 24(6): 954-971.

[3] Yao Junqiang, Yang Qing, Mao Weiyi, et al. Characteristics of water cycle
in atmosphere in the arid region of northwestern China[J]. Arid Zone Research,
2018, 35(2): 269-276.

[4] Yang H, Wu M, Liu W, et al. Community structure and composition in
response to climate change in a temperate steppe[J]. Global Change Biology,
2011, 17(1): 452-465.

[5] Wu Z, Dijkstra P, Koch G W, et al. Responses of terrestrial ecosystems to
temperature and precipitation change: A meta analysis of experimental manip-
ulation[J]. Global Change Biology, 2011, 17: 927-942.

[6] Voesenek L A C J, Colmer T D, Pierik R, et al. How plants cope with
complete submergence[J]. New Phytologist, 2006, 170(2): 213-226.

[7] Panda D, Sharma S G, Sarkar R K. Chlorophyll fluorescence parameters,
CO2 photosynthetic rate and regeneration capacity as a result of complete sub-
mergence and subsequent re emergence in Oryza sativa rice (L.)[J]. Aquatic
Botany, 2008, 88(2): 127-133.

[8] Pérez Harguindeguy N, Díaz S, Garnier E, et al. New handbook for standard-
ised measurement of plant functional traits worldwide[J]. Australian Journal of
Botany, 2013, 61(3): 167-234.

chinarxiv.org/items/chinaxiv-202104.00107 Machine Translation

https://chinarxiv.org/items/chinaxiv-202104.00107


[9] Su Yuan, Luo Yan, Geng Fengzhan, et al. Response of stoichiometric char-
acteristics of nitrogen and phosphorus in plant leaves in an alpine grasslands to
nitrogen deposition in the Tianshan Mountains[J]. Arid Zone Research, 2019,
36(2): 430-436.

[10] Matson P, Lohse K A, Hall S J. The globalization of nitrogen deposition:
Consequences for terrestrial ecosystems[J]. Ambio, 2002, 31(2): 113-119.

[11] Yang Lucun, Liu Hechun, Li Changbin, et al. Effects of nitrogen, phos-
phorus and potassium fertilizer applications on plant community structure in
a degraded alpine steppe[J]. Chinese Journal of Applied Ecology, 2015, 34(1):
25-32.

[12] Wang C, Wan S, Xing X, et al. Temperature and soil moisture interactively
affected soil net N mineralization in temperate grassland in Northern China[J].
Soil Biology and Biochemistry, 2006, 38(5): 1101-1110.

[13] Han J, Chen J, Xia J, et al. Grazing and watering alter plant phenological
processes in a desert steppe community[J]. Plant Ecology, 2015, 216(4): 599-613.

[15] Wang Z, Li Y, Hao X, et al. Responses of plant community coverage to sim-
ulated warming and nitrogen addition in a desert steppe in Northern China[J].
Ecological Research, 2015, 30(4): 605-614.

[18] Tang H L, Shen J B, Zhang F S, et al. Interactive effects of phosphorus
deficiency and exogenous auxin on root morphological and physiological traits
in white lupin (Lupinus albus L.)[J]. Science China Life Sciences, 2013, 56: 313-
323.

[20] Arnon D I. Copper enzymes in isolated chloroplasts. polyphenoloxidases in
Beta vulgaris[J]. Plant Physiology, 1949, 24: 1-15.

[21] Bates L S, Waldren R P, Teare I D. Rapid determination of free proline for
water stress studies[J]. Plant Soil, 1973, 39: 205-207.

[22] Snyder J C, Desborough S L. Rapid estimation of potato tuber total pro-
tein content with coomassie brilliant blue G-250[J]. Theoretical and Applied
Genetics, 1978, 52(3): 135-139.

[23] Dipierro S, De Leonardis S. The ascorbate system and lipid peroxidation
in stored potato (Solanum tuberosum L.) tubers[J]. Journal of Experimental
Botany, 1997, 48(3): 779-783.

[24] Zhao D Y, Shen L, Fan B, et al. Physiological and genetic properties of
tomato fruits from 2 cultivars differing in chilling tolerance at cold storage[J].
Journal of Food Science, 2009, 74(5): 348-352.

[25] Spychalla J P, Desborough S L. Superoxide dismutase, catalase, and 𝛼-
tocopherol content of stored potato tubers[J]. Plant Physiology, 1990, 94: 1214-
1218.

chinarxiv.org/items/chinaxiv-202104.00107 Machine Translation

https://chinarxiv.org/items/chinaxiv-202104.00107


[26] Hameed A, Iqbal N, Malik S A. Effect of D-mannose on antioxidant defense
and oxidative processes in etiolated wheat coleoptiles[J]. Acta Physiologiae Plan-
tarum, 2014, 36(1): 161-167.

[27] Xia J, Wan S. The effects of warming shifted plant phenology on ecosystem
carbon exchange are regulated by precipitation in a arid grassland[J]. Plos One,
2012, 7(2): e32088.

[28] Sarangi D, Irmak S, Lindquist J, et al. Effect of water stress on the growth
and fecundity of common waterhemp (Amaranthus rudis)[J]. Weed Science,
2015, 64(1): 42-52.

[29] Zhang Yongfeng, Yin Bo. Influences of salt and alkali mixed stresses on
antioxidative activity and MDA content of Medicago sativa at seedling stage[J].
Acta Prataculturae Sinica, 2009, 18(1): 46-50.

[30] Moriwaki T, Falcioni R, Tanaka F, et al. Nitrogen improved photosynthesis
quantum yield is driven by increased thylakoid density, enhancing green light
absorption[J]. Plant Science, 2019, 278: 1-11.

[31] Craine J M, Morrow C, Stock W D. Nutrient concentration ratios and co-
limitation in South African grasslands[J]. New Phytologist, 2008, 179(3): 829-
836.

[32] Liang X, Zhang T, Lu X, et al. Global response patterns of plant photosyn-
thesis to nitrogen addition: A meta-analysis[J]. Global Change Biology, 2020,
26(6): 3585-3600.

[33] Song Chengjun, Ma Keming, Fu Bojie, et al. Influence of soil moisture,
nitrogen and phosphorus contents on seedlings growth characteristics in arid
valley of Minjiang River[J]. Chinese Journal of Applied Ecology, 2009, 20(8):
17-24.

[34] Lemke I, Kolb A, Graae B, et al. Patterns of phenotypic trait variation in
two temperate forest herbs along a broad climatic gradient[J]. Plant Ecology,
2015, 216(11): 1523-1536.

[36] Roa Fuentes L L, Templer P H, Campo J. Effects of precipitation regime
and soil nitrogen on leaf traits in seasonally dry tropical forests of the Yucatan
Peninsula, Mexico[J]. Oecologia, 2015, 179(2): 585-597.

[37] Markesteijn L, Poorter L. Seedling root morphology and biomass allocation
of 62 tropical tree species in relation to drought and shade tolerance[J]. Journal
of Ecology, 2009, 97(2): 311-325.

[38] Kang Jing. Effects of warming and nitrogen addition on plant nutrient re-
sorption in a desert steppe[D]. Hohhot: Inner Mongolia Agricultural University,
2019.

[39] Bai Chunli. Study on nutrient use and stoichiometry of dominant plants in
desert steppe[D]. Hohhot: Inner Mongolia Agricultural University, 2013.

chinarxiv.org/items/chinaxiv-202104.00107 Machine Translation

https://chinarxiv.org/items/chinaxiv-202104.00107


Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.

chinarxiv.org/items/chinaxiv-202104.00107 Machine Translation

https://chinarxiv.org/items/chinaxiv-202104.00107

	Effects of Water and Nutrient Addition on Growth, Physiological Characteristics, and Sensitivity of Stipa glareosa in the Inner Mongolia Desert Steppe (Postprint)
	Abstract
	Full Text
	Effects of Water and Nutrient Addition on the Growth and Physiology of Stipa glareosa in a Desert Steppe in Inner Mongolia
	Abstract
	Introduction
	1. Materials and Methods
	2. Results
	3. Discussion
	4. Conclusion
	References



