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• The planting of seedlings is the most effective measure for vegetation restoration.
However, this practice is challenging in desert ecosystems where water and nutrients
are scarce. Calligonum mongolicum is a sand-fixing pioneer shrub species, and its
adaptive strategy for nitrogen (N) deposition and drought is poorly understood.

• Thus, in a pot experiment, we studied the impacts of four N levels (0, 3, 6, 9 gN�m−2-

�year−1) under drought or a well-watered regime on multiple eco-physiological
responses of 1-year-old C. mongolicum seedlings.

• Compared to well-watered conditions, drought considerably influenced seedling
growth by impairing photosynthesis, osmolyte accumulation and activity of super-
oxide dismutase and enzymes related to N metabolism. Nitrogen addition
improved the productivity of drought-stressed seedlings, as revealed by increased
water use efficiency, enhanced superoxide dismutase and nitrite reductase activity
and elevated N and phosphorus (P) levels in seedlings. Nevertheless, the addition
of moderate to high levels of N (6–9 gN�m−2�year−1) impaired net photosynthesis,
osmolyte accumulation and nitrate reductase activity. N addition and water regimes
did not markedly change the N:P ratios of aboveground parts; while more biomass
and nutrients were allocated to fine roots to assimilate the insufficient resources.
Soluble protein in assimilating shoots might play a vital role in adaptation to the
desert environment.

• The response of C. mongolicum seedlings to N addtion and drought involved an inter-
dependency between soluble protein and morphological, physiological and biochemi-
cal processes. These findings provide an important reference for vegetation restoration
in arid lands under global change.

INTRODUCTION

Atmospheric nitrogen (N) derived from anthropogenic activi-
ties (e.g. fossil fuel consumption and chemical fertilizer appli-
cation) has been increasing in recent decades, including in
northwestern China (Liu et al. 2013; Yue et al. 2019). More-
over, drought events have become more frequent (IPCC 2013).
In this regard, desert plant species might be more responsive to
climate change than species in other ecosystems, because they
may already be at their physiological limits (Vale & Brito
2015). To date, these two drivers have profoundly altered the
outcome of plant–soil interactions, leading to negative cascad-
ing effects, such as vegetation loss and land degradation, in
many desert ecosystems throughout the world (D’Odorico
et al. 2013; Yu & Wang 2018; Zhao et al. 2020).

In N-limiting ecosystems, high soil N availability after the
addition of N could improve net primary production and alter
stoichiometric homeostasis, which might shift such ecosystems
towards phosphorus (P) limitation (Crowley et al. 2012). Thus,

relative changes in N and P may result in a series of modifica-
tions to plant performance, as has been widely observed in
terms of biomass allocation among organs, photosynthesis,
osmotic adjustment and morphological plasticity (Poorter
et al. 2012; Sun et al. 2018; Tariq et al. 2019; Yang et al. 2014).
Nevertheless, water deficit limits the mobility of nutrient ele-
ments in dehydrated soils, uptake by roots and vertical migra-
tion to leaves, generating asymmetric divergences in nutrient
concentrations and allocation among different tissues (Gonza-
lez-dugo et al. 2012; Kou et al. 2018; Yuan & Chen 2009). In
response to changes in soil nutrient availability, plants maxi-
mize their growth by optimally allocating resources. Desert
plants allocate more N to generate proteins, which can main-
tain photosynthetic uptake (Fisher et al. 1988), store photosyn-
thates and serve as chemical defence for tissues (Yang et al.
2014). As the main component of RNA, P is mainly involved
in the synthesis of proteins. Therefore, theoretically, the extent
of N constraint in plants would be exacerbated by drought,
which would negatively impact plant growth, especially in arid
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lands. However, how the impact of N deposition interacts with
the effects of drought on xerophyte performance in desert
ecosystems remains mostly unknown.
Different plant organs often exhibit different responses to

changing environments. For example, roots, especially small
non-woody absorptive types in the fine root system, are more
sensitive to variable soil nutrient availability (Huang et al.
2015), while foliage may respond weakly or be insensitive to
this (Schachtman & Goodger 2008). Stems provide support
and hydraulic pathways. Given the diverse roles and responses
of different plant tissues, there are differences in the require-
ments for N and P among organs. Plants can coordinate above-
ground and belowground tissues concerning the absorption
and allocation of resources to adapt to adverse environments
(Liu et al. 2010). For example, plants in desert ecosystems seem
to allocate more N to foliage to exploit light resources (Fisher
et al. 1988) and improve water use efficiency (WUE) at the cost
of reduced N use efficiency (Wright et al. 2003); that is, plant
traits are not independent of each other. Hence, exploring the
interdependent response patterns of morphological features,
resource allocation and physiological functions will facilitate a
better understanding of the adaptive strategies used by desert
plants under global change.
Calligonum mongolicum, one of the most widely used planta-

tion shrubs for afforestation and dune stabilization, is mainly
distributed in the desert–oasis ecotone in the drylands of
northwestern China (Yu & Wang 2018). Its assimilating shoots
(branchlets with reduced leaves) serve as nutritious forage for
sheep and camels (Xu et al. 2017a). Previous studies have
focused on its root ecology (Xu et al. 2017b) and physiological
responses to environmental disturbance (e.g. sand burial and
wind erosion) (Fan et al. 2018; Wang et al. 2019). However,
available data on the responses of C. mongolicum seedlings to
N deposition and drought are scarce. The planting of seedlings
has been widely implemented for vegetation restoration in arid
regions, given that natural revegetation is challenging (Bhat-
tachan et al. 2014; Dye & Versfeld 2007). Therefore, an evalua-
tion of the effects of N deposition and drought on the
performance of C. mongolicum seedlings is urgently needed to
develop conservation strategies to mitigate the negative impacts
of future climate change. Thus, we studied the effects of N
addition and drought on the growth of C. mongolicum seed-
lings, as well as their adaptive strategy, i.e. the interdependent
response patterns of morphological features, resource alloca-
tion and physiological functions.

MATERIAL AND METHODS

Study region and experimental design

This study was carried out in the Cele National Station of
Observation and Research for Desert–Grassland Ecosystems
(37°00056″ N, 80°43081″ E), Chinese Academy of Sciences,
located at the southern edge of the Taklamakan Desert in Xin-
jiang, China. This area has an arid, warm temperate desert cli-
mate with an average annual temperature of 11.9 °C, mean
annual precipitation of only 35 mm and average yearly poten-
tial evaporation of 2600 nm (Liu et al., 2016).
A pot experiment was conducted in an outdoor nursery

from May to August 2019. Seeds of C. mongolicum were ran-
domly collected from an afforestation site in the desert–oasis

ecotone (36°170–39°300 N, 80°030–82°100 E). In May 2019, at
least five seeds were sown per pot (90-l volume, 40 cm bottom
diameter, 50 cm top diameter, 62 cm height) and then the soil
was watered to field capacity (−18%). Homogenized topsoil
(70 kg) from this area (0–30 cm depth; aeolian loamy sand
with the following physicochemical traits: 0.23 g�kg−1 total N;
2.99 g�kg−1 organic C; 23.11 g�kg−1 total K; 0.60 g�kg−1 total
P) was used in this research. After 4 weeks of growth with rou-
tine management, healthy and uniform seedlings
(10.2 � 3.4 cm height, 0.73 � 0.13 mm ground basal diame-
ter, 2–3 assimilating shoots) were selected down to one plant
per pot.

Because we only focused on seedling growth rather than sur-
vival, the plants were watered three times a week. We con-
trolled the amount of water delivered to individual pots, as
well as the time of watering (19:00 h). For the first 4 weeks, all
pots received 1.5 l of water. For the following period, the well-
watered group continued to receive 1.5 l of water, whereas
drought pots received 0.5 l of water three times a week. Each
pot was placed on a plastic plate to eliminate nutrient transfer
to other pots. A transparent plastic film was placed over the
pots when it rained. Due to the rapid development of agricul-
ture and industry, there is prominent N deposition
(3.5 gN�m−2�year−1) in northwestern China (Yue et al. 2019),
and this rate is expected to double by 2050 (Galloway et al.
2008). Extreme N deposition events have occurred in the North
China Plain, where the rate is 9.0 gN�m−2�year−1 (Liu et al.,
2013). Therefore, in this study, we conducted four N treat-
ments (N0, 0 gN�m−2�year−1; N1, 3.0 gN�m−2�year−1; N2,
6.0 gN�m−2�year−1; N3, 9.0 gN�m−2�year−1), with six replica-
tions of each treatment under both water regimes. From June
to August 2019, N addition (solid urea) was added to the upper
soil surface after watering.

Sample collection

Plant samples were collected in late August 2019 (mid-late
growth period). Three to five C. mongolicum seedlings of simi-
lar growth status were chosen, and four to six mature assimilat-
ing shoots were held together in a plane to determine gas
exchange and chlorophyll fluorescence. Then the shoots were
picked, put in ziplock bags and immediately stored at −20 °C
for laboratory analysis.

Gas exchange and chlorophyll fluorescence measurements

A portable open-flow gas exchange system (LI-6400; LI-COR,
Lincoln, NE, USA) was used to measure the gas exchange: net
photosynthesis rate (Pn), stomatal conductance (gs), intercellu-
lar CO2 concentration (Ci) and transpiration rate (E). The rela-
tive humidity of the air, CO2 concentration and photon flux
density in the leaf chamber was controlled at 30–40%,
400 μmol�mol−1 and 1500 μmol�m−2�s−1, respectively. The
WUE was calculated with the equation: Pn/E. A handy plant
efficiency analyser (Hansatech, Wimborne, UK) was used to
detect maximum quantum efficiency of photosystem II (Fv/
Fm). A saturation pulse of 1500 μmol�m−2�s−1 was applied for
0.8 s after 30 min dark adaptation at air temperature, and the
maximum fluorescence yield (Fm) and intrinsic quantum effi-
ciency of photosystem II (PSII) photochemistry (Fv/Fm) were
recorded.
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Measurement of photosynthetic pigments

Following the method of Lichtenthaler & Wellburn (1983), we
used 95% (v/v) ethanol to extract chlorophyll from the samples
(0.1–0.3 g fresh leaves) and measured the absorption of the fil-
trate at 665 nm and 649 nm. The chlorophyll content (mg�g−1-
�FW) was calculated with the following equations

Chl a¼ 13:98A665�6:88A649 (1)

Chl b¼ 24:96A649�7:32A665 (2)

Chl¼Chl aþChl b (3)

Chl a=b¼Chl a=Chl b (4)

Measurement of biochemical parameters

The concentrations of soluble protein (SP) in 0.1–0.3 g fresh
assimilating shoots was determined following the Bradford
(1976) method, using Coomassie brilliant blue G-250, with
bovine serum albumin as standard. The concentration of sol-
uble sugars (SS) was measured using the anthracnose method,
with glucose as standard (Yemm & Willis 1954). The concen-
tration of free proline (Pro) extracted in aqueous sulphosali-
cylic acid was measured using ninhydrin (Bates et al. 1973).
We measured malondialdehyde (MDA) concentrations to esti-
mate lipid peroxidation (Heath & Packer 1965), using the thio-
barbituric acid test with some modifications. The activity of
superoxide dismutase (SOD) in leaves was measured at
560 nm according to the reduction in percentage nitroblue
tetrazolium following the method of Giannopolitis & Ries
(1977).

Measurement of assimilating shoot traits and biomass
allocation

The fresh weight (FW) of assimilating shoots was measured,
then the samples were immersed in distilled water at 4 °C for
4 h in the dark to obtain turgid weight (TW). After that, all
samples were placed in an oven at 70 °C for 24 h to obtain dry
weight (DW). Finally, the relative water content of assimilating
shoots (SRWC) was calculated using the following equation:

SRWC¼ FW � DWð Þ= TW � DWð Þ½ � (5)

After scanning a picture (300 dpi) with a scanner (LiDE200;
Canon, Tokyo, Japan), the length and diameter of assimilating
shoots was determined using ImageJ software (National Insti-
tutes of Health, USA; version 1.52a). Specific assimilating shoot
length (length of an assimilating shoot divided by its dry mass)
was calculated.

Biomass allocation among organs was calculated for the bio-
mass of a single organ divided by the total plant biomass. Total
plant biomass was determined as the sum of the dry weight of
aboveground and belowground biomass, and R/S (root/shoot)
ratios were calculated as the ratio of biomass of aboveground
and belowground parts. We separated roots into three cate-
gories based on root diameter: tap root/axial root (developed

from the radicle), coarse root (lateral root >2 mm in diameter)
and fine root (lateral root <2 mm in diameter).

Chemical analysis and nutrient allocation

Powdered organ samples (0.2 g DW) were digested with con-
centrated H2SO4. Then N and P concentrations in the digests
were determined using a Kjeldahl Nitrogen Analyzer (K1160;
Jinan Hanon Instruments, Jinan, Shandong, China) and an
inductively coupled plasma-optical emission spectrometer
(iCAP 6300; ThermoFisher Scientific, Waltham, MA, USA),
respectively. N (or P) mass in specific organs was calculated
according to Equation. (6); N (or P) distribution among
organs was calculated as the value of a single organ divided by
the total N and P mass of the whole plant.

N or Pð Þ mass in specific organ

¼ N or Pð Þconcentration� specific organ biomass
(6)

Measurement of soil properties

After removing plant aboveground parts, three layers of potted
soil samples (upper, 0–20 cm; middle, 20–40 cm; bottom,
40–60 cm) were collected and repeated three times, then
divided into three subsamples. The first subsample was dried at
105 °C to determine soil water content. After air drying, the
second subsample was sifted through a 0.15-mm sieve before
determining its chemical properties. Soil organic carbon was
measured using the K2Cr2O7-H2SO4 oxidation method. Total
N concentration was determined using a Kjeldahl Nitrogen
Analyzer. Available N was measured using the alkali hydrolyz-
able method. Total P and K were determined via inductively
coupled plasma-optical emission spectrometry after digestion
of the samples in concentrated HNO3. Available N was
extracted with a KCl solution and determined on a continu-
ous-flow autoanalyzer (AutoAnalyzer 3, Seal Analytical, Hamp-
shire, UK). Available P was extracted with HCl/NH4F and
determined colorimetrically via ascorbic acid molybdate analy-
sis on a continuous-flow autoanalyzer. Extraction with
NH4OAc was used to measure available K. Soil pH was mea-
sured at a soil:water ratio of 1:2.5 (w/v) using a pH meter
(PHSJ-6L; INESA Scientific Instrument, Shangai, China). Elec-
trical conductivity (EC) was measured at a soil:water ratio of
1:5 (w/v) using an EC meter (DDSJ-319L; INESA Scientific
Instrument, Shangai, China). The third subsample was used to
determine mineral soil N (NO3

−–N and NH4
+–N) spectropho-

tometrically following Bremner & Mulvaney (1982).

Statistical analyses

All statistical analyses were conducted using R (R Core Team
2013). The normality of raw data was checked using the Sha-
piro-Wilk normality test. Analysis of variance (ANOVA) and least
significant difference (LSD) test or Tukey’s test were performed
to test the significance of the effect of N and water addition on
plant ecophysiological parameters and soil properties. Pear-
son’s correlation coefficients between plant–soil and plant
trait–trait factors were conducted and visualized using the ‘cor-
rplot’ and ‘ggcorrplot’ R packages, respectively (Kassambara
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2019; Taiyun & Viliam 2017). The P-values of the correlation
matrix were adjusted using the Benjamini and Hochberg false
discovery rate (FDR) control procedure (Benjamini et al.
2006). We used the plant trait network (PTN) to explore the
relationships among a series of plant traits and their signifi-
cance (He et al. 2020). First, we calculated the matrix of trait–-
trait relationships and quantified the correlation coefficient (r)
using Spearman’s method with the ‘psych’ R package (Revelle
2018). Second, to remove spurious correlations among traits,
we controlled the threshold of adjacency matrix as |r| > 0.5 and
P < 0.05 (Kleyer et al. 2019). Finally, we visualized the PTN
and its topological parameters using the ‘igraph’ R package
(Csardi & Nepusz 2006).

RESULTS

Gas exchange, chlorophyll and fluorescence parameters

Nitrogen addition and water regime altered the photosynthetic
physiology of C. mongolicum (Figs 1 and 2; Figure S1). We
found that N addition, water addition and their interaction sig-
nificantly influenced gas exchange of C. mongolicum seedlings
(Fig. 1). Drought significantly reduced the Pn of seedlings.
Compared to N0 plants, N1 (3.0 g�N�m−2�year−1) markedly
improved Pn in both water regimes; N2 (6.0 g�N�m−2�year−1)
and N3 (9.0 g�N�m−2�year−1) caused a decline in Pn of
drought-stressed seedlings but did not influence Pn in the well-
watered regime. For drought-stressed seedlings, N addition sig-
nificantly reduced gs and E but increased WUE compare to the
control treatment.
Nitrogen addition, water regime and their interaction signif-

icantly influenced Chl a, b and a + b content (Figure S1). It

also significantly reduced Chl a and a + b of drought-stressed
plants, and caused a decreasing trend in well-watered regimes.
The Chl a/b was only influenced by N addition. Both N input
and water regime had independent effects on Fv/Fm (Fig. 2).
The Fv/Fm was unaffected by drought or N addition in drought.
Only the N1 and N2 treatments significantly elevated the Fv/Fm
of well-watered seedlings.

Osmolytes, antioxidant enzyme activity and N assimilation-
related enzymes

The biochemical indices of C. mongolicum were changed by N
addition and water treatments (Fig. 3). Both N2 and N3 signif-
icantly decreased soluble protein content under both water
regimes. Soluble sugar levels were impacted by both N addition
and N–water interactions. Drought decreased soluble sugar
content compared to well-watered seedlings, which had the
highest content, while additional N inputs decreased soluble
sugar levels further (except for N1 under drought conditions).
N addition, water regime and their interaction jointly influ-
enced free Pro and SOD levels. Under water deficit, N1 and N2
treatment significantly improved Pro content, while a high N
load caused a decline in Pro under well-watered conditions.
Drought-stressed seedlings had lower SOD activity, while N
inputs significantly improved activity in both water regimes,
except for the N3 treatment under well-watered conditions. N
addition and water condition independently influenced MDA
content. N inputs significantly improved MDA levels, regard-
less of water regime. Nitrite reductase (NiR) and nitrate reduc-
tase (NR) activities were significantly influenced by N addition,
water regime and their interaction. The N0 plants under
drought conditions had higher NiR levels, which increased fur-
ther with N addition. Only N1 significantly increased NR levels
in both water regimes.

Growth and biomass

The morphological traits of C. mongolicum also varied by N
addition and water treatment (Table 1). The assimilating shoot
water content improved only after N addition (F = 14.02,
P < 0.001; Table 1), whereas specific assimilating shoot length
was significantly affected by both N addition (F = 164.59,
P < 0.001) and N–water interactions (F = 25.04, P < 0.001),
and the N2 and N3 treatments considerably decreased the
specific assimilating shoot length. The only significant change
in diameter of assimilating shoots was found in treatments
with N addition (F = 10.99, P < 0.001), which significantly
improved for seedlings under water deficit; under well-watered
conditions, only N3 improved the diameter of assimilating
shoots. N and water interacted to influence the height of seed-
lings (F = 8.24, P = 0.002); N-induced increases in seedling
height were found in both water treatments. Variation in
ground basal diameter was mediated by both N (F = 85.09,
P < 0.001) and water (F = 114.45, P < 0.001), both of which
caused a remarkable increase in ground basal diameter.

The biomass allocation patterns of the seedlings changed
according to N addition under watered conditions, and most
of the dry mass was allocated to belowground parts (Fig. 4).
Under both water regimes, N addition resulted in increases in
total biomass, while a lower R/S was found in the N3 treatment
(Fig. 4). However, N addition had a non-significant effect on

Fig. 1. Effects of nitrogen addition (N) and water (W) treatments on gas

exchange parameters of Calligonum mongolicum seedlings. N0, control; N1,

3 g�N m−2 year−1; N2, 6 g N m−2 year−1; N3, 9 g N m−2 year−1. Pn, net

photosynthesis rate; gs, stomatal conductance; E, transpiration rate; WUE,

water use efficiency. Bars show mean � SE (n = 5). Different letters above

bars indicate significant differences (P < 0.05) among the four N treatments

in each of the two water regimes according to the LSD test. Letters below

bars indicate significant differences (P < 0.05) among all treatments. A sum-

mary of the P-values of a two-way ANOVA addressing the effects of N and W

treatments is provided in each panel. *P < 0.05, **0.01, ***0.001 indicate

significant F-values.
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tap root mass fraction and fine root mass fraction. Both N1
and N2 significantly decreased allocation to assimilating shoots
of seedlings. Stem mass fraction showed an increasing trend
along with N addition gradients, while coarse root mass frac-
tion showed the opposite trend. For well-watered seedlings, the
highest assimilating shoots of seedlings were found at the high-
est N input, N3. N1 significantly improved stem mass fraction,
while N2 and N3 resulted in decreases in stem mass fraction
compared to N0 plants. Higher tap root mass fractions were
found in the N1 and N2 treatments. Additional N caused a
decline in coarse root mass fraction. The N2 and N3 treatments
did not significantly influence fine root mass fraction, while the
lowest fine root mass fraction was found in the N1 treatment.

Nutrient allocation and stoichiometry

The N and P distribution strategy and concentrations among
different organs of C. mongolicum seedlings changed according
to N addition and water treatment (Fig. 5; Table S1). N addi-
tion significantly increased total N and P mass of plants in both
water regimes, and these values were generally higher in well-
watered treatments than under drought conditions.

The distribution of N to assimilating shoots of drought-
stressed seedlings was significantly reduced in the N1 and N2
treatments but enhanced in N3. For well-watered seedlings,
only N3 increased the N mass in assimilating shoots. Both N2
and N3 significantly improved stem N mass in drought-
stressed seedlings. The stem N mass of well-watered seedlings
was increased by the N1 treatment but reduced by N3 com-
pared to N0 seedlings. N inputs had non-significant effects on
the N mass of drought-stressed tap roots. Compared to well-
watered N0 seedlings, N mass in tap roots was higher in plots
with N1 and N2 addition but lower in N3 seedlings. N inter-
acted with water resulting in a decreasing trend in N distribu-
tion to coarse roots in both water regimes. High N input (N3)
resulted in a decrease in N in fine roots under drought stress.

The pattern of P distribution to assimilating shoots was sim-
ilar to that of N. A higher P allocation to stems was found in

treatments with N addition under water deficit. However, N3
treatment reduced P allocation to stems of well-watered seed-
lings. There was no significant variation in P distribution to
tap roots among treatments under drought. Along with N
addition gradients, P distribution to coarse roots first increased
and then decreased under drought, while there was a decreas-
ing trend in P distribution to coarse roots of well-watered seed-
lings. N3 significantly decreased P allocation to fine roots of
drought-stressed seedlings.
Nitrogen and water treatments had different effects on N:P

ratios among different organs (Fig. 6). There was no significant
variation in the ratio for assimilating shoots and stems in any
treatment. N and N–water interactions significantly affected
the ratio in tap roots. N, water and their interaction influenced
N:P ratios of coarse and fine roots.

Plant trait networks

Because many traits tend to be interrelated, traditional correla-
tion analysis cannot explain the precise effect of each trait;
hence, we used a plant trait network (PTN) to clarify the rela-
tionships among traits and their significance in the present
study (Fig. 7; Tables S4 and S5). In the PTN, soluble proteins
showed highest degree of response, i.e. most edges that linked
this focus node trait to other nodes, which can be thought of as
general hub trait (Table S5). In contrast, stem N:P (S_ N:P)
was only connected to stem P (S_P). Coarse root mass fraction,
soluble protein, S_P, tap root P (TR_P) and NR activity
showed higher betweenness, represented by the shortest paths
traversing a hub node; thus, these traits can be viewed as medi-
ators of interactions.
The fast greedy cluster modularity optimization algorithm

decomposed the PTN into four different modules. Generally,
the N and P content in stem and fine root were grouped with
biochemical traits (e.g. MDA, soluble sugar, soluble protein,
NiR, Chl). Photosynthetic parameters (e.g. Pn, E, WUE, Fv/Fm)
were clustered with morphological traits, total biomass, CRMF
and higher tap root mass fractions. Fine root mass fraction and

Fig. 2. Effects of nitrogen deposition (N) and water (W)

treatments on potential quantum efficiency of photosys-

tem II (Fv/Fm) in Calligonum mongolicum seedlings. N0,

control; N1, 3 g�N�m−2�year−1; N2, 6 g�N�m−2�year−1;
N3, 9 g�N�m−2�year−1. Bars are mean � SE (n = 3). Dif-

ferent letters above bars indicate significant differences

(P < 0.05) among the four N treatments in each of the

two water regimes according to the LSD test. Letters

below bars indicate significant differences (P < 0.05)

among all treatments. A summary of the P-values of a

two-way ANOVA addressing effects of N and water treat-

ments is given in the figure. *P < 0.05, **0.01,
***0.001 indicate significant F-values.

Plant Biology © 2020 German Society for Plant Sciences and The Royal Botanical Society of the Netherlands 5

Zhang, Tariq, Zeng, Chai & Graciano Involvement of soluble proteins in drought and nitrogen response of Calligonum mongolicum



stem mass fraction grouped with R:S and coarse root nutrients.
The nutrients in assimilating shoot and tap roots were
grouped.

DISCUSSION

Our results displayed a series of desert plant functional strate-
gies matched to the response to varied N and water regimes in
this hyper-arid region. Divergent responses by some functional
traits were associated with aboveground and belowground
resource uptake, maintenance and processing, implying coor-
dination among aboveground and belowground biomass and
nutrients in C. mongolicum.

Effects of N and water availability on ecophysiological traits

Our results suggest that an interaction between drought and N
had a strong influence on gas exchange variables. Drought-
stressed N0 C. mongolicum seedlings showed reduced Pn (Fig. 1),
combined with lower levels of soluble sugars, free Pro, SOD and
NR (Fig. 3), indicating an impaired physiological process medi-
ated by drought. The addition of low levels of N can relieve the
adverse effects caused by drought stress, reflected in the
improved Pn in the N1 treatment. N inputs significant reduced
gs and E, which increased the WUE of drought-stressed seed-
lings. However, moderate and high N loads reduced Pn. These
results indicate that photosynthetic activity in C. mongolicum
seedlings is sensitive to N deposition, which raises the issue as to
whether further N deposition beyond a critical N threshold
could lead to adverse impacts on the seedlings.

Ward et al. (2015) proposed that gs and E can be used as
early indicators of physiological changes after N input. In con-
trast to well-watered seedlings, drought-stressed plants given
more N showed a significant reduction in gs and E (Fig. 1).
Interestingly, N addition considerably enhanced WUE in these
plants but suppressed it under well-watered conditions
(Fig. 1). An elevated WUE is usually associated with improved
C allocation to shoots rather than belowground parts, which
might increase plant sensitivity to drought stress (Graciano
et al. 2005). However, in our study, WUE was negatively

Fig. 3. Effects of nitrogen deposition (N) and water treatments (W) on

osmolyte, antioxidant enzyme activity and N assimilating-related enzymes in

Calligonum mongolicum seedling leaves. N0, control; N1, 3 g�N�m−2 year−1;

N2, 6 g�N�m−2�year−1; N3, 9 g�N�m−2�year−1. Bars show mean � SE (n = 3).

Different letters above bars indicate significant differences (P < 0.05) among

the four N treatments in each of the two water regimes according to thr

LSD test. Letters below bars indicate significant differences (P < 0.05)

among all treatments. A summary of the P-values of a two-way ANOVA

addressing the effects of N and water treatments is given on the right-hand

side. *P < 0.05, **0.01, ***0.001 indicate significant F-values.

Table 1. Effects of nitrogen deposition (N) and water (W) treatments on morphological traits of Calligonum mongolicum seedlings.

Responses N W N × W

Drought Well-watered

N0 N1 N2 N3 N0 N1 N2 N3

SRWC F 14.02 1.15 1.27 Mean 73.24b 85.83a 87.11a 83.22a 77.18b 82.90a 88.27a 87.31a

% P <0.001 0.30 0.32 SE 2.10 0.45 0.96 0.47 0.49 0.48 0.15 0.35

SASL F 164.59 3.33 25.04 Mean 312.5a 284.4a 229.3b 26.4c 357.3a 336.9a 41.2b 34.6b

g�cm−1 P <0.001 0.71 <0.001 SE 4.1 6.2 11.5 1.1 12.8 12.1 2.6 2.6

SD F 10.99 0.78 2.83 Mean 1.19b 1.28a 1.28a 1.29a 1.20b 1.22b 1.23b 1.34a

mm P <0.001 0.39 0.07 SE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Height F 68.34 48.31 8.24 Mean 55.40d 80.03b 88.87a 71.97c 62.90b 92.23a 91.30a 97.20a

cm P <0.001 <0.001 0.002 SE 1.00 0.67 0.50 1.10 1.40 1.33 2.00 0.98

GBD F 85.09 114.45 0.36 Mean 4.43c 6.52b 6.57b 8.26a 6.25c 8.59b 8.13b 10.14a

mm P <0.001 <0.001 0.78 SE 0.10 0.11 0.09 0.18 0.16 0.10 0.05 0.14

The results of two-way ANOVA are in left columns of the table. Values in the right columns of the table show mean � SE (n = 3) of each variable at each N addi-

tion rate (N0, N1, N2, N3) in each water treatment level (drought and well-watered). Lowercase letters in the right columns indicate significant differences fol-

lowing N addition (P < 0.05, one-way ANOVA). N0, control; N1, 3 g�N�m−2�year−1; N2, 6 g�N�m−2�year-1; N3, 9 g�N�m−2�year−1; SRWC, assimilating shoot

relative water content, %; SASL, specific assimilating shoot length; SD, assimilating shoot diameter, mm; GBD, ground basal diameter.
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correlated with the assimilating shoot mass fraction, and not
the stem mass fraction, of drought-stressed seedlings (Fig-
ure S3). Chlorophyll fluorescence can be used as a probe to
monitor photosynthetic activity and predict plant stress toler-
ance (Maxwell & Johnson 2000). Our results showed that addi-
tional N did not alter the photochemical response (Fv/Fm) of
drought-stressed seedlings (Fig. 2), indicating that Fv/Fm may
not be a sensitive indicator for drought-stressed C. mongolicum
seedlings. Inconsistent with the findings of Shen et al. (2020)
and Wang & Chen (2019) that additional N improves chloro-
phyll content, we found that N inputs significantly decreased
chlorophyll a and a + b in the assimilating shoots of C. mon-
golicum seedlings (Figure S1). This may be because the influ-
ences of N addition on chlorophyll are species-specific (Zhang
et al. 2017), and the differences in structure and functions
between foliage and assimilating shoots might explain these
disparate phenomena.

Nitrogen, as a necessary component of proteins, can be
directly absorbed by C. mongolicum seedlings and readily
assimilated into proteins for plant growth. However, the addi-
tion of medium and high levels of N reduced souble proteins,
implying that excess N load impairs the metabolic functions of
assimilating shoots (Guy 1990). In the current study, increases
in SOD caused by N addition may have helped scavenge excess
reactive oxygen species and thus improve adaptability to envi-
ronmental stress (Subrahmanyam et al. 2006). However, exter-
nal N input had a negative effect on plant plasma membranes,
leading to increases in cell membrane lipid peroxidation,
reflected by elevated MDA levels. Soluble sugars and Pro are
essential osmotic adjustment substances that protect plants
against oxidative stress (Foyer & Noctor 2005; Morgan 1992).
In the present study, drought-stressed N0 seedlings had higher
levels of soluble sugars and Pro. The addition of low and med-
ium levels of N further improved Pro content. Regardless of
water regime, N addition reduced soluble sugar content in
assimilating shoots, indicating that more photosynthates were

used for growth instead of for stress tolerance. We also found
that N application changed the activities of N metabolic
enzymes in assimilating shoots (Fig. 3). N addition increased
the NiR activity of water-stressed seedlings, indicating the pro-
motion of ammonium output. Regardless of water condition,
the activity of NR was improved by the addition of low levels
of N, but reduced by medium and high N loads, implying that
excess N load may impair nitrate reduction.

Responses of biomass allocation to N addition and water
availability

It is difficult to understand the physiological mechanism under-
lying changes in biomass allocation, because it involves a series
of C transport processes that are not easily measured, especially
at a whole-plant level. However, the overall outcome of these
processes can easily be obtained from the current biomass pre-
sent in all organs (Poorter et al. 2012). Divergences in biomass
allocation patterns are of essential importance for plants to han-
dle environmental changes, and such patterns are altered by
availability of nutrients and water (Poorter et al. 2012).
Generally, C. mongolicum seedlings mainly allocated bio-

mass to roots, especially fine roots, indicating a limiting
resource in belowground parts. Drought led to a considerable
reduction in total biomass, while R:S ratios did not signifi-
cantly differ between drought-stressed seedlings and well-wa-
tered plants (Fig. 4; Figure S2). We speculate that the negative
influence of drought on the aboveground parts was compara-
ble to that on the belowground parts in the desert environ-
ment, indicating that C. mongolicum at the seedling stage
showed morphological adaptations to drought stress. The
interaction between drought and N addition had a negative
effect, by decreasing the R:S ratio under high N loads (Fig. 4;
Figure S2) because elevated drought sensitivity is mainly asso-
ciated with a decrease in R:S ratio, which would lead to higher
transpiration demand (Meyer-Gruenefeldt et al. 2015). This
finding may be because fine root biomass was improved by N
addition. The allocation of a higher proportion of root bio-
mass to fine roots (Fig. 4), which showed the most nutrient
absorption and water acquisition activity, helped C. mon-
golicum seedlings to better adapt to a water deficit environ-
ment. However, some N addition treatments, such as N2 and
N3 under drought conditions and N1 in the well-watered
regime, reduced the fraction of fine root mass, indicating that
both nutrient and water limitation were released by N enrich-
ment. However, compared to N0 seedlings, lower ratios of
coarse (tap root plus coarse root in our study) to fine roots
induced by N2 and N3 in both water regimes could suggest
that lower investment in long-lived roots in charge of water
and nutrient transport would increase susceptibility to root
cavitation compared to fine roots (Chen & Brassard 2013),
which was the opposite in the N1 treatment. Under drought
conditions, C. mongolicum seedlings allocated more dry mass
to assimilating shoots in aboveground parts to enhance assim-
ilation capacity. Due to foliage degeneration of assimilating
shoots with photosynthetic function as an adaptive strategy in
the harsh environment, we used specific assimilating shoot
length (Table 1) to estimate dry mass per shoot length. In line
with N addition gradients, specific assimilating shoot length
showed a decreasing trend under all water conditions
(Table 1), implying that N addition caused a lower relative

Fig. 4. Effects of nitrogen deposition (N) and water treatments (W) on bio-

mass allocation of Calligonum mongolicum seedlings among organs. N0,

control; N1, 3 g�N�m−2�year−1; N2, 6 g�N�m−2�year−1; N3, 9 g�N�m−2�year−1.
Bars show mean � SE (n = 3). Numbers followed by letters above bars are

total biomass (g�plant−1) for each treatment. Numbers followed by letters

below bars are root to shoot biomass (R/S). Different letters indicate signifi-

cant differences (P < 0.05) among the four N addition treatments in each of

the two water regimes according to the LSD test, and only those with signifi-

cant differences are shown. The other information on biomass and a sum-

mary of the P-values of a two-way ANOVA addressing effects of N and water

treatments are provided in the Figure S1.
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growth rate and resource use efficiency (Freschet et al. 2015;
Poorter et al. 2009).
The intrinsic physiological mechanisms regulating photoas-

similate distribution and final biomass allocation are key to
plant development and performance (Poorter et al. 2012). Dur-
ing these processes, NR may influence the expression of a vari-
ety of proteins (Hermans et al. 2006; Scheible et al. 1997; Stitt
& Feil 1999). In the present study, a significantly positive corre-
lation between Pn–soluble proteins and Pn–NR seem to support
this idea (Figure S3). However, which genes or compounds
control assimilate partitioning and biomass allocation requires
further exploration.

Effects of N addition and water availability on nutrient
allocation and stoichiometry

Patterns of N and P distribution among organs of plants may
significantly influence ecosystem processes, such as litter decom-
position and nutrient cycling (Sardans et al. 2017). In this study,
we investigated the concentrations and allocation strategies of N
and P among different organs (Fig. 5, Table S1). C. mongolicum
seedlings showed divergent responses to N enrichment and
water addition. When plants allocate more nutrients to short-
lived organs, rather than to woody organs, it can lead to a larger
loss of nutrients (Tsujii et al. 2020). In our study, we found that
more N and P were allocated to roots under drought stress,
especially to fine roots (Fig. 5). However, the addition of N led
to significant suppression of N and P to roots, enhancing the
levels of those nutrients in aboveground organs (Fig. 5), imply-
ing a nutrient shift from roots to aboveground parts. This could
be explained as a larger nutrient requirement in the above-
ground parts in order to acquire light resources under N-suffi-
cient conditions (Poorter & Nagel 2000), and resorbed nutrients
from drought-stressed roots possibly was stored in stems for
future use (Zhao et al. 2020).
Among all treatments, the N concentrations of assimilating

shoots were highest among organs (Table S1), implying a
greater requirement for N (Cunningham et al. 1998). How-
ever, N accumulation in these organs did not vary by N addi-
tion gradient; for example, it first decreased and then
increased with N enrichment. The specific N deposition rates
may have counteracted the natural N accumulation of assimi-
lating shoots. However, the adverse effects of long-term
increases in Pn and specific assimilating shoot length, coupled
with lower N accumulation in assimilating shoots, could
potentially lead to vital ecological feedbacks on primary pro-
duction, herbivory and litter decomposition processes (Barker
et al. 2006). As the resource-acquiring organ belowground,
fine root N concentrations under drought were lower in the
N2 and N3 treatments than in the N0 and N1 treatments.
There are some possible explanations for this. First, C. mon-
golicum seedlings may have limited capacity to improve N
uptake when N is suddenly abundant due to adaptive limita-
tions to infertile soils (Barker et al. 2006; Chapin 1980). Sec-
ond, the artificial monthly application of N may weaken the
effect of N deposition compared to natural N deposition,
which theoretically occurs throughout the whole year.
Although the latter cannot completely be ruled out, the former
is most likely the case because there was no significant effect of
N inputs on the accumulation of fine root N in the presence
of additional water.

Foliar stoichiometry of N:P ratios is a vital tool for gauging
nutrient availability and limitation (Carmen Blanes et al. 2013;
Schreeg et al. 2014). In our study, the ratios for all root types
were more sensitive to N addition than those for aboveground
parts (Fig. 6). Roots (especially absorptive roots, i.e. fine roots)
respond rapidly to altered soil nutrient availability, whereas
foliage (assimilating shoots in this study), being the terminus
of nutrient and water transport, responds weakly (Schachtman
& Goodger 2008). Therefore, nutrients in roots are more sensi-
tive to changing nutrients in the soil (Huang et al. 2015; Kou
et al. 2018). Another possible explanation is that plants main-
tain stoichiometric homeostasis to stabilize physiological activ-
ities in aboveground parts. Hence, the stoichiometric ratios of
aboveground parts (i.e. assimilating shoots and stems) might
not be dependable markers of N deposition effects in desert
shrub seedlings. Drought significantly reduced N:P ratios of
roots, indicating limited N assimilation by roots under drought
stress. Inconsistent ratios of roots were found under different
soil moisture conditions (Fig. 6). Well-watered conditions
improved N availability in the soil, and thus may have stimu-
lated the growth of seedlings, leading to a more substantial
requirement for N, reflected by decreases in the N:P ratios of
fine roots and tap roots.

Fig. 5. Effects of nitrogen deposition (N) and water treatments (W) on

nitrogen (N) and phosphorus (P) relative content in Calligonum mon-

golicum seedlings. N0, control; N1, 3 g�N�m−2�year−1; N2, 6 g�N�m−2-

�year−1; N3, 9 g�N�m−2�year−1. Numbers followed by letters above bars are

total N and P content (mg�plant−1) for each treatment. Different letters indi-

cate significant differences (P < 0.05) among the four treatments in each of

the two water regimes according to the LSD test, and only those with signifi-

cant differences are shown. Other information on biomass and a summary

of P-values of a two-way ANOVA addressing the effects of N and water treat-

ments are provided in the Table S2.
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Plant trait network

Recent studies have provided a novel perspective toward visu-
alizing the relationships among different plant traits and their
significance using network theory, i.e. a PTN (Flores-Moreno
et al. 2019; He et al. 2020; Kleyer et al. 2019). We observed
many trait–trait correlations using the PTN method, support-
ing the concept of the plant as a harmonized system of bio-
logical functions (Fig. 7). Soluble proteins showed high
centrality in the network, indicating that they take a hub reg-
ulatory position and suggesting that they play vital roles in
critical functions. A shift in this central element will influence
many other downstream traits, especially those with high
betweenness (e.g. coarse root mass fraction), which may, in
turn, impact subnetworks (Kleyer et al. 2019) or have a
greater influence on high-level properties (e.g. fitness).
Indeed, soluble protein content is a crucial trait in photosyn-
thesis, because half of these proteins function as enzymes
(Andrews et al. 1999). The close associations among total bio-
mass, coarse root biomass and biochemical and photosyn-
thetic properties formed the centre of the PTN, where these
nodes dominated most connections. Surprisingly, the nutrient
traits of assimilating shoots had a relatively minor effect on
other traits, reflected by fewer links. This may reflect weak or
time-lagged nutrient transport from soil to aboveground
parts. However, these low connectivities do not invalidate the
functional relevance, as traits with few connections can facili-
tate numerous trait combinations and generate multiple plant
phenotypes (Messier et al. 2017). This implies that different
traits or organs have trade-offs. Plant traits in the PTN also

tended to cluster. Four distinct feature modules with a mass
of intra-group links and very few links to other traits in the
PTN may imply the formation of independent dimensions.
For example, the subnetwork of nutrients in fine roots that
grouped with biochemical characteristics may imply a direct
relationship among these traits. The Pn and chlorophyll con-
tent were divided into different subnetworks. These results
emphasize the relative role of related traits in the adaptation
of C. mongolicum seedlings in the face of changeable environ-
ments.

CONCLUSION

The current study suggests that N addition and soil moisture can
alter ecophysiological performance, nutrient levels and biomass
allocation patterns of desert shrub seedlings. N addition can alle-
viate the impaired growth of seedlings induced by drought stress
through physio-biochemical adjustments. However, moderate to
high N loads (6.0–9.0 gN�m−2�year−1) have a negative impact on
some ecophysiological processes under drought stress by decreas-
ing the net photosynthesis rate, osmolyte accumulation and NR
activity. As a coping strategy, stoichiometric homeostasis in
aboveground parts of C. mongolicum seedlings is more stable than
that in belowground parts under N addition and drought; while
more biomass and nutrients are allocated to fine roots to enhance
the uptake of insufficient resources. We conjecture that soluble
proteins may have a vital influence on the interplay among multi-
ple traits of C. mongolicum seedlings. Thus, further study of these
proteins may provide vital clues on underlying plant growth
strategies through future research. Finally, C. mongolicum

Fig. 6. The effects of nitrogen deposition (N) and water (W) treatments on N:P ratios among different organs of Calligonum mongolicum seedlings. N0, con-

trol; N1, 3 g�N�m−2�year−1; N2, 6 g�N�m−2�year−1; N3, 9 g�N�m−2�year−1. Bars show mean � SE (n = 3). Different letters above bars indicate significant differ-

ences (P < 0.05) among the four N treatments in each of the two water regimes according to the LSD test, and those with significant differences are shown in

the figure. *P < 0.05, **0.01, ***0.001 indicate significant F values; ns denotes no significant difference.
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seedlings coordinate multiple eco-physiological processes to
respond to N deposition and drought, which will provide a refer-
ence for vegetation recovery in arid lands.
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