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The pot experiment was carried out in the Yellow River Delta to investigate the effects of drought and salt
stresses on growth characteristics of Suaeda salsa, and to reveal the role of nitrogen (N) application in
alleviation effects of drought and salt stresses on Suaeda salsa in coastal wetlands. In this study, plants
were exposed to two water contents treatments (i.e., 14% and 26% water content), four salinity treat-
ments (i.e., 2 g/kg, 4 g/kg, 6 g/kg, and 8 g/kg NaCl) and two N application treatments (i.e., 0 and
200 N mg/kg) in field conditions. Growth characteristics of Suaeda salsa were assessed as fresh weight,
dry weight, height, total nitrogen (TN) and total carbon (TC). Our results showed that fresh weight, dry
weight and height of Suaeda salsa promoted at lower salinity treatments but reduced at higher salinity
treatments, while TN and TC contents kept stable with increasing salinity levels. Drought stress
diminished the fresh weight, dry weight and height of Suaeda salsa, whereas enhanced TN contents.
Under the interactive stresses of drought and salt, fresh weight and dry weight showed slight increases at
lower salinity treatments, whereas decreases at higher salinity treatments. N application promoted the
fresh weight, dry weight and TN contents other than the height and TC contents of Suaeda salsa. The
interaction between N application and salt stress exhibited a significant influence on the fresh weight
and dry weight of Suaeda salsa, whereas no significant interaction between N application and drought
stress was observed. These findings of this study suggested that higher salinity, drought and the inter-
action of drought and higher salinity would retard the growth of Suaeda salsa, whereas N application
could only mitigate the deleterious effects of salt stress on Suaeda salsa.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Drought and salinity are considered as two most sever envi-
ronmental hazards for plant growth and productivity, particularly
in the arid and semi-arid regions (Hamed et al., 2013). However, in
coastal wetlands, the increasing drought frequency and acceler-
ating sea-level rise (Ard�on et al., 2013) are threatening the
ecosystem with growing serious drought and salt stresses, which
could result in water deficit in soil, physiological drought and ionic
injury in plants (Baruch, 1994). Therefore, a better understanding of
the effects of salinity and drought on plants growth is critical for the
restoration and health of coastal wetlands.

Salt stress is a considerable environmental factor that impacts
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plant growth through both osmotic stress and ionic toxicity, and
subsequently through nutritional stress (Song et al., 2009). Drought
in soil influences plant growth through nutrient uptake via
restricted transpiration rates and injured active transport and
membrane permeability (Hu and Schmidhalter, 2005). It has been
reported that salinity and drought restricted plant growth and
development, and significantly reduced plant height and leaf area
(Rizwan et al., 2015; Hutsch et al., 2015). P�erez-P�erez et al. (2007)
found that the combination of salt and drought stresses reduced
the ability of Carrizo citrange seedlings growth as compared with
plants subjected to single stress individually. Liu et al. (2014) pre-
sented that the combination of salt and drought stresses can
enhance the salt resistance of Tamarix chinensis under appropriate
drought stress. Most researches have focused on the effect of single
drought stress or salt stress on plant growth or the interactive ef-
fects on non-halophytes, however the integrated effect on
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Table 1
Statistical results of three-way ANOVA analysis testing effects of salinity, water
content and N application on FW and DW.

F (FW) Sig. (FW) F (DW) Sig. (DW)

Salinity 77.778 0.000** 88.473 0.000**
Water content 4.982 0.005** 5.482 0.003**
N application 11.851 0.001** 12.682 0.001**
Salinity � water content 7.508 0.009** 6.510 0.014*
Salinity � N application 11.664 0.000** 9.762 0.000**
Water content � N application 4.277 0.010** 1.834 0.155

*p < 0.05; **p < 0.01.

J. Jia et al. / Physics and Chemistry of the Earth xxx (2017) 1e72
euhalophyte Suaeda salsa (one of the dominant species) in coastal
wetlands is little known.

Nitrogen (N) is one of the most limiting nutrients in coastal salt
marshes and could influence the plant growth and development
(Mitsch and Gosselink, 2015). N has been reported to significantly
mitigate the deleterious effects of salt stress on several crops
(Irshad et al., 2009). Saneoka et al. (2004) demonstrated that higher
levels of N nutrition may have a contribution to drought tolerance
in creeping bent grass. However, little information is available on N
mediated alleviation of drought and salt stresses for Suaeda salsa in
coastal wetlands. Therefore, the objectives of this studywere: (1) to
analyze the ecological effects of drought and salt stresses and their
interaction on the euhalophyte Suaeda salsa growth in coastal
wetlands; (2) to investigate the alleviation effect of N application on
Suaeda salsa under drought and salt stresses.

2. Materials and methods

2.1. Site description

The study was conducted during the period from April to
November in 2012 in the Yellow River Delta (118� 330e119� 200 E,
37� 35 0e38� 120 N), located in Dongying City, Shandong Province of
China. It faces the Bohai Sea on the north and borders Laizhou Bay
on the east, with a typical continental monsoon climate and
distinctive seasons. The annual average temperature and effective
accumulative temperature are 12.1 �C and 4300 �C, respectively.
The frost-free period is 196 days. The annual average evaporation is
1962 mm and the annual average precipitation is 551.6 mm, with
about 70% of precipitation occurring from June to August. The main
soil types are intrazonal tidal soil and salt soil (Tian et al., 2005).
And the dominate vegetation is Suaeda salsa, Tamarix chinensis and
Phragmites australi, of which Suaeda salsa is a typcial succulent
halophytic herb (Wang et al., 2004).

2.2. Experimental design and sample collection

The experiment site, a 2 m height and 12 m2 area outdoor shed
covered with plastic film on the top, is located in the Yellow River
Delta Management Station. Soils for experiment were collected at
the depth of 15 cm nearby the Yellow River Delta Management
Station in April 2012. The Suaeda salsa seedlings with similar leaf
number and height for experiment were collected around the soil
sampling site. Soil samples were brought to the laboratory and air-
dried at room temperature, and grounded through a 2-mm sieve to
remove the coarse debris and stones. The salinity, TN, and water
content of initial experimental soils were 1.87 g/kg, 209 mg/kg and
26%, respectively. Plants were divided into 16 groups and trans-
planted into plastic pots filled with 2 kg air-dried experimental soil.
After 14 days when plant growth conditions tended to be health
and stable, the experiment began with two water contents treat-
ments (i.e., 14% and 26%), four salinity treatments (i.e., 2 g/kg, 4 g/
kg, 6 g/kg, and 8 g/kg NaCl) and two N application treatments (i.e.,
0 and 200 Nmg/kg) in an orthogonal design. Salinity was controlled
by adding NaCl solution, and N application was applied in the form
of NaNO3 solution. Water control was carried out throughout the
whole culture period by watering per 2e4 d. N application exper-
iment was designed to explore the alleviating effect of salt and
drought stresses. After about five months, plants were harvested
for experimental determination.

2.3. Sample processing and statistical analysis

Plants height was measured by steel ruler. The harvested plants
were washed with distilled water, dried with absorbent paper, and
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weighed in the balance to get the fresh weight (FW). The dry
weight (DW) was determined by drying the plants in an oven at
70 �C for 72 h. After drying, plants were ground and sieved to
determine the TC and TN contents on Elemental Analyzer (VARIO
EL). Multi-way variance analysis (ANOVA) was conducted using
SPSS 16.0 software package to identify the significance of the water
contents, salinity and N application on the above-mentioned
indexes.

3. Results

3.1. Effects of drought, salt stresses and N application on fresh
weight and dry weight of Suaeda salsa

Table 1 showed FW of Suaeda salsa was significantly affected by
individual salinity, water content, N application and their in-
teractions (p < 0.01) and DW was significantly related to the indi-
vidual salinity, water content, N application, and salinity � N
application (p < 0.01), and salinity � water content (p < 0.05). As
shown in Fig. 1A, both FW and DW increased with increasing
salinity, peaked at 6 g/kg salt level, and then decreased. Drought
significantly decreased the FW and DW of Suaeda salsa by 10e20%
compared with control (p < 0.05) (Fig. 1B), whereas N application
significantly promoted them (p < 0.05) (Fig. 1C).

Fig. 2A showed that both FW and DW increased with increasing
salinity but dropped at the 8 g/kg salt level under two water con-
tents treatments. N application exhibited small effect on both FW
and DW at lower salinity treatments, whereas had positive effects
on them at higher salinity treatments (Fig. 2B). Comparatively, N
application only promoted the FW and DW of Suaeda salsa under
control (Fig. 2C).

3.2. Effects of drought, salt stresses and N application on the height
of Suaeda salsa

The height of Suaeda salsa was only significantly influenced by
water content, N application and water content � N application
(p < 0.05) (Table 2). The height of Suaeda salsa peaked at the 6 g/kg
salt level, and then reduced at the 8 g/kg salt level (Fig. 3A). Drought
stress decreased the height of Suaeda salsa by almost 10% (Fig. 3B).
However, N application had no significant influence on the height
of Suaeda salsa (p > 0.05) (Fig. 3C). There were no significant dif-
ferences in the height of Suaeda salsa affected by salinity � N
application and salinity �water content (p > 0.05) (Table 2; Fig. 4A
and B). In contrast, N application promoted the height of Suaeda
salsa without drought stress and reduced it under drought stress
(Fig. 4C).

3.3. Effects of drought, salt stress and N application on the TN and
TC contents of Suaeda salsa

As shown in Table 3, only water content and N application had
esses on growth characteristics of euhalophyte Suaeda salsa in coastal
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Fig. 1. Individual effects of salinity, drought and N application on the fresh weight and dry weights of Suaeda salsa.
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Fig. 2. The interactions among salinity, drought and N application on the fresh and dry weights of Suaeda salsa.

Table 2
Statistical results of three-way ANOVA analysis testing effects of salinity, water
content and N application on the height of Suaeda salsa.

F Sig.

Salinity 239.359 0.000
Water content 3.798 0.017*
N application 6.825 0.012*
Salinity � water content 0.138 0.201
Salinity � N application 1.610 0.150
Water content � N application 1.860 0.012*

*p < 0.05; **p < 0.01.
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significant effects on the TN level of Suaeda salsa (p < 0.05). The TN
contents of Suaeda salsa had no significant differences under
different salinity treatments (Fig. 5A). Drought and N application
significantly increased the TN levels of Suaeda salsa (Fig. 5B and C).
The interactions of drought, salt stresses and N application did not
exhibit significant effects (Table 3; Fig. 6A and B). However, the TN
contents levels of Suaeda salsa under N application treatments were
higher than control under two water contents treatments (Fig. 6C).
The TC contents levels of Suaeda salsa were less dependent on the
drought, salt stresses and N application and their interactions
esses on growth characteristics of euhalophyte Suaeda salsa in coastal
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Fig. 3. Individual effects of salinity, drought and N application on the height of Suaeda salsa.
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Fig. 4. The interactions among salinity, drought and N application on the heights of Suaeda salsa.
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(Table 3; Fig. 5).
4. Discussion

4.1. Effects of drought, salt stresses and their interaction on Suaeda
salsa

Suaeda salsa is a halophyte, which thrives with NaCl rather than
Please cite this article in press as: Jia, J., et al., Effects of drought and salt str
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without NaCl (Zhao et al., 2003). In our study, FW, DWand height of
Suaeda salsa increased at lower salinity levels but decreased at
higher salinity levels. This is in agreement with the result of Song
et al. (2011), who studied two Suaeda salsa populations in inter-
tidal and inland wetlands, and found their shoot dry weight
increased firstly and reduced along an increasing salinity gradient.
At lower salinity levels, Suaeda salsa could absorb Naþ and Cl� and
store them in the vacuoles to lower the plant water potential, and
esses on growth characteristics of euhalophyte Suaeda salsa in coastal
.1016/j.pce.2017.01.002



Table 3
Statistical results of three-way ANOVA analysis testing effects of salinity, water
content and N application on the TN and TC contents of Suaeda salsa.

F (TN) Sig. (TN) F (TC) Sig. (TC)

Salinity 0.963 0.432 0.096 0.962
Water content 10.882 0.004** 7.025 0.011
N application 17.800 0.001** 0.445 0.508
Salinity � water content 2.469 0.095 1.885 0.146
Salinity � N application 0.925 0.449 0.2 0.896
Water content � N application 0.419 0.525 4.417 0.041*

*p < 0.05; **p < 0.01.
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Fig. 5. Individual effects of salinity, drought and N application on the TN and TC contents of Suaeda salsa.
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then its capability of absorbing water from soil improves (Zhao
et al., 2003). In addition, salinity could enhance ATPase and PPase
activities, which endow Suaeda salsa with more energy to transfer
Naþ and Cl� to vacuoles (Chen and Liu, 1999). Whereas at higher
salinity levels, increasing osmotic stress and ionic toxicity would
retard the absorption of water and nutrition, and subsequently
weaken the photosynthesis and metabolic activity (Hamed et al.,
2013). In previous study, salinity was reported to reduce nitrate
absorption in halophytes (Rubinigg et al., 2003). Whereas, our
study found TN contents kept stable with increasing salinity levels.
The possible explanation is, to adopt salt stress plants tend to adjust
biomass allocation, leaf water content, height and shape to achieve
efficient materials utilization, and promote the production of sol-
uble protein, soluble sugar, proline and peroxidase to overcome salt
stress (Mansour, 2000). In our study, drought decreased FW, DW
and height of Suaeda salsa but increased its TN contents level,
which can be explained by the fact that water deficit affects sto-
matal conductance, diminishes photosynthetic rate and injures
active transport and membrane permeability (Tezara et al., 2003).
This is consistent with the result by Sun et al. (2015), who
demonstrated a decrease in biomass, height and an increase in TN
content of Suaeda salsa.

Several studies demonstrated that the interaction of drought
and salt stresses likely elicited additive negative effect on plant
Please cite this article in press as: Jia, J., et al., Effects of drought and salt str
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growth and development (Shani and Dudley, 2001). But some
studies showed salinity might result in an enhancement in Naþ in
plant, which can improve photosynthesis and water status through
its involvement in osmotic adjustment (Slama et al., 2007). In our
study, significant reductions in FW and DW of Suaeda salsa were
observed under salt and drought stresses, especially at higher
salinity treatments. These indicate that under the interaction of
drought and salt stresses, the stimulation of salinity on plant
growth dominated at lower salinity treatments, and drought stress
aggravates the deleterious effect of salinity at higher salinity
treatments. Therefore, our study provided a possible explanation to
the differences among the inconsistent conclusions about the
interaction of salinity and drought stresses on plant growth.
4.2. N application alleviation effects on drought and salt stresses for
Suaeda salsa

Nitrogen is an essential nutrient for plants and its absorption
and utilization is very critical for plant growth and productivity.
Our results exhibited that N application could significantly promote
the FW, DW and TN contents level of Suaeda salsa other than the
height and TC contents level. Many studies have proved the positive
effect of N application on plant growth (Irshad et al., 2009).
Whereas, the result of that N application has no effect on the height
of Suaeda salsa could be explained by the fact that it promoted the
lateral branch growth instead of bough.

In previous studies, they found nitrate application could alle-
viate salt injury by increasing the antioxidative defense mecha-
nisms, leading to the reduction of photooxidation of chloroplast
pigments and leaf senescence (Marschner, 1995). In addition, ni-
trate contributed more greatly to osmotic adjustment than chlo-
ride in Suaeda salsa (Song et al., 2009). Similar to these results,
our findings also indicated that N application showed the allevi-
ation effect on plant growth suffering from salt stress. Studies
esses on growth characteristics of euhalophyte Suaeda salsa in coastal
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Fig. 6. The interactions among salinity, drought and N application on the TN contents of Suaeda salsa.
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have suggested that higher levels of N nutrition might have
contributed to drought tolerance by preventing cell membrane
damage and enhancing osmoregulation (Saneoka et al., 2004).
Kathju et al. (1990) reported that increasing N application to
water-stressed plants improved nitrate uptake and nitrate
reductase activity, which is the first enzyme in the pathway of N
assimilation (Azedo-Silva et al., 2004). However, in our study, the
alleviative effect of N application on drought was not significant
(p > 0.05, Tables 1 and 3). Abd El-Hadi et al. (1997) also observed
no effect of N application on roots of maize. These discrepancies
might derive from different vegetation, stages of plant growth
and experimental methods. Further studies are needed to testify
this effect in different vegetation and investigate the concrete
response mechanisms to the interactions of N application,
drought and salt stress.
5. Conclusions

We investigated the ecological effects of salt and drought
stresses and the alleviative effect of N application on the stresses of
Suaeda salsa. Lower salinity promoted the growth of Suaeda salsa,
whereas higher salinity exhibited an inhibiting effect through both
osmotic stress and ionic toxicity. Although drought retarded the
growth of Suaeda salsa, the TN contents of Suaeda salsa increased
under drought stress. N application can improve the soil nutrition
conditions and subsequently stimulated the growth of Suaeda salsa.
The inhibition interaction of salinity and drought stresses wasmore
obviously at higher salinity levels compared with at lower salinity
levels. N application can alleviate the negative effects of salt stress,
which might be explained by the increasing the antioxidative de-
fensemechanisms. However, the interaction between N application
and drought was slight. Further studies are still needed to explore
the influencing mechanisms of the interactions between different
environmental stresses.
Please cite this article in press as: Jia, J., et al., Effects of drought and salt str
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