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Abstract. This study selected two-year-old Quercus aquifolioides seedlings and conducted a water and 

nitrogen control experiment using potted cultivation to investigate their growth and physiological 

characteristics. Results demonstrated that drought stress significantly impairs normal metabolism in 

Quercus aquifolioides seedlings, severely restricting their growth and photosynthetic capacity. Appropriate 

nitrogen supplementation enhances leaf osmotic regulation, maintains osmotic balance, mitigates 

environmental damage, and consequently improves drought resistance. A significant coupling effect exists 

between water and nitrogen: under moderate moisture conditions, moderate nitrogen application boosts 

resistance and promotes growth; however, under severe drought, increased nitrogen application inhibits 

plant growth. Therefore, effective drought resistance and growth promotion in Quercus aquifolioides 

seedlings require rational regulation of water and nitrogen conditions. 

Keywords: Quercus aquifolioides, osmotic regulation, drought resistance, photosynthesis and chlorophyll 

content, coupling effect, The Tibetan Plateau 

Background and significance 

The global eco-environment changes have led to drought stress and nitrogen deposition, 

which are likely to get worse in the coming decades (Yu et al., 2023). The global inorganic 

N deposition increased from 86.6 Tg in 1984 to 93.6 Tg in 2016 (Ackerman et al., 2019). 

China has emerged as one of the three major hotspots for nitrogen deposition worldwide 

(Dentener et al., 2006). From 1980 to 2015, nitrogen deposition increased by approximately 

60%, ranging from 13.50 to 20.40 kg N ha–1 a–1 (Yu et al., 2019). Reactive N emissions in 

China are projected to reach 105 Tg a–1 by 2030 (Zhang et al., 2020a). Approximately 20-

30 Tg N a–1 is discharged into forests through anthropogenic activities after atmospheric 

transport and redeposition (Lamarque et al., 2013; Schwede et al., 2018). Drought and 

nitrogen deposition have significantly affected plant growth thus these are important factors 

to consider in light of global environmental concerns. 

Forests are the largest carbon pool globally and play a vital role in mitigating global 

warming caused by greenhouse gas emissions. Nitrogen deposition increases soil carbon 
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storage and forest carbon sequestration by increasing net primary productivity (NPP), 

forest carbon allocation, litter input or by reducing soil respiration (Wang et al., 2023; 

Janssens and Luyssaert, 2009; Lu et al., 2021). However, as nitrogen deposition 

intensifies, it reaches a critical tipping point that can lead to adverse consequences for the 

ecosystems, including forest biodiversity decline and reduced carbon storage capacity 

(Arróniz-Crespo et al., 2008; Christopher et al., 2023; Granath et al., 2009; Simkin et al., 

2016). 

In recent years, the severity and frequency of drought events triggered by global 

warming have increased. In China, reduced precipitation and increased potential 

evapotranspiration are projected to lead to prolonged drought periods from 2021 to 2040 

(Su et al., 2021). Drought stress reduces the phytosynthetic rate, thereby potentially 

affecting the efficiency and intensity of plant nutrient absorption, particularly nitrogen 

(Yates et al., 2010; Chavoushi et al., 2020; Cheng et al., 2020), ultimately inhibit plant 

growth (Gao et al., 2020; Talbi et al., 2020; Yu et al., 2022) and alter plant morphological 

structure (Xu et al., 2015; Cheng et al., 2020; Wang et al., 2020a) and plant biomass 

allocation (Zhang et al., 2020b; Cheng et al., 2021). 

While there is a growing body of research on the combined effects of drought and 

nitrogen deposition on plant growth and ecosystem processes, mixed results have been 

found. Some studies have shown that nitrogen addition can enhance plant drought 

resistance (Shi et al., 2020; Sun et al., 2015), whereas others have demonstrated the 

negative or neutral effects of nitrogen addition on plant drought resistance (Valliere et al., 

2017; Pivovaroff et al., 2017; van der Graaf et al., 2021). Consequently, the response of 

trees to drought and nitrogen deposition depends on various factors, including tree 

species, stress intensity and duration. 

The Tibetan plateau, known for its role in initiating and regulating climate change in 

the Northern Hemisphere, is a highly sensitive region to global climate change. Forest 

vegetation in the Tibetan Plateau is also strongly affected by global climate change. 

However, most studies on the effects of stress factors on forest growth in the Tibetan 

plateau have focused on individual global change factors, with limited research on the 

interactive effects of nitrogen deposition and drought stress on tree growth and ecosystem 

processes. 

In this study, we investigated how the seedlings of Quercus aquifolioides, a hard 

broad-leaved plant species in the Tibetan plateau, responded to nitrogen addition and 

drought stress with respect to seedling growth and photosynthetic characteristics. 

Specifically, we explored the morphological and physiological traits following a one-year 

treatment involving varying levels of nitrogen addition and drought intensities, as well as 

their combined effects. Furthermore, our objective was to gather essential data and 

provide theoretical support to enhance our comprehension of the alterations in forest 

ecosystem function and patterns resulting from global environmental changes. 

Materials and methods 

Plant material 

The experiment was conducted under natural light in a nursery from June 2022 to 

September 2023 using 2-year-old Quercus aquifolioides seedlings. Seedlings were grown 

individually in polyethylene plastic pots (upper diameter of 24 cm, lower diameter of 

14 cm and height of 26 cm) filled with 10 Kg of campus nursery soil, and plant 1 seedling 

in each basin. The soil had a PH of 8.03, and contained 18.74 g/kg organic matter, 
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78 mg/kg alkali-hydrolyzed nitrogen, 46.5 mg/kg available phosphorus, and 64.24 mg/kg 

available potassium. Plants were watered daily. A month after transplanting, 5 plants of 

similar size were selected for experimental manipulations. 

 

Experimental set-up 

A full 2 x 2 factorial design was used to investigate the individual and joint effects of 

drought stress and nitrogen (N) addition on plant growth and photosynthesis. According 

to the measured field water capacity of local soil (FC: 28.75%), four levels of drought 

stress were set, namely, normal water supply (NS: 80% FC), mild drought stress (LS: 

60% FC), moderate drought stress (MS: 40% FC), and severe drought stress (HS: 20% 

FC). For the N addition treatment, NH4NO3 (purity > 99%) was selected as the N source, 

and four doses were set: no N addition (N0: 0 kg hm–2 a−1), low N addition (LN: 50 kg 

hm–2 a−1), medium N addition (MN: 100 kg hm–2 a−1), and high N addition (HN: 150 kg 

hm–2 a−1). In total, there were 16 treatment combinations, with the combination of NS and 

N0 being the control (CK). Treatments were randomly assigned to each plant, with five 

plants per treatment. The drought stress treatment was performed using the gravimetric 

method by weighing each pot every three days and supplementing the transpired water. 

The N addition treatment was applied in the beginning of each month by spraying 20 ml 

NH4NO3 solution (prepared in water) on the seedlings, with the control plants receiving 

20 ml water. The drought stress treatment and N addition treatment were conducted on 

different days to avoid N loss. After 15 months of drought stress and N addition, plant 

growth and physiological parameters were measured (see below). 

 

Plant growth and photosynthesis measurements 

At the end of the experiment, plant height and stem diameter of seedlings were measured 

using a tape measure and vernier caliper. Plant photosynthesis was measured on a full 

expanded and healthy leaf located on the similar position along the stem of each plant using 

a portable photosynthesis system (LI-6400, Li-Cor, Lincoln, NE, USA) (Zhang et al., 

2019). The light intensity, CO2 concentration, air temperature and relative humidity inside 

the leaf cuvette were set to 1200 µmol.m-2.s-1 400 µmol. mol-1, 25℃ and 50%, respectively. 

After photosynthesis measurements, leaf area was measured using the LI-3100C Area 

Meter (Cui et al., 2012). A sub-sample of leaf material was stored in liquid N for analyses 

of leaf chlorophyll content, malondialdehyde content, proline content and soluble sugar 

content. Then, plants were harvested and separated into leaves, stems, coarse roots (≥1 mm) 

and fine roots (1 mm), and their fresh weights were immediately weighed. All samples were 

dried at 70℃ to constant weight, followed by dry weight determination. 

Chlorophyll content was determined by the dimethyl sulfoxide (DMSO) method. 

Malondialdehyde content was determined by the thiobarbituric acid method (Gao, 2012). 

Proline content was determined by extracting ninhydrin with sulfosalicylic acid. The 

soluble sugar content was analyzed using the anthrone method (Li, 2003). The relative 

water content (RWC) of the leaf blade was measured using the saturation weighing 

method. Briefly, in each treatment, 3 seedlings with similar growth were selected, the 

mature leaves were picked from 4 directions. After wiping the dust on the surface, the 

leaves’ average fresh mass (Mf) was immediately measured. After soaking in distilled 

water for 4 h, the leaves’ average saturated mass (Mt) was measured. The mean dry mass 

(Md) of leaves was determined, and this experiment was repeated three times. The RWC 

was calculated as follows (Yin et al., 2010). 
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 𝑅𝑊𝐶 = (𝑀𝑓 − 𝑀𝑑)/(𝑀𝑡 − 𝑀𝑑) × 100%  

 

Statistical analysis 

All statistical analyses were performed using the software package SPSS statistics 20.0 

(SPSS, Inc., Chicago, IL, USA). The data normal distribution and homogeneity of 

variance were investigated using Shapiro-Wilk test and Levene’s test, respectively. Two-

way ANOVA was used to investigate the main and interactive effects of drought stress 

and N addition on plant growth and photosynthesis parameters. When significant 

treatment effects were observed, multiple comparisons were made with Fisher’s LSD 

method to compare the differences among different treatment combinations. 

Results 

Effects of drought stress and N addition on Quercus aquifolioides seedling growth 

Drought stress and N deposition, both alone and in combination, significantly 

influenced all measured growth traits of Quercus aquifolioides seedlings (P < 0.001; 

Fig. 1). Specifically, drought stress reduced total biomass, leaf biomass, leaf area, stem 

biomass, root biomass (including fine and coarse roots), seedling height and stem basal 

diameter, with these negative effects becoming more pronounced as drought intensity 

increased. However, the sign and magnitude of N effects varied with drought intensity, N 

dose and the type of growth traits. Under normal soil moisture conditions (NS), there 

were significantly positive linear effects of N addition on all growth traits mentioned 

above, with the strongest effects observed at the high N levels (HN). Under light drought 

stress (LS), the positive N effects became weaker and peaked at low or moderate N levels, 

depending on the type of growth traits, whilst almost no N effects were observed at the 

high N level. Under moderate and severe drought stress (MS and HS), N addition at low 

levels still exhibited weak positive effects in fewer cases, whereas N addition at both 

moderate and high levels had negative effects on growth traits. For example, the strongest 

negative effect occurred at high N levels during severe drought, causing 24.6% decrease 

in total biomass. Conversely, the strongest positive effect occurred at high N levels 

without drought, leading to a 36.4% increase in total biomass. These results collectively 

suggest that low levels of N addition may mitigate the negative drought effects on 

seedling growth, particularly under mild and moderate drought stress, whereas high levels 

of N addition may inhibit seedling growth with increasing drought intensity. 

In addition, drought stress and N addition significantly altered biomass allocation 

patterns. Overall, specific leaf area increased with increasing drought intensity. Under NS 

and HS conditions, specific leaf area decreased with increasing N levels, but tended to 

increase with increasing N levels under LS and MS conditions, particularly under MS. With 

respect to the root shoot ratio, N addition had little effect under NS conditions, but showed 

varying negative effects under LS, MS and HS conditions, depending on the N levels. The 

strongest negative effect was observed at moderate N levels under LS conditions. 

 

Effects of drought stress and N addition on Quercus aquifolioides seedling 

photosynthesis and chlorophyll content 

There were significant main and interactive effects of drought and N addition on 

photosynthetic parameters (Fig. 2). Overall, increasing drought intensity linearly reduced 

net photosynthetic rate (Pn), stomatal conductance (Gs) and transpiration rate (Tr), but 
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increased intercellular CO2 concentrations (Ci). The magnitude and sign of increasing N 

addition on these photosynthetic parameters varied substantially with drought intensity. 

Under NS and LS conditions, increasing N addition increased Pn, Gs and Tr, but 

decreased Ci. In all these cases, N addition alleviated the impacts of mild drought stress 

to varying extent. Under MS and HS conditions, low amounts of N addition exhibited 

positive effects on Pn, Gs and Tr, and partially offset the effects of drought stress, whereas 

moderate and high amounts of N addition amplified the negative effects of drought stress. 

Consequently, the strongest negative effects on photosynthetic parameters were observed 

at high N addition under severe drought stress, while the strongest positive effects were 

observed at high N addition under normal soil moisture conditions. 

Similarly, increasing drought stress and N addition significantly affected foliar 

chlorophyll contents (including Chl a and b) with few exceptions. The most obvious 

exception is that under MS conditions, N addition had positive effects on chlorophyll 

contents, with the highest effects occurring at moderate N addition. 

 

 

Figure 1. Effects of increasing drought intensity and N addition on growth traits of Quercus 

aquifolioides seedlings. Different lowercase letters indicate significant differences between 

different treatments (P < 0.05) 

 

 

Effects of drought stress and N addition on osmotic adjustment of Quercus 

aquifolioides seedlings 

Increasing drought stress linearly decreased leaf relative water content (RWC) and 

increased water saturation deficit (WSD), whilst the effects of increasing N addition on 



Zeng et al.: Effects of drought stress and nitrogen application on the growth and physiological characteristics of Quercus 

aquifolioides seedlings 
- 3214 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 24(2):3209-3222. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/2402_32093222 

© 2026, ALÖKI Kft., Budapest, Hungary 

RWC and SWD varied considerably with drought intensity. Under NS and LS conditions, 

increasing N addition (quasi-) linearly increased RWC and decreased SWD, with the 

strongest effects observed at high and moderate N addition under NS and LS conditions, 

respectively. Under MS and HS conditions, low N addition increased RWC and decreased 

SWD, thereby partially offset the impacts of drought stress, whereas both moderate and 

high N addition decreased RWC and increased SWD, thereby aggravating the impacts of 

drought stress (Fig. 3). 

 

 

Figure 2. Effects of increasing drought intensity and N addition on photosynthetic parameters 

of Quercus aquifolioides seedlings 

 

 

Likewise, increasing drought stress linearly increased foliar contents of osmolytes, 

including soluble sugar, proline and malondialdehyde (MDA), whilst the effects of 
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increasing N addition varied considerably with drought intensity. Under NS conditions, 

increasing N addition linearly decreased foliar contents of osmolytes. Under LS and MS 

conditions, foliar contents of soluble sugar, proline and MDA first decreased and then 

increased with increasing N addition, so did the response of MDA under HS conditions. In 

addition, under HS condition, foliar soluble sugar and proline contents both increased 

linearly with increasing N addition. Overall, the greatest negative effects on osmolytes were 

observed at high N addition under normal soil moisture conditions, while the strongest 

positive effects were observed at high N addition under severe drought conditions. 

 

 

Figure 3. Responses of foliar osmolytes to increasing drought intensity and N addition in 

Quercus aquifolioides seedlings 

Discussion 

Effects of drought stress and N application on Quercus aquifolioides seedling growth 

Soil water and nutrient availability both plays crucial roles in determining plant growth. 

Previous studies have shown that adequate N application under well-watered conditions 
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increases plant height, lateral branch number, and stem basal diameter, whereas excessive 

N application inhibits seedling growth (Zou et al., 2015; Dai and Zhang, 2020; Li et al., 

2005). The inhibitory effects of excessive N application have been partially ascribed to soil 

acidification, reduced levels of base cations, and deficiencies of trace elements such as Mg, 

Cu, and Zn, which impede plant growth (Dai and Zhang, 2020; Li et al., 2015). 

Our study demonstrates that the joint effects of increasing drought stress and N addition 

on Quercus aquifolioides seedling growth are complex and dependent on the severity of 

drought stress and the levels of N addition. Drought stress had a significantly negative 

impact on seedling growth, with biomass accumulation, height, and basal diameter being 

adversely affected. The negative effects of drought intensified with increasing drought 

severity. Under well-watered conditions, N application, particularly at high levels, 

enhanced seedling growth. Moderate N levels promoted growth under mild water stress, 

but high N levels hindered growth. In moderate and severe drought conditions, N addition, 

especially at excessive levels, had the most pronounced negative effects on seedling 

growth. These findings are consistent with previous studies, although the magnitude and 

sign of drought stress and N application on plant growth have been shown to vary across 

species and ecosystems (Bonnink et al., 2010; Alvarez-Clare et al., 2013; Wu et al., 2023). 

The study shows that soil water and nitrogen have the main effects on plant biomass. 

The biomass of each part of Q. aquifolioides seedlings showed significant differences under 

varying drought stress and N concentrations. Under normal water supply and mild drought 

stress, the biomass, leaf area, and leaf area ratio increased with increasing N concentrations; 

however, the R/S was relatively small. The total seedling biomass and leaf area decreased 

with drought severity and increased N concentrations. The aboveground biomass was less 

than the underground biomass, consistent with the results of Guiz et al. (2018), Wang et al. 

(2020b), Sun et al. (2021), and Zhang et al. (2018), Liu et al. (2024). 

 

Effects of drought stress and N application on the photosynthetic indices of Quercus 

aquifolioides seedlings 

N is an essential element for chlorophyll formation, which is vital for photosynthesis. 

Meanwhile, most land plants’ photosynthesis is often limited by the availability of N in 

the soil. N deposition, which increases the concentration of N in leaves, have been found 

to have a direct and positive correlation with plant photosynthetic rate (Magill et al., 

2000). At certain concentrations, N deposition can enhance the photosynthetic rate by 

increasing Rubisco concentration and activity, as well as chlorophyll content (Nakji et 

al., 2001; Jiao et al., 2011). However, it is important to note that high levels of N treatment 

have been shown to inhibit plant growth in a South Asian tropical forest, and the net 

photosynthetic rate demonstrated an initial increase followed by a decrease with 

increasing N concentrations (Li et al., 2015). 

In the present study, N application was positively correlated with Pn, Tr, Gs, and 

chlorophyll content, but negatively correlated with Ci under both normal soil moisture 

conditions and mild drought conditions, which agrees with previous findings (Magill et 

al., 2000; Jiao et al., 2011; Li et al., 2020). This negative correlation suggests that the high 

carboxylation activity of leaves, resulting from the increased photosynthetic rate leads to 

a decrease in Ci. As drought stress intensity increased, the growth-promoting effect of N 

addition on Pn, Tr, Gs, and Ci weakened and eventually turned into a inhibitory effect. The 

photosynthetic capacity of the seedlings decreased with increasing drought conditions, 

indicating potential irreversible damage to the photosynthetic organs under drought 

conditions, which consequently led to a reduction in the photosynthetic rate. However, 
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regardless of the levels of N addition, N supplementation was able to offset or even 

override the negative effects of mild drought stress. Conversely, high levels of N addition 

exacerbated the negative drought effects under moderate and severe drought conditions. 

These results suggest that the mitigating effects of N addition on drought stress are 

dependent on both the intensity of drought stress and the level of N addition, 

 

Effects of drought stress and N application on osmotic adjustment of Quercus 

aquifolioides seedlings 

In water-deficient soil conditions, the relative water content (RWC) and water 

saturation deficit (WSD) of plant leaves can serve as indicators of the extent of water 

deficit and drought resistance in plants (Gindaba et al., 2004). In this study, increasing 

drought stress intensity resulted in a linear decrease in leaf RWC and an increase in leaf 

WSD. This indicates that plants experience progressively greater water shortage as the 

intensity of drought stress increases. Under well-watered and mild drought conditions, N 

addition had a linear and positive effect on leaf RWC. However, under moderate and 

severe drought stress conditions, only low levels of N addition led to an increase in leaf 

RWC, while moderate and high levels of N addition resulted in a decrease in leaf RWC. 

Moreover, environmental stress often induces oxidative stress in plants, which in turn 

leads to lipid peroxidation and malondialdehyde (MDA) accumulation (Jaffel et al., 2011; 

Batish et al., 2006; Chen et al., 2019; Wang et al., 2018; Ke et al., 2016; Ding et al., 2021). 

Indeed, MDA has long been used as a marker of oxidative lipid injury caused by biotic 

and abiotic stress (Jaffel et al., 2011; Batish et al., 2006). The present study demonstrated 

a linear decrease in MDA content with increasing drought stress intensity, especially at 

high levels of N addition. These findings suggest that N supplementation can alleviate 

mild water stress, likely by promoting photosynthesis and improving water use efficiency. 

However, under moderate and severe drought stress conditions, N addition, especially at 

excessive levels, can exacerbate the negative impacts of drought stress. 

Plants adapt to drought stress by regulating osmotic processes, increasing intracellular 

solute concentration, and reducing osmotic potential. This adjustment helps to decrease 

water potential and enables them to continue absorbing water from the surrounding medium, 

even when it has a lower water potential. By doing so, plants maintain turgor pressure and 

support normal metabolic functions to mitigate the impact of drought stress (Wang et al., 

2023). Free proline and soluble sugar are the primary substances involved in osmotic 

regulation in plants during drought stress. Under osmotic stress, plants often increase the 

production of osmolytes to maintain osmotic balance and protect against cell damage. 

Fertilization has been shown to enhance the osmotic regulation capacity under drought 

conditions (Li et al., 1991; Chen et al., 1996). In this study, as drought intensity increased, 

there was a linear increase in the contents of soluble sugars and proline, especially at 

excessive levels of N addition. This indicates that N application can promote the 

accumulation of proline and soluble sugars, leading to a reduction in cell osmotic potential, 

minimizing water loss, and alleviating cell damage during osmotic stress caused by drought. 

Conclusions 

Drought stress and N application have significant effects on the growth and 

physiological characteristics of 2-year-old Quercus aquifolioides seedlings. Drought 

stress negatively impacts seedling photosynthesis and growth, with the magnitude 

increasing as drought intensity rises. However, under well-watered and mild drought 
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stress conditions, N supplementation enhances seedling photosynthesis and growth. On 

the other hand, under moderate and severe drought stress, especially severe drought 

stress, excessive N addition suppresses seedling photosynthesis and growth. This study 

demonstrates that N supplementation can alleviate and even counteract the negative 

effects of mild drought stress on Q. aquifolioides seedling photosynthesis and growth. 

However, under moderate and severe drought stress, particularly with excessive N levels, 

N supplementation can worsen the negative impacts of drought stress. Therefore, careful 

management of water and N conditions is essential for improving drought resistance and 

growth in Q. aquifolioides seedlings. By optimizing these factors, it is possible to enhance 

the seedlings’ ability to withstand drought and promote their overall development. 
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