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Abstract: Forest tree species are likely to be affected by drought due to global climate change. Drought
and nitrogen (N) affect plant growth. Therefore, we should understand the mechanisms underlying the N
availability and species response to drought for plant development. This paper had two objectives. First,
it determined the effects of N addition on water potential, gas exchange parameters, soluble sugar and
photosynthetic pigment content, leaf N concentration, and growth parameters under drought stress and
well-watered conditions. Second, it searched the drought response of Quercus ithaburensis Decne. subsp.
macrolepis (Kotschy) Hedge&Yaltirik seedlings under N conditions with drought stress. In a greenhouse,
one-year-old seedlings were exposed to two drought stress and nitrogen addition and three drought cycles.
Drought stress significantly reduced stem water potential, relative water content, net photosynthetic rate,
stomatal conductance, transpiration rate, leaf area, root collar diameter, seedling height, shoot and root
dry weight. On the other hand, it increased water use efficiency and soluble sugar content. N addition is
effective on soluble sugar content and photosynthetic pigment content, and promoted leaf N concentra-
tions. Nitrogen addition under well-watered conditions stimulated the growth of Q. ithaburensis seedlings.
Drought stress changed the physiological response of Q. ithaburensis seedlings (decreased water potential,
net photosynthetic rate, stomatal conductance, and transpiration rate) in the short term, although nitrogen
addition under drought stress has not changed the decreasing trend overall.
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Introduction

Drought is the main abiotic factor limiting plant
growth in arid and semi-arid regions with nutri-
ent-deficient soils (Liu et al., 2013). Drought stress
and nitrogen deficiency generally show up simul-
taneously in arid regions (Boussadia et al., 2010).
Water and nutrient stress are limiting parameters
for plant life (Graciano et al., 2005). The presence,
intake, and use of water affect the presence, use, and
solubility of nutrients (Alam, 1999). Plants develop
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various adaptation strategies (e.g., stress avoidance
and tolerance) to cope with water stress, including
physiological and biochemical responses depending
on the species. Some of these strategies are reduc-
tions in growth pattern, leaf water potential, relative
water content, stomatal conductance, and transpi-
ration rate, and increases in root length, shoot/root
ratio, and accumulation of solutes (Seleiman et al.,
2021). In response to water stress, plants can reduce
leaf water content, and limit gas exchange parame-
ters (Deligbz & Bayar, 2021; Kog, 2021; Kog et al.,
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2021). Low water potential in soil and plants inhib-
its growth, and decreases cellular and textural devel-
opment and uptake of essential nutrients (Dubey &
Pessarakli, 2001). A decrease in soil moisture con-
tent has impacted WUE in high-nutrient oak seed-
lings (Welander & Ottosson, 2000). Also, long-term
nutrient addition affects the leaf-water relationship
(Bucci et al., 2006). Fertilizer type and amount, ir-
rigation level can alter the results of the N response
(Chen et al., 2018). Fertilization did not improve
the reduction in net photosynthetic rates, stomatal
conductance, or leaf water potential (Kleiner et al.,
1992). There is a large body of research on plants’ re-
sponse to drought stress and N availability (Chen et
al., 2016; Song et al., 2019; Wang et al., 2019; Zhang
et al., 2021). Nutrient availability during drought
stress can increase water use efficiency and promote
faster recovery after drought (Gessler et al., 2017).
Villar-Salvador et al. (2013) found that N fertiliza-
tion did not affect the net photosynthetic rate but de-
layed the leaf senescence and shedding of Q. faginea
L. N deficiency affects photosynthesis, sugar metab-
olism, and carbohydrate partitioning between tissues
(Boussadia et al., 2010). Drought stress increased
the soluble sugar content, decreased chlorophyll,
and carotenoid concentrations of the seedlings (Ja-
farnia et al., 2018). Appropriate nitrogen supply can
increase leaf N concentrations and chlorophyll con-
tent and promote physiological responses to drought
(Xu et al., 2015). Moderate fertilization can improve
chlorophyll content and photosynthetic performance
under drought stress (Chen et al., 2016).

Oak species are distributed widely from humid to
continental climate regions in Turkey (MCBK, 2016).
Turkey has a forest area of 22.93 million hectares
(ha), 6.75 million ha of which consists of oak species
(OGM, 2020). Of the broadleaved forests, oak spe-
cies are the most ubiquitous. Q. ithaburensis is one of
the 17 oak species in Turkey. It is mainly found in
Western and South-western Anatolia but occasionally
in Thrace and Central Anatolia (Oztiirk, 2013). It is
a drought-resistant species that can grow in shallow
and poor soils (Siam et al., 2008). There is a grow-
ing body of research on the impacts of drought on
oak species’ physiological and biochemical properties
[water potential (Deligéz & Bayar, 2018), gas ex-
change (Peguero Pina et al., 2009), carbohydrates, (Ja-
farnia et al., 2018) etc.]. However, only a small body
of research investigates the effects of drought and N
addition on physiological mechanisms on Q. species
(Xu et al., 2015). Moreover, there is no consensus on
the effect of the interaction between drought stress
and N addition on physiological mechanisms. We do
not know exactly how N addition changes drought
tolerance in Q. ithaburensis. It is estimated that global
climate change will cause drought and nitrogen accu-
mulation (Wang et al., 2019). Therefore, we need to

understand the response of Q. ithaburensis to N addi-
tion and recurrent drought stress for effective affores-
tation in semi-arid, arid, semi-humid, and humid
regions. This study focused on two questions: (1)
Does N addition affect drought stress? and (2) How
does N addition affect physiological, biochemical, and
growth parameters in seedlings under drought and
watered conditions? The research hypothesis was,
“Although drought reduces growth and physiological
responses, N addition under drought stress changes
in stem water potential, net photosynthetic rate, wa-
ter use efficiency, soluble sugar, chlorophyll content,
and growth characteristics.”

Materials and methods

Plant material and growth conditions

Q. ithaburensis seeds were collected from a seed
stand (38°25'35"N, 30°02'36"E, Altitude: 1010 m) in
Afyon-Sorkun in November 2018. They were soaked
in water for 24 hours, and then, the empty and rotten
ones were removed. The remaining seeds were stored
in polyethylene bags in cold storage at +4 °C until
sowing. Polyethylene plastic bags (18 x 30 cm) were
filled with a peat perlite mixture (a ratio of 3:1). The
seeds were sown in those bags at the Forest Nurs-
ery (37°53'N, 30°52'E) in February 2019. They were
moved into a greenhouse in May 2020. They were
watered regularly at field capacity to adapt them to
the greenhouse until the trial. A data logger (Elitech
RC-4HC) was placed inside the greenhouse to record
the daily average temperature and relative humidi-
ty throughout the trial. The average air temperature
was 23, 28, 27, and 24 °C in June, July, August, and
September, respectively. The average relative mois-
ture content was 51, 41, 42, and 47% in June, July,
August, and September, respectively.

N addition and drought treatments

N fertilization was started in mid-May and con-
tinued once a month for four months. A total of
184 mg N (approximately 400 mg urea) was ad-
ministered to each seedling. About 0.1 g of granular
urea was dissolved in water and administered to the
growing place of the seedlings each month. While
applying nitrogen, it was made sure that there was
no loss on the surface. The drought stress and the
trial (N fertilization) started on 17 June 2020. The
regime consisted of irrigation (WW: Well-watered,
every 2-3 days and WS: Drought-stressed, every 30
days) and fertilization (N1: Nitrogen addition and
NO: Non-nitrogen). The drought and fertilization
were performed in triplicate (2 water treatments X
2 nitrogen treatments X 3 replicates X 27 seedlings
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per replicate) according to a randomized trial design.
It was continued to water the seedlings throughout
the trial in control (well-watered) treatments. The
seedlings had an initial diameter of 4.02 mm and a
height of 13.05 cm. Drought stress was applied for
30 days and the seedlings were re-watered to close to
field capacity after 30 days for recovery, and then the
seedlings were exposed to drought stress again. This
process continued for three months in three drought
cycles (July, August, and September).

Water potential, relative water content
and soil water content

Midday water potential (¥ _,) was measured
between 12:00 pm and 13:30 pm using a pressure
chamber device (PMS Instruments, Corvallis, OR,
USA; Scholander et al. (1965). Stem water poten-
tial was carried out at the end of each drought cycle
and three seedlings from each iteration. Soil water
content (SWC) (volumetric) was measured (20 cm)
using a TDR 300 (FieldScout TDR 300 Soil Moisture
Meter, Spectrum Technologies) soil moisture meter.
Leaf relative water content (RWC) was calculated
based on fresh weight (FW), turgid weight (TW),
and dry weight (DW). Relative water content was
calculated in three stages. First, leaf samples were
weighed immediately. Second, they were saturated
in a dark environment for about 24 hours and then
reweighed. Third, oven-dry weight was determined
at 105 °C for 24 h. Relative water content was calcu-
lated using the following equation (Ritchie, 1984):

RWC (%) = 100 [(FW -DW) / (TW - DW)]
Gas exchanges

Net photosyntheticrate (Anet) (umol CO, m~?s71),
stomatal conductance (gs) (mmol H,O m~?s'), tran-
spiration rate (E) (mmol H,O m~2 s~), and intercel-
lular CO, concentrations (Ci) (umol CO, mol~!) were
measured using a portable photosynthesis (LI-COR
LI- 6400XT Lincoln, USA) device fitted with a cham-
ber (2 X 3 cm?) and ared/blue light source. The meas-
urements were performed on three different seed-
lings (from each iteration) at the end of the drought
cycles (every 30 days) between 09:00 am and 11:30
am and 13:30 pm and 15:00 pm. The CO, concen-
tration, photosynthetically active radiation, and flow
rate in gas exchange measurements were 400, 1250,
and 500, respectively. Leaf temperature was adjusted
depending on the temperature in the chamber of the
greenhouse at the time of measurement. Afterward,
the leaves were cut, and the leaf area was calculated
using the Image J software program (Image J; Wayne

Rasband/NIH, Bethesda, MD, USA). Gas exchange
parameters were recalculated based on the leaf area.
Water use efficiency (WUE) was calculated using the
following equation: A/E (Xu & Zhou, 2008).

Photosynthetic pigments, soluble sugars
and N concentrations

At the end of each drought cycle, mature leaf sam-
ples were collected from the five seedlings at the it-
eration of each treatment. Chlorophyll pigment and
total soluble sugar content were determined in each
drought cycle. Leaf N concentration was examined
at the end of the drought cycles. For chlorophyll
pigment extraction, fresh leaf samples (0.1 g) were
quickly crushed with acetone solution (80%) in a
press until homogeneous. They were then placed in
glass tubes (10 ml). They were mixed in a vortex at
3000 rpm for 10 minutes. They were then transferred
to tubs (3 ml) and measured in a spectrophotometer
at wavelengths of 450, 645, and 663 nm. Photosyn-
thetic pigment contents based on absorbance values
were calculated using the following equation (Arnon,
1949):

Chlorophyll a = 12.7(A,,,) — 2.69(A,,.)
Chlorophyll b = 22.9 (A,,.) — 4.68(A,,,)
Total chlorophyll = 20.2 (A,,) + 8.02(A,,,)
Carotenoids = 4.07 (A,,)) — [(0.0435 x

Chlorophyll a) 4+ (0.367 x Chlorophyll b)]

For total soluble sugar and leaf N analysis, the
samples were dried in an oven at 65 °C for 48 hours
and then ground in a coffee grinder. Nitrogen was de-
termined using the dry combustion method (LECO
CN-2000). Total soluble sugar was calculated using
the phenol sulfuric acid method proposed by Dubois
et al. (1956). The dry sample (0.1 g) was homoge-
nized in 10 mL of 80% ethanol for 24 hours and then
centrifuged at 6000 rpm for 10 minutes. Afterward, a
liquid sample (0.05 mL) and phenol solution (1 mL
5%) were added to each tube. The mixture was then
vortexed. Afterward, H,SO, (5 mL) was added to
the mixture, which was vortexed again. It was kept
at room temperature for one hour and then read at
490 wavelengths in a spectrophotometer in the tubs
(3 mL).

Growth characteristics

The seedlings were removed after drought and N
treatments. The seedling height (SH) (cm), root col-
lar diameter (RCD) (mm), root (RDW) and shoot
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(SDW) dry weight (g), and shoot/root ratio (S/R)
of 45 seedlings (15 from each iteration) were meas-
ured. The seedlings were oven-dried at 65 °C for 48
hours to determine dry weight. Nine seedling leaves
(three from each iteration) were used to determine
specific leaf area (SLA) in July, August, and Septem-
ber. Specific leaf area was based on the leaf area/leaf
mass equation. Leaf area (LA) was determined using
the Image J software program.

Statistical analysis

A two-way analysis of variance of the General Lin-
ear Model was used to analyze the effects of recurrent
drought stress and N treatment and their interaction.
The Duncan test (p<0.05) was used when there was
a difference between water potential, SWC, RWC,
gas exchange parameters, photosynthetic pigment,
soluble sugar content, N concentration, and growth
properties. Before ANOVA, arcsine transformation
was performed for percentile (SWC, RWC and N
concentration) data. Principal component analysis
(PCA) was used to analyze the correlation between
physiological and growth properties. All statistical
analyses were performed using the Statistical Pack-
age for Social Sciences (SPSS 25.0).

Results

Cyclic drought stress and N addition
impacts on SWC, RWC and ¥ _,

SWC, RWC, and V¥ _, responded significantly to
drought stress, but N addition and their interaction
did not affect SWC, RWC, and ¥_, at the end of

drought cycles (Table 1). Drought stressed seedlings
had lower SWC and ¥ _, (both NO and N1) (Fig. 1).
The midday stem water potential decreased to —3.9
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Fig. 1. Effects of drought stress and N addition on a) mid-
day water potential (‘¥_,), b) soil water content (SWC),
c) relative water content (RWC) in Q. ithaburensis

Table 1. The effects of drought stress and nitrogen addition on physiological and biochemical characteristics in Q. ith-
aburensis seedlings. S, drought stress effect; N, nitrogen effect; SxN, interactive effect of drought stress and nitrogen

addition
Parameters S N SxN

F P F P F P
¥ . (MPa) 225.323 o 1.970 ns 1.359 ns
RWC (%) 15.402 o 3.533 ns 0.100 ns
SWC (%) 1.995.601 o 0.040 ns 0.203 ns
Anet (umol CO, m~2s™) 925.485 ok 0.312 ns 4.949 *
gs (mmol H,O m™2s7") 920.936 *E 0.001 ns 2.176 ns
E (mmol H,O m~2s7") 1.084.275 o 0.001 ns 3.881 *
Ci (umol CO, mol ™) 73.083 o 3.285 ns 4.546 *
WUE (umol CO, m~?s~!/ mmol HO m™2s™) 45.386 * 3.763 ns 4.626 *
TSC (mg g~! DW) 18.979 o 7.650 * 0.776 ns
Chla (mg g™") 9.477 * 67.062 * 0.379 ns
Chlb (mg g™") 4.742 * 50.212 o 0.586 ns
Chla+b (mg g™ 7.454 * 62.918 x 0.006 ns
Car. (mgg™) 8.462 * 65.132 x 0.002 ns
Leaf N (%) 11.482 * 144.980 * 5.849 ns

ns: non-significant, * and ** significant at P<0.05 and P<0.001, respectively.
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MPa in the seedlings subjected to drought stress
in the second drought cycle. At the end of the sec-
ond drought cycles, WS/NO (63.1%) and WW/N1
(76.8%) had the lowest and highest RWC, respec-
tively (Fig. 1).

Cyclic drought stress and N addition
impacts on gas exchanges

Drought stress affected Anet, gs, E, Ci, and WUE
(Table 1). Nitrogen addition had an insignificant
effect on Anet, E, gs, Ci, and WUE (P>0.05). How-
ever, the interaction between drought stress and N
addition significantly affected Anet, E, Ci, and WUE
(P<0.05) (Table 1). At the end of the first drought
cycle, WS/N1 had the lowest Anet, gs, Ci, and E. WS/
NO and WS/N1 had the lowest Anet, gs, and E at the
end of the second and third drought cycle. Drought
stressed seedlings (WS/NO and WS/N1) had sim-
ilar Anet, gs, and E but lower Anet, gs, and E than
well-watered seedlings (WW/NO and WW/N1). In
the third drought cycle, WW/N1 had the highest
Anet, gs, and E. Generally N addition under drought
stress increased WUE (Fig. 2). The net photosyn-
thetic rate was positively correlated with ¥ _,, SWC,
gs, and E. Variables correlated with PC1 were ¥ _,,
RWC, SWC, Arnet, gs, E, and Ci. The water use effi-
ciency was negatively correlated with ¥_, gs, E, and
Ci. A decrease in SWC (r:0.918, p<0.01) leads to
a decrease in ¥_,, (r:0.952, p<0.01), Anet (r:0.924,
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p<0.01), E (r:0.941, p<0.01), Ci (1:660, p<0.01), gs
(r:0.945, p<0.01) and an increase in WUE (r:—0.560,
p<0.01) (Fig. 3).

Cyclic drought stress and N addition
impacts on soluble sugars,
photosynthetic pigments and

N concentrations

Both drought stress and N addition significantly
affected the total soluble sugar content at the end of
all drought cycles (Table 1). Drought stress generally
increased the total soluble sugar content. Nitrogen
addition under drought stress decreased the total
soluble sugar content. Seedlings without N addition
under drought stress had the highest total soluble
sugar content (Fig. 4).

The interaction between drought stress and N ad-
dition significantly affected neither total soluble sugar
nor photosynthetic pigment content (Table 1). At the
end of the first and second drought cycles, seedlings
with N addition (WW/N1 and WS/N1) had higher
photosynthetic pigment content than those without
N addition (WW/NO and WS/NO) (Fig. 5). In gen-
eral, well-watered seedlings with N addition (WW/
N1) had higher Chla, Chl b, Chla+b, and carote-
noid content than those without N addition (WW/
NO). At the end of the drought cycles, N addition
increased the N concentrations in the leaves. WS/NO
and WW/NO had lower leaf N concentrations than

b)

oWWNO0 mWW/N1I aWSN0 mWS/NI1

Fig. 2. Effects of drought stress and N addition on a) net photosynthetic rate (Anet, pmol CO, m~2s7!), b) transpiration
rate (E, mmol H O m~2s™!), ¢) stomatal conductance (gs, mmol H,O m~2s7!), d) intercellular CO, concentrations (Ci,
pmol CO, mol™?), e) water use efficiency (WUE, (umol CO,m™? s~/ mmol H,O m~2 s7!) in Q. ithaburensis
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N addition treatments (Fig. 6). Variables with high
correlation with PC1 are TSC, Chl a, Chl b, Car. and
leaf N concentrations (Fig. 3).

Cyclic drought stress and N addition
impacts on growth characteristics

Drought stress significantly reduced the RCD,
SH, SDW, RDW, and LA of Q. ithaburensis seedlings.
Seedlings without N addition under drought stress
had lower SH. Nitrogen addition had a significant
effect only on RCD. Seedlings under drought stress
had lower RCD than others. WW/N1 had the highest
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Fig. 4. Total soluble sugar content in Q. ithaburensis under
drought (WW and WS) and N (NO and N1) treatments

Table 2. The effects of drought stress and nitrogen addition on growth characteristics (RCD:Root collar diameter, SH:-
Seedling height, SDW: Seedling dry weight, RDW: Root dry weight, S/R: Shoot/root dry weight ratio, SLA: Specific
leaf area, LA: Leaf area) in Q. ithaburensis seedlings. Data are means + SE. The significance of the F-values from GLM

are indicated as P < 0.05 (*); P < 0.01 (**)

Treatment RCD (mm) SH (cm) SDW (g) RDW (g) S/R SLA (cm?g™') LA (cm?)
WW/NO 5.71+0.13  16.24+0.63 1.40+0.09  6.52+0.41  0.22+0.01  132.71%2.70  7.99+0.43
WW/N1 6.17+0.15 16.57+1.06 1.68+0.13 6.64+0.38 0.26+0.11 138.77+4.82  8.90+0.51
WS/NO 4.48+0.16 13.36+0.79 1.05+0.08 4.56+0.34 0.56+0.34 140.05+3.08 7.36+0.47
WS/N1 4.95+0.13 14.19+0.69 1.13+0.08 5.06+0.36 0.24+0.02 132.00+£5.99 7.33+0.36
Drought stress 55.975%* 10.567* 21.798** 22.774** 0.349 0.004 6.089*
N addition 4.642* 0.514 3.459 0.720 0.401 0.052 0.983
Drought stress x N addition 0.992 0.09 1.043 0.27 0.284 2.622 1.123
PCA_1_2 Total Variance : 88.691 %
3- SWSIN1 5
Total.Chl
- - : . = Car.
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3 : [
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Fig. 3. Principal component analysis (PCA) of physiological, biochemical, and growth characteristics
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Fig. 5. a) Chlorophyll a (Chl a), b) chlorophyll b (Chl b),
¢) total chlorophyll (Chla+b) and d) carotenoids (Car.)
content of Q. ithaburensis under drought (WW and WS)
and N (NO and N1) treatments
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Fig. 6. Leaf N concentrations in Q. ithaburensis under drought
and N treatments at the end of the drought cycles

RCD and LA. The interaction between drought stress
and N addition did not affect RCD, SH, SDW, RDW,
S/R, SLA, and LA (Table 2). RCD, SH, SDW, RDW,
S/R, and LA are variables with high correlation in
PC1 (Fig. 3).

Discussion

Drought stress and N addition effects
on physiological and biochemical
characteristics

This study investigated the effect of N addition
and drought stress on stem water potential, net pho-
tosynthetic rate, stomatal conductance, transpiration
rate, water use efficiency, total soluble sugar content,
photosynthetic pigment content, and growth pa-
rameters on Q. ithaburensis seedlings. Seedlings un-
der drought stress had lower SWC, ¥ _,, and RWC.
Seedlings under drought stress had as low as —3.9
MPa midday leaf water potential. Nitrogen addition
did not affect the water stress levels of Q. ithaburensis
seedlings. Although the water relationship is not af-
fected by the nutritional supplements, it depends on
the presence of water (Correia et al., 1989). In the
second drought cycle, seedlings without N addition
under drought stress showed the lowest RWC and
also well-watered Q. ithaburensis seedlings with N ad-
dition showed higher RWC. Wu et al. (2008) reported
the same response in Sophora davidii (Franch.) Skeels.
RWC increases when drought stress is accompanied
by N addition (low N supply) and increase of N sup-
ply under well-watered conditions. Seedlings need
nitrogen to support changes in all their cellular and
physiological processes under drought conditions
(Aliarab et al., 2020). Drought stress reduces SWC,
¥ (xylem water potential), and RWC (Deligoz & Ba-
yar, 2021). The response of plants to drought plays a
role in leaf morphology, leaf water potential, osmotic
potential, photosynthesis, and stomatal conductance
(Dickson & Tomlinson, 1996). Water stress causes
a decrease in nutrient uptake, cell growth, leaf ex-
pansion and transpiration, and net CO, assimilation
(Alam, 1999). Gas exchange parameters (e.g. Anet, E)
decrease under water stress (Yin et al., 2006; Zhang
et al., 2021). Based on the results, it can be reported
that the reduction in SWC led to a reduction in gs,
E, Ci, and Anet and an increase in WUE in drought-
stressed seedlings. Net photosynthetic rate is highly
correlated with gs and E. According to Chaves (1991),
this correlation between Anet and gs is a common fea-
ture of drought-adapted species. In general, well-wa-
tered seedlings had similar Anet, gs, Ci, and E at the
end of first drought cycle. Intercellular CO, concen-
trations generally depend on gs and the ability of
mesophyll cells to assimilate intracellular CO, (Chen
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et al., 2016). Stomatal closure reduces the Ci, which
in turn changes the photosynthetic mechanisms. But
the same photosynthetic mechanisms can also be af-
fected independently of drought stress (Dickson &
Tomlinson, 1996). The interaction between drought
stress and N addition affected Anet, E, Ci, and WUE.
Seedlings with N addition under drought stress had
the highest WUE at the end of the first and second
drought cycles. Seedlings under drought stress par-
tially close their stomata, reducing Ci and photosyn-
thesis, resulting in increased WUE at the end of the
first drought cycles. Plants change to more efficient
water use by partial closure of their stomata under
drought stress (Esmaeilpour et al.,, 2016). A high
WUE indicates that a plant has adapted to a lack of
water for water conservation reasons (Chen et al.,
2015). WUE in plants is greatly affected by nitrogen
supply (da Silva et al., 2011). High nutrient supply
due to a decrease in soil water content increases
WUE (Welander & Ottosson, 2000). High nutrients
may not improve drought tolerance (Kleiner et al.,
1992). Low nitrogen decreases WUE, while high N
increases it (Liu et al., 2013). N addition significantly
increased net photosynthetic rate and stomatal con-
ductance (Zhang et al., 2021). Yin et al. (2009) found
that fertilization increased the net photosynthetic
rate in poplars under well-watered conditions and its
effect was negative under water-stressed conditions.
Drought stress reduced the net photosynthetic rate
in Q. ithaburensis seedlings. However, nitrogen addi-
tion increased the photosynthetic pigment content.
Nitrogen addition under well-watered conditions
increased the total N concentration of the leaves,
resulting in an increase in the net photosynthetic
rate at the end of third drought cycle. Both drought
stress and N addition significantly affected Chla, Chl
b, Chla+b, and Car. content and at the same time
generally, well-watered seedlings with N addition
showed higher Chla, Chl b, Chla+b, and Car. con-
tent. N addition may promote an increase in pho-
tosynthetic pigment content. Although seedlings
with N addition (WS/N1 and WW/N1) had higher
photosynthetic pigment content than without N ad-
dition (WS/NO and WW/NO). N additions rise leaf
N concentrations accompanied by higher net photo-
synthetic rate in Douglas-fir (Mitchell & Hinckley,
1993). There is a significant and positive relationship
between photosynthetic capacity and leaf N content
(Ripullone et al., 2003), which was consistent with
our result. Total chlorophyll content (Chl a + b) is a
good indicator of photosynthetic capacity. Research
shows that photosynthetic pigments are reduced by
drought stress (Wang et al., 2019) and increased by
fertilization (Roca et al., 2018). Drought stress in-
creases the activity of the chlorophyll-degrading en-
zyme (chlorophyll degradation) and decreases the
chlorophyll content (Ajithkumar & Panneerselvam

2014). Fertilization promotes photosynthetic effi-
ciency and increases photosynthetic pigment con-
tent, improving photosynthetic capacity under water
deficiency (Chen et al., 2016). Nitrogen fertilization
is recommended to increase the productivity of pho-
tosynthetic pigments under drought stress (Liu &
Zhang, 2017). Reduced photosynthetic capacity is
associated with N deficiency and negative feedback
from the carbohydrate content in the leaf (Bous-
sadia et al., 2010). Research also shows that drought
stress increases the total soluble sugar content (Wu
et al., 2013; Deligdz & Bayar, 2018). Drought stress
increased soluble sugar content in needles of Abies
fabri (Mast.) Craib. seedlings under unfertilized
conditions, while it reduced under nitrogen supply
(Guo et al., 2010). The results showed that the sol-
uble sugar content was increased by drought stress
and decreased by N addition. The total soluble sugar
content decreased in N addition treatments under
drought stress, which may be related to the fact that
the seedlings use the total soluble sugar for growth.
The reduction in the total soluble sugar content with
N addition suggests that N addition modifies organic
carbon allocation with more photosynthetic output
for growth rather than improving stress tolerance
(Zhou et al., 2011).

Drought stress and N addition effects
on growth characteristics

The recurrent drought stress slowed down the
plant growth. Drought stress significantly decreased
RCD, SH, SDW, RDW, and LA. SLA was affected nei-
ther by drought stress nor by N accumulation. SLA,
an indicator of leaf thickness, generally decreased
under drought conditions. Thick leaves have a great-
er photosynthetic capacity than thin leaves because
they generally contain higher chlorophyll concentra-
tions and protein per unit leaf area (Liu & Stiitzel,
2004). Decreases in transpiration rate and water loss
may lead to a decrease in LA under drought stress
in Q. ithaburensis. Drought stress decreases LA, SDW,
and RDW, resulting in significant differences in
leaf areas between watered and N-treated seedlings
(Dinh et al., 2017). The effect of N addition on SH,
SDW, and RDW varies according to the irrigation re-
gime and the amount of N (Rahimi et al., 2013; Song
et al., 2019). The interaction between drought stress
and N addition did not affect RCD and SH in A. fabri
seedlings (Guo et al,, 2010). In this study, nitrogen
addition affected only RCD, and well-watered and N
addition increased RCD in Q. ithaburensis seedlings.
It is widely known that N fertilization is an essen-
tial determinant of RCD in seedlings (Pardos et al.,
2005). In the third drought cycle, the well-watered
with N addition treatments showed the highest Anet,
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gs, and E, which may be one of the reasons for the
increase in growth. Fertilization promoted plant
growth in the well-watered conditions (Yin et al.,
2009). Nitrogen addition affects plants’ root collar
diameter, height, and chlorophyll content (Razaq et
al., 2017). Nitrogen deficiency affects plant produc-
tivity (decreasing net photosynthetic rate and leaf
area) (Mu&Chen, 2021).

Conclusions

The results show that the presence of water is a
limiting parameter in midday water potential and gas
exchange. Under drought conditions, Q.ithaburensis
seedlings demonstrated a drought adaptation mech-
anism that reduces Anet, gs, E, and LA and increases
WUE and total soluble sugar content. In general, ni-
trogen addition under drought stress increased the
WUE and also promoted the biochemical attributes
(enhancing leaf N concentrations, and Chl content)
of Q.ithaburensis. However, nitrogen addition did not
affect the water stress level of the seedlings and did
not change the declining tendency of the photosyn-
thetic rate. This was a short-term study investigat-
ing the effect of a combination of drought stress and
N addition.
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