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Abstract. High temperatures restrict spinach growth, and the plant’s growth and physiologi-
cal responses to heat remain poorly understood. It remains unclear whether high daytime or
elevated nighttime temperatures have a more negative impact on spinach growth. In addition,
the interaction effect of maximum daytime and minimum nighttime temperatures on spinach
growth remains unknown. This study was conducted to address these issues. Spinach was
grown in controlled environments under four temperature treatments: 30 and 20 °C (T30/20),
30 and 25°C (T30/25), 35 and 20 °C (T35/20), and 35 and 25°C (T35/25). These treatments
represent the maximum daytime temperature and minimum nighttime temperature, respec-
tively, and were maintained for 45 days. Plant growth characteristics were monitored, and the
physiological responses to temperature regimes were assessed. The results show that com-
pared with T30/20, dry matter production decreased by 15.4% with increased nighttime tem-
perature (T30/25), decreased by 42.3% with increased daytime temperature (T35/20), and
decreased by 57.7% when both daytime and nighttime temperatures were increased (T35/25).
However, there was no statistically significant interaction effect (P > 0.05) between daytime
maximum and nighttime minimum temperatures on plant biomass production variables. In
comparison with T30/20, the T35/25 treatment increased significantly plant stomatal conduc-
tance, stomatal apertures, transpiration rate, and leaf temperature during heat waves. The
T35/25 treatment also decreased the quantum efficiency in light compared with the other
treatments. Plant biomass production did not improve with the T35/20 and T35/25 treat-
ments, likely as a result of a decoupling of photosynthesis and stomatal conductance during
heat waves. Overall, these results reveal that maximum daytime and minimum nighttime tem-
peratures exert additive effects on spinach growth.

Spinach (Spinacia oleracea L.) is a nutri-
tious, green leafy vegetable commonly grown
in cold regions or during cool seasons in
many countries. It is a rich source of vitamins
and minerals, including Fe, Na, K, and Ca
(Citak and Sonmez 2009; Qin et al. 2017). In
addition, spinach contains a high concentra-
tion of lutein (Tai et al. 2020), which has an-
tioxidant properties (Krinsky et al. 2003). A
100-g serving has only 23 kcal and offers es-
sential amino acids, vitamins, and minerals
that contribute to a large portion of the rec-
ommended daily allowance (US Department
of Agriculture 2019). Moreover, fresh or raw
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spinach contains compounds including (Z)-3-
hexenal and methanethiol, which contribute
to its distinctive aroma and enhance its appeal
to consumers (Masanetz et al. 1998). Many
consumers consider spinach a healthy vegeta-
ble, and its production has nearly doubled
during the past decade (Food and Agriculture
Organization of the United Nations 2015).
The global market for spinach is valued at
$39.6 billion, with ~34 million t produced
worldwide in 2023 (Food and Agriculture
Organization of the United Nations 2025).
The top spinach-producing countries are
China, the United States, Turkey, and Japan

(Food and Agriculture Organization of the
United Nations 2025). In 2023, Japan ranked as
the fourth largest producer of fresh spinach glob-
ally, with a total production of 206,800 t across
18,700 ha (~30.1% in greenhouses) (Ministry
of Agriculture, Forestry and Fisheries 2025).

Japanese farmers sow spinach in spring, au-
tumn, and winter, and harvest it about ~1 month
later. During the summer months, spinach is cul-
tivated in colder regions, such as high-altitude
areas (Tai et al. 2020). However, the shipping
volume of spinach during the summer has de-
creased because of recent heat waves (Ministry
of Agriculture, Forestry and Fisheries 2025). For
example, the extreme summer heat events in
2023 and 2024 disrupted the supply of several
vegetables to urban areas (Jilatu et al. 2025). Fur-
thermore, in Aug 2025, the price of spinach was
~1.5 times higher than it was in March (Ministry
of Agriculture, Forestry and Fisheries 2025).

In recent years, Japan has experienced an in-
crease in the number of summer days, with daily
maximum temperatures exceeding 35 °C (Japan
Meteorological Agency 2025). Summer 2023 re-
corded the highest average temperatures in Japan
in the past 126 years (Wong 2023). The average
temperature from June to August was 1.76°C
warmer than the 1991 to 2020 average (Sato
et al. 2024; Takemura et al. 2024). Notably,
northern and eastern Japan faced unprecedented
temperature increases of 3.0 and 1.7°C above
normal, respectively. The ambient temperature
inside greenhouses during the summer season in
Japan can reach up to 50 °C (Tai et al. 2020). In
addition, climate change is increasing the average
ambient temperatures and the number of warm
days and nights—a trend expected to continue in
the coming decades (Intergovernmental Panel on
Climate Change 2022; Prasad et al. 1999).

High temperatures affect spinach negatively
by reducing seed germination and stunting
growth, leading to lower yield and quality (Yan
et al. 2016). Previous experiments revealed that
spinach grows optimally at temperatures be-
tween 15 and 25 °C (Isaza et al. 2025). Its seeds
can germinate in soil temperatures ranging from
5 to 30°C, with the greatest germination rates
observed at 20 °C. Germination rates drop sig-
nificantly between 25 and 30 °C (Atherton and
Farooque 1983), and germination ceases en-
tirely at 35 °C (Leskovar et al. 1999). Seedling
root development requires temperatures >
18.9°C, whereas shoot growth is limited
when temperatures are < 12.3°C or > 23.3°C
(Wilcox and Pfeiffer 1990). Moreover, when
spinach is exposed to heat shock (35-50 °C) for
30 min, carbon dioxide assimilation decreases,
and pigment proteins in thylakoid membranes
aggregate, which slows the plant’s ability to
photosynthesize (Tang et al. 2007). Further-
more, the first heat-shock proteins in spinach
leaf tissue are induced when the temperature
reaches 28°C, and a full range of heat-shock
proteins is produced at 36°C (Somers et al.
1989). As a result, cultivating spinach during the
summer has become increasingly challenging in
Japan and many other countries because of re-
cent heat waves.

Nighttime temperatures are rising faster than
daytime ones, reducing diurnal temperature dif-
ferences (Davy et al. 2017; Vose et al. 2005).
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Different crops respond uniquely to high
daytime and high nighttime temperatures
(Djanaguiraman et al. 2013; Gibson and Mul-
len 1996; Lobell et al. 2005). For example,
soybeans showed comparable yield reductions
under high daytime (39/20°C) and nighttime
temperatures (30/29 °C) (Djanaguiraman et al.
2013). In rice, high daytime temperatures had
a more negative impact on seed set and grain
weight than high nighttime temperatures alone
(Shi et al. 2017). In a heat-susceptible wheat
cultivar (Triticum aestivum L.), yield reduc-
tions were similar for high daytime (35/15 °C)
and nighttime temperatures (25/24 °C), but were
greater when both were elevated (35/24°C)
(Narayanan et al. 2015). Lettuce exhibited its
most rapid growth in a controlled environment
with day/night temperatures of 25/25 °C, respec-
tively (Knight and Mitchell 1983). In addition,
there was no significant interaction between day-
time and nighttime temperatures affecting its
growth parameters (Hicklenton and Wolynetz
1987). Hong et al. (2018) recommended using
daytime/nighttime temperatures of 20/10°C, re-
spectively to achieve better yield and quality of
violet rape (Brassica campestris ssp. chinensis
L.), rather than higher temperature combinations
such as 30/20°C or 30/15°C. Hu et al. (2004)
reported that the quality of spinach could be im-
proved by using night-cooling greenhouses
during the summer. However, most studies
investigating the effects of daytime and
nighttime temperatures on spinach (Leskovar
et al. 1999; Yamori et al. 2005) have not
highlighted the distinct effects of high daytime
temperatures compared with elevated nighttime
temperatures or the combined effects of both. In
addition, studies focusing on the effect of high
daytime temperatures (Tai et al. 2020; Tang
et al. 2007; Yoneda et al. 2022) often lack de-
tailed information on spinach physiological re-
sponses throughout the day.

Highlighting the growth and physiological
traits of spinach under high daytime and night-
time temperatures is necessary to determine
whether one has a greater impact on reducing
biomass production. Furthermore, understand-
ing how lowering daytime and nighttime tem-
peratures influences spinach growth is crucial
for developing technology to control greenhouse
temperatures and sustain spinach production
during summer. We hypothesized that 1) spin-
ach growth and biomass production would be
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affected differently by increased daytime and
nighttime temperatures, with the combination of
both having the most significant negative im-
pact; and 2) the physiological responses would
vary based on temperature treatments and the
time of the day. Therefore, the objectives of our
study were 1) to determine whether increased
daytime or increased nighttime temperatures
affect spinach biomass production more nega-
tively, 2) to examine whether there is an interac-
tion effect of maximum daytime and minimum
nighttime temperatures on plant growth, and 3)
to analyze the physiological responses of plants
under different temperature conditions. The ex-
periment set maximum temperatures at 35 and
30°C, whereas minimum temperatures were
set at 25 and 20 °C, covering all possible combi-
nations of these settings.

Materials and Methods

Plant cultivation methods. The experiment
was conducted using phytotrons at Fukush-
ima University from 23 Jun to 7 Aug 2025.
The inner volume of each phytotron (Nippon
Medical Machinery Manufacturing Co, Ltd,
Tokyo, Japan) was ~7.2 m® (length, 1.9 m;
width, 1.9 m; height, 2 m). Spinach (Spinacia
oleracea L., cv. Justice) seeds (Sakata Seed
Corp, Yokohama, Japan) were sown (15 seeds
per pot) in Wagner pots (Mizuken Co., Ltd.,
Sakai, Japan; depth, 20 cm; diameter, 16 cm)
filled with commercial substrate (Nae Shokunin
130; Kaneko Seed Co, Ltd, Maebashi, Japan) on
23 Jun and were thinned to five plants per pot
7 d after seeding (DAS). The pots were watered
manually with a nutrient solution (electrical con-
ductivity = 0.8 dS'm™") prepared according to
the Otsuka-A formula (OAT Agrio Co, Ltd,
Tokyo, Japan), containing 23 ppm NH4-N,
233 ppm NO;3-N, 120 ppm P,0s, 405 ppm K
»0, 230 ppm CaO, 60 ppm MgO, 1.5 ppm
MnO, 1.5 ppm B,0s3, 2.7 ppm Fe, 0.03 ppm
Cu, 0.09 ppm Zn, and 0.03 ppm Mo. The
water retention of the substrate, maintained
at < 20 kPa, and the temperature of the sub-
strate at a depth of 10 cm were monitored
using a power factor meter (Daiki Ltd, Tokyo,
Japan) and a thermo recorder (model TR-50U2;
T&D Corp, Tokyo, Japan), respectively. The en-
vironmental conditions, including temperature
and relative humidity, in each phytotron were set
to meet the requirements of each treatment.

Experimental treatments. Spinach plants
were submitted to four temperature regimes
to assess their growth characteristics and physi-
ological responses. The temperature treatments

Nighttime

Daytime

for day and night were set at 30/20 °C (T30/20)
(control treatment), 30/25°C (T30/25), 35/
20°C (T35/20), and 35/25°C (T35/25). These
temperatures represent the maximum day-
time/minimum nighttime values. Temperature
treatments were set for 12 h during the day
starting at 7:00 AM and 12 h at night starting
at 7:00 PM. The temperature shift between
day and night was carefully controlled to pre-
vent sudden changes, promoting more natural
plant growth. In each phytotron, spinach was
grown in five pots, with each pot containing
five plants exposed to sunlight. The photosyn-
thetic photon flux density (PPFD) from natu-
ral light reaching inside the phytotrons was
recorded every minute from sunrise to sunset.

A schematic diagram of the temperature
treatments is presented in Fig. 1.

Plant growth and biomass evaluation. The
number of seedlings that emerged was counted
daily, starting 1 DAS and continuing for 7 d.
The seedling emergence rate was calculated
as the ratio of the number of seedlings that
emerged to the number of seeds sown. Start-
ing 2 weeks after seeding, the number of
leaves per plant and the plant height were
evaluated every week. In addition, the soil
plant analysis development (SPAD) value
was recorded on the largest leaves weekly
beginning 3 weeks after seeding using a
chlorophyll meter (SPAD-502 Plus; Konica
Minolta Inc, Tokyo, Japan). At the end of the ex-
periment, five plants per treatment were selected
and their leaves were detached for further analy-
sis. The lamina length, lamina width, and petiole
length of the five largest leaves were measured
using a ruler. The leaf area was estimated using
Imagel software (Imagel, ver. 1.54d; National
Institutes of Health, Bethesda, MD, USA) ac-
cording to the method described by Martin et al.
(2021). Each plant leaf was detached and
placed against a high-contrast background,
with a ruler included for scale calibration. A
digital camera (iPhone SE; Apple, Cupertino,
CA, USA) was positioned ~50 cm above to
capture the images. These images were saved
in jpeg format and imported into Imagel,
where they were converted to 8-bit grayscale,
and contrast was adjusted for better clarity. A
reference line on the ruler established a mea-
surement scale, allowing ImageJ to report the
leaf area in square centimeters.

At harvest, 45 DAS, fresh weight of the
shoots was measured immediately. The har-
vested shoots were dried in a forced-air oven

Nighttime

Temperature ! LU
Treatments

T30/20 [20°C-30°C]

T30/25 [25°C-30°C]

T35/20 [20°C-35°C]

T35/25 [25°C-35°C]

0:00 7:00 8:00 9:00 10:00

190 [ 2090 | [ 2400

|:| 20°C
[ 2sc
B s0c

35°C

Fig. 1. Schematic diagram of the temperature treatments for 24 h.
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at 70°C for 72 h to determine their dry
weight.

Evaluation of plant physiology. Plant phys-
iological responses to temperature treatments
were evaluated 29 and 30 DAS. Data were col-
lected from the largest leaf of each pot at 2 h

Quantum efficiency in light

In addition, a stomata scope (model HQ-
1010; Happy Quality Co, Ltd, Hamamatsu,
Japan) was used to assess stomatal aperture.

Data analysis. The collected data were
tested for normality using the Shapiro-Wilk
test before undergoing analysis through a
two-way analysis of variance with a general
linear model procedure. To differentiate the
means for each significant variable measured,
Tukey’s multiple comparison tests were used
at a significance level of P < 0.05. The statis-
tical analysis was performed using XLSTAT
software (ver. 2024.4.2; XLSTAT statistical
and data analysis solution, Paris, France).

Results

Changes in environmental parameters.
During the experiment, the relative humidity
in each phytotron was maintained at ~60% =+
10% from 8:00 AM to 7:00 PM and at 70% =+
10% from 7:00 PM to 8:00 AM. On aver-
age, each treatment received a PPFD of
283.6 + 132.6 wmol'm *s™! every day,
with the daily PPFD ranging from a mini-
mum of 39.8 wmol'm2's™' to a maximum
of 467.1 wmol'm2-s™! (Fig. 2B).

In phytotrons with daytime temperatures
of 35 °C, daytime average root-zone tempera-
tures were 30.6 °C with T35/25 and 29.1°C
with T35/20. In contrast, at 30 °C, they mea-
sured 26.7°C with T30/20 and 27.7°C with
T30/25. At night, with temperatures of 25 °C,
root-zone temperatures were 25.0°C with
T30/25 and 24.8°C with T35/25, whereas
at 20°C, they were 20.3°C with T30/20
and 20.1°C with T35/20. Figure 2 shows
the changes in the root-zone temperature
throughout the day in the four treatments
(Fig. 2A) and the average daily PPFD re-
ceived in each phytotron (Fig. 2B). PPFD
data were recorded every minute. Root-zone
temperature was measured at a depth of
10 cm and recorded every 10 min.

Seedling emergence rate. At 7 DAS, the
seedling emergence rate showed no significant
differences among the treatments. However, we
noticed that seedlings emerged more quickly
with T30/25 and T35/25. By 4 DAS, emergence
rates reached 49.3% with T35/25 and 54.7%
with T30/25, compared with 41.3% with
T35/20 and 36% with T30/20 (Table 1).

Plant growth and biomass production.
The plant height varied by treatment. After
6 weeks, the tallest plants were seen with
T30/20, followed by T30/25, T35/20, and
T35/25, with T35/25 showing a 41.6% height
reduction compared with T30/20 (Fig. 3A).
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intervals from 8:00 AM to 6:00 PM, to monitor
the plant’s dynamic responses more closely and
to identify temporal patterns and stress events
more accurately. The LI-600 porometer/
fluorometer (LI-COR Biosciences, Lincoln,
NE, USA) was used to measure stomatal

conductance, leaf temperature, transpiration
rate, and quantum efficiency in light. The
quantum efficiency in light was derived
from chlorophyll fluorescence parameters
that were measured directly from light-adapted
leaves using the following formula:

(Maximum fluorescence in light — Minimum fluorescence in light)

Maximum fluorescence in light

No significant height differences were ob-
served between T30/25 and T35/20. The
number of leaves was significantly greater
with T30/20 (Fig. 3B). However, the SPAD
values were greater with T35/25 and T35/20,
and the lowest was with T30/20 (Fig. 3C).
The temperature treatments had a signifi-
cant effect on plant biomass production and
the growth characteristics of leaf petioles.
T35/25 and T35/20 decreased the fresh
weight by 35.2% and 23.3%, respectively, in
comparison with T30/20 (Table 2). Increasing
the nighttime temperature to 25 °C in T30/25 did
not affect fresh weight significantly; however, it

—e—T30/25 —e—T3525

A —a—T30/20 T35/20

40

W W
=RV

Root zone temperature (°C)

0 T+ LI e i
6 81012141618202224 2 4

Local time

Photon flux density (umol m2s!)

reduced dry matter production significantly,
by 15.4% than that of T30/20. However, low-
ering the nighttime temperature to 20°C in
the T35/20 treatment increased fresh matter
production by 18.4% and dry matter pro-
duction by 36.4% compare with T35/25.

The petiole length of mature leaves was re-
duced significantly by high-temperature treat-
ments, at night and during the day. In addition,
the leaf area was also diminished as a result of
the high-temperature treatments. No significant
interaction effect of daytime maximum tem-
peratures X nighttime minimum temperatures
was observed on the evaluated variables.

[==]

500
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400
350
300
250
200
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1 4 7101316192225283134374043
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Fig. 2. Average root zone temperature (A) and average daily photosynthetic photon flux density in the
phytotrons (B). T30/20 = 30 and 20 °C daytime/nighttime temperature, respectively; T30/25 = 30
and 25 °C daytime/nighttime temperature, respectively; T35/25 = 35 and 25°C daytime/nighttime

temperature, respectively; T35/20 = 35 and 20°

C daytime/nighttime temperature, respectively.

Table 1. Seedling emergence rate from 0 to 7 d after seeding (DAS).!

Seedling emergence rate (%)

Treatment 3 DAS 4 DAS 5 DAS 6 DAS 7 DAS
T30/20 120 £11.9 ab® 360=3.7a 613+119a 667+125a 66.7+125a
T30/25 253 +119b 547 +£56b 720+73a 773+ 6.0a 787 +5.6a
T35/25 227 £12.1 ab 493+ 180ab 64.0+193a 653+£19.7a 68.0+208a
T35/20 53+56a 413+ 73 ab 60.0+105a 653+11.0a 653+11.0a
Tmax NS NS NS NS NS
Tmin * * NS NS NS
Tmax X Tmin NS NS NS NS NS

"Data are presented as the mean values of five replications.

i Different letters within a date indicate significant
effects were significant at the 5% probability level

differences at P < 0.05 by Tukey’s test. Treatment
or were not significant.

NS, * Nonsignificant or significant at P = 0.05, respectively.

T30/20 = 30 and 20°C daytime/nighttime temperature, respectively; T30/25 = 30 and 25°C day-
time/nighttime temperature, respectively; T35/25 = 35 and 25°C daytime/nighttime temperature, re-
spectively; T35/20 = 35 and 20°C daytime/nighttime temperature, respectively; Tmax = maximum

temperature; Tmin = minimum temperature.
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Fig. 3. Changes in plant height (A), leaf number (B) and leaf soil plant analysis development (SPAD)
value (C). Data represent the means of five selected plants. Error bars indicate the standard devia-
tion. Different letters within a week indicate significant differences at P < 0.05 by Tukey’s test.
T30/20 = 30 and 20 °C daytime/nighttime temperature, respectively; T30/25 = 30 and 25 °C day-
time/nighttime temperature, respectively; T35/25 = 35 and 25°C daytime/nighttime temperature,

respectively; T35/20 =
Nonsignificant.

Plant physiological responses to different
temperature treatments. The average stomatal
aperture showed significant differences between
treatments at 2:00 PM and 4:00 PM. However,
for the rest of the day, there were no significant
differences among the treatments (Fig. 4A).
The largest average stomatal apertures were re-
corded with T35/25 and T35/20 at 2:00 PM
and 4:00 PM. In addition, stomatal conductance
and transpiration rate were significantly greater
with T30/25 and T35/25 at 8:00 AM and
10:00 AM (Fig. 4B and 4C). After 10:00 AM,
these values showed no significant differences
until 4:00 PM, when T35/25 exhibited greater
levels of stomatal conductance and transpiration
rate. By 6:00 PM, no significant differences
were observed among the treatments. More-
over, the quantum efficiency in light was re-
duced significantly with T35/25 at 4:00 PM
(Fig. 4D). At other times of the day, no sig-
nificant differences were observed among

Table 2. Effect of temperature treatments on shoot biomass production and leaf growth characteristics.!

35 and 20°C daytime/nighttime temperature, respectively. NS =

the treatments for quantum efficiency. Last,
leaf temperature did not differ significantly
between treatments at 8:00 AM and 6:00 PM;
however, it was significantly higher with T35/25
and T35/20 at other times of the day than with
T30/20 and T30/25 (Fig. 4E).

Discussion

Spinach seedling emergence rate under
heat stress. Seedlings at 7 DAS exhibited
similar final emergence rates across treatments;
however, the speed of emergence differed
markedly. Higher nighttime temperatures accel-
erated seedling emergence (Table 1). This con-
trasts with earlier reports indicating reduced
spinach germination at > 25°C (Chitwood
et al. 2016; Yan et al. 2016). The discrepancy
may be explained by genotypic differences, be-
cause spinach cultivars are known to respond
differently to temperature regimes during

germination (Chitwood et al. 2016). More-
over, the diurnal temperature fluctuations
provided by the phytotrons may have con-
tributed to improved seedling emergence,
consistent with observations made by Liu
et al. (2013). Similarly, Leskovar et al. (1999)
found that alternating temperature regimes
(25/15°C, 30/15°C, and 35/20°C) enhanced
spinach germination relative to a constant
30°C. These findings suggest that temperature
variation rather than absolute temperature
likely promote the spinach seedling emer-
gence rate under elevated temperature
conditions.

Growth and biomass production of spin-
ach under heat stress. Results regarding plant
height, leaf number, and leaf area show that
increasing temperatures, whether during the
day, at night, or both, affect spinach shoot
growth negatively. This finding aligns with
several previous studies that have reported
the detrimental impact of high temperatures
on plant growth (Haghighi et al. 2014). How-
ever, it contradicts the findings of Ohtaka
et al. (2020), who reported that a daytime/
nighttime temperature of 30/25°C increased
tomato stem length and thickness compared
with a control treatment of 25/20 °C. In addi-
tion, other studies have argued that a positive
difference between daytime and nighttime
temperatures (daytime temperature > night-
time temperature) leads to an increase in
plant height, internodal length, and the num-
ber of leaves (Fraszczak 2012; Inthichack
et al. 2013; Pollet et al. 2009). Our results in-
dicate that the positive difference between
daytime and nighttime temperatures (T30/25,
T35/20, T35/25) did not enhance plant
height, leaf number, or leaf area because
the plants were under stress.

Dry matter production decreased by 15.4%
in response to an increased nighttime tempera-
ture (T30/25), whereas it decreased by 42.3%
in response to an increased daytime tempera-
ture (T35/20) and by 57.7% in response to
combined increased daytime and nighttime
temperatures (T35/25) (Table 2). These results
suggest that spinach biomass production was
affected more adversely by the combination of
high daytime and nighttime temperatures than
by high daytime temperatures alone or high
nighttime temperatures alone. Similar to our
findings, Uz Zaman et al. (2022) reported
reductions in spinach biomass production

Treatment Shoot FW/plant (g) Shoot DW/plant (g) Lamina length (cm) Lamina width (cm) Petiole length (cm) Total leaf area/plant (sz)
T30/20 193 +1.6c" 26+0.14d 103+0.8a 85+12a 88+ 1.1c 4388 £1269b
T30/25 176 £ 0.5 ¢ 22+0.1c 105+ 0.8a 81+13a 72+10Db 368.4 + 57.1 ab
T35/25 125+ 04 a 1.1 £0.1a 95+14a 73+£06a 52+03a 2327+ 672 a
T35/20 148+1.0b 1.5+02b 113+12a 73+12a 6.1 +£0.7 ab 279.0 £ 91.7 ab
TmaX sksfeok seksk NS NS skeksk ok

Tmax X Tmin NS NS NS NS NS NS

"Data are presented as mean values + the standard deviation of five replications.

i Different letters within a column indicate significant differences at P < 0.05 by Tukey’s test.
NS, *, ** *** Nonsignificant or significant at P = 0.05, 0.01, or 0.001, respectively.

DW = dry weight; FW = fresh weight; T30/20 = 30 and 20 °C daytime/nighttime temperature, respectively; T30/25 = 30 and 25°C daytime/nighttime
temperature, respectively; T35/25 = 35 and 25 °C daytime/nighttime temperature, respectively; T35/20 = 35 and 20 °C daytime/nighttime temperature, re-
spectively; Tmax = maximum temperature; Tmin = minimum temperature.
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Fig. 4. Plant physiological response to different temperature treatments. (A) Average stomatal aperture. (B) Stomatal conductance (gs). (C) Transpiration
rate. (D) Quantum light efficiency. (E) Leaf temperature. Data represent the means of five selected plants. Error bars indicate the standard deviation. Dif-
ferent letters within a week indicate significant differences at P < 0.05 by Tukey’s test. T30/20 = 30 and 20 °C daytime/nighttime temperature, respec-
tively; T30/25 = 30 and 25°C daytime/nighttime temperature, respectively; T35/25 = 35 and 25°C daytime/nighttime temperature, respectively;
T35/20 = 35 and 20 °C daytime/nighttime temperature, respectively. NS = Nonsignificant.

in response to elevated daytime/nighttime
temperatures (35/25 °C). The results of our
study suggest that merely lowering the day-
time temperature, as recommended previously
by Tai et al. (2020) and Yoneda et al. (2022),
will not allow the spinach plants to reach their
full production potential. To maximize spinach
biomass production, it is essential to lower
temperatures during both the day and the night
to optimal levels. In addition, we observed no
interaction effect between the maximum tem-
peratures during the day and the minimum
temperatures at night. This finding is signifi-
cant, because it differs from the interactions
observed in several other crops (Narayanan
et al. 2015; Parkash et al. 2024). It should be
considered when developing technologies for
controlling spinach production in protected
cultivation.
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Spinach physiological responses to heat
stress. At the end of the experiment, the
SPAD values were significantly greater
with T35/25, T35/20, and T30/25 com-
pared with T30/20. This finding indicates
that chlorophyll content in the leaves in-
creased significantly with rising tempera-
tures. In a previous study, Zhao et al. (2022)
found that the chlorophyll a + b content in-
creased under heat stress (35/25 °C) in lettuce
leaves. The reasons for increased leaf chloro-
phyll content under heat stress are diverse.
Some researchers reported that it is the result
of water loss from the leaves, whereas others
suggest that plants dissipate excess photosyn-
thetic energy by increasing the chlorophyll
a + b content under heat stress (Dong et al.
2013). It is also speculated that an increased
transpiration rate under heat stress facilitates

the uptake of certain nutrients, such as NO;-
(Frantz et al. 2004). In our experiment, the dif-
ferences in transpiration rates observed across
various temperature treatments (Fig. 4C)
may have affected nutrient uptake, leading
to variations in SPAD values. Higher tem-
perature treatments could have enhanced
nutrient absorption as a result of increased
transpiration rates associated with open sto-
mata (Inthichack et al. 2012).

Stomata regulate gas exchange in leaves
by controlling CO, uptake, water loss, and
evaporative cooling. Plant leaves adjust their
stomatal aperture continuously based on ex-
ternal environmental cues, water status (Lin
et al. 2015), and internal signals such as hor-
mones (Haworth et al. 2018), ensuring an ap-
propriate balance. In our experiment, the
stomatal aperture was adjusted differently in
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T35/20

T35/25

Fig. 5. Stomatal opening at 4 PM with different temperature treatments (A) and plants at 30 d after seeding (B).

response to temperature variations across dif-
ferent treatments. The higher nighttime tem-
perature treatments (T30/25 and T35/25)
resulted in increased stomatal conductance
and transpiration rates during the early morning
hours (8:00 AM and 10:00 AM). A similar
finding was reported by Pinto et al. (2025) in a
study on wheat crops, in which genotypes ex-
posed to high nighttime temperatures exhibited
greater stomatal conductance at 9:00 AM and
10:00 AM. Pinto et al. (2025) suggest that the
circadian clock, which regulates metabolic pro-
cesses and prepares the plant for predictable
events such as dawn, may explain the effect of
elevated nighttime temperatures on stomatal
conductance in the morning.

A daytime temperature of 35 °C, particu-
larly when combined with a warm night
(T35/25), resulted in the largest stomatal
apertures in the afternoon (2:00 PM and 4:00
PM) (Fig. 5). This led to increased stomatal
conductance and transpiration rates at 4:00
PM with T35/25. The relationship between
increased stomatal aperture, stomatal conduc-
tance, transpiration rate, and warmer air tem-
perature has been documented in various
species, including bean, corn, wheat, sun-
flower (Hofstra and Hesketh 1969), soybean,
and tobacco (Nicotiana tabacum) (Sinha
et al. 2022). High temperatures increase
stomatal opening, conductance, and transpi-
ration rates in spinach plants, allowing
them to survive heat waves through evapo-
rative cooling (Urban et al. 2017). As tem-
peratures rise, water viscosity decreases
and mesophyll conductance improves, en-
hancing water supply to evaporation sites.
This raises turgor pressure in guard cells,
expanding the stomatal aperture (Cochard
et al. 2000; Von Caemmerer and Evans
2015).

Although stomata were more open and
transpiration was greater with T35/25, the
quantum efficiency of photosystem II (PSII)
declined in the late afternoon (4:00 PM) with
that treatment (Fig. 4D). This finding con-
firms that high-temperature stress affects the

HorTScIENCE VoL. 61(2) FEBRUARY 2026

functionality of the photosynthetic machinery
negatively (Mathur et al. 2014). The reduced
quantum efficiency of PSII with T35/25 at
4:00 PM may be attributed to the high night-
time temperature of 25 °C. This elevated tem-
perature likely increased respiratory C losses,
resulting in a depletion of carbohydrate re-
serves needed for the following day’s photo-
synthesis (Abbas et al. 2024). In addition, the
limited availability of photosynthetic sinks
may have interrupted or damaged the light
reactions (light harvesting, electron trans-
port, and photochemical processes) under the
conditions of high irradiance and temperature
in the afternoon (Abbas et al. 2024).
Physiological mechanisms underlying
spinach dry matter reduction under heat
stress. Spinach grown with T35/25 showed
significantly greater stomatal conductance but
recorded the lowest dry matter production.
Previous studies (Leuning 1995; Mirfenderesgi
et al. 2016; Verhoef and Egea 2014; Xu et al.
2016) have associated high stomatal conduc-
tance with increased photosynthesis rates and,
consequently, greater dry matter production.
This contradicts our findings. The discrepancy
may be attributed to the elevated temperatures
of our experiment, which could decouple
net photosynthesis from stomatal conduc-
tance, leading to their independence. This
phenomenon has been observed by Urban
et al. (2017) in poplar (Populus deltoides x
nigra) and loblolly pine (Pinus taeda), as well
as by Bisbis et al. (2023) in tomato during
heat waves. According to Bisbis et al. (2023),
at high temperatures, tissue cooling may be
more important for stress management than
limiting transpiration. Consequently, stomatal
conductance decouples from photosynthesis,
allowing plants to mitigate stress-related
damage temporarily, as long as water uptake
and intact xylem vessels are maintained.
Reduced biomass production resulting
from the increased daytime temperature
with T35/20 can be attributed to the disrup-
tion of the plant’s photosynthetic machin-
ery, which is affected negatively by high

temperatures, as reported by several authors
(Ashraf and Harris 2013; Centritto et al. 2011).
Conversely, the decreased biomass produc-
tion resulting from an increased nighttime
temperature with T30/25 can be linked to
heightened night respiration, which degrades
the carbohydrates stored during the day
(Mohammed and Tarpley 2009; Peng et al.
2013; Wen et al. 2018). The combination of
elevated daytime and nighttime tempera-
tures with T35/25 further increased night
respiration while simultaneously impacting
the photosynthetic machinery during the day,
leading to a significant biomass loss (Deryabin
and Popov 2024; Narayanan et al. 2015).

Conclusion

We examined how different temperature
conditions affect the growth and physiologi-
cal responses of spinach. Our findings reveal
that alternating temperatures throughout the
day enhanced germination and seedling emer-
gence rates. However, the temperature treat-
ments of T30/25, T35/20, and T35/25 reduced
biomass production in spinach. This indicates
that high daytime and high nighttime tempera-
tures affect spinach growth negatively, with
high daytime temperatures having a more det-
rimental impact. Furthermore, our research
showed that daytime and nighttime tempera-
tures influence spinach growth independently.
During the day, heat waves disrupt the rela-
tionship between stomatal conductance and
photosynthesis, resulting in reduced carbohy-
drate storage. At night, elevated temperatures
increase respiration rates, leading to C loss.
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