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Abstract
To investigate the effects of high temperature stress on quality indicators of
pakchoi (Brassica rapa chinensis), the cultivar ‘Huawang’was used as experi-
mental material. Batch sowing experiments were conducted from October 2015
to May 2016, with three gradients of day/night temperatures set at 32°C/22°C,
35°C/25°C, and 38°C/28°C, and treatment durations of 3 d, 6 d, 9 d, and 12
d, respectively, using 25°C/18°C as the control (CK). Two days after the com-
pletion of each treatment, external morphology, SPAD values, dry and fresh
weights per plant, and contents of crude fiber, soluble sugars, soluble protein,
and vitamin C were measured. Regression models were established between the
leaf rolling rate and yield per unit area of pakchoi and the maximum tempera-
ture, minimum temperature, average temperature, and duration of treatment,
and the simulation accuracy of the models was validated using measured data.
The results showed that dry weight per plant, fresh weight per plant, leaf fresh
weight, leaf length, leaf width, petiole width, SPAD values, and yield per unit
area of pakchoi all exhibited a decreasing trend with the intensification of high
temperature stress and the extension of stress duration. With increasing tem-
perature and prolonged duration, petiole length and leaf rolling rate gradually
increased. High temperature stress increased the crude fiber content of pakchoi.
Under short-term high temperature stress, the contents of soluble sugars, soluble
protein, and vitamin C showed no significant changes, but gradually decreased
with prolonged stress duration and increased stress temperature. Using multi-
ple regression methods, relationship models were separately constructed for the
leaf rolling rate and yield per unit area of pakchoi with the maximum treatment
temperature, minimum treatment temperature, average treatment temperature,
and the corresponding duration of each treatment. Model validation results indi-
cated that the model constructed for leaf rolling rate using minimum treatment
temperature and duration of minimum temperature showed the best simulation
performance, with a regression standard error and relative error of 7.59% and
0.1894, respectively; the model constructed for yield per unit area using max-
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imum treatment temperature and duration of maximum temperature showed
the best simulation performance, with a regression standard error and relative
error of 274.02 g・m�² and 0.073%, respectively. This study concluded that with
intensified high temperature stress and prolonged stress duration, pakchoi yield
decreased, taste quality deteriorated, and nutrient content reduced, indicating
that high temperature stress degrades pakchoi quality.
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Abstract: To investigate the effects of high-temperature stress on greenhouse
pakchoi quality and yield, a series of experiments was conducted from October
2015 to May 2016 using the‘Huawang’cultivar. Three daytime/nighttime tem-
perature gradients were established (32°C/22°C, 35°C/25°C, and 38°C/28°C),
with treatment durations of 3, 6, 9, and 12 days, using 25°C/18°C as the con-
trol (CK). Two days after each treatment, measurements were taken for plant
morphology, SPAD values, individual plant fresh and dry weights, and contents
of crude fiber, soluble sugar, soluble protein, and vitamin C. Regression models
were developed to relate leaf curl rate and yield per unit area to maximum,
minimum, and mean temperatures along with treatment duration, and these
models were validated using independent experimental data.

The results demonstrated that individual plant dry weight, fresh weight, leaf
fresh weight, leaf length, leaf width, petiole width, SPAD values, and yield per
unit area all decreased with intensifying high-temperature stress and prolonged
treatment duration. Conversely, petiole length within the leaf blade and leaf
curl rate increased progressively with rising temperature and extended exposure.
High-temperature stress elevated crude fiber content, while soluble sugar, solu-
ble protein, and vitamin C contents remained relatively stable under short-term
stress but declined gradually with prolonged exposure and higher temperatures.

Using multiple regression analysis, mathematical models were constructed to
predict leaf curl rate and yield per unit area based on maximum treatment
temperature, minimum treatment temperature, mean treatment temperature,
and corresponding treatment duration. Model validation revealed that the leaf
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curl rate model based on minimum temperature and its duration performed
best, with a standard error of estimate of 7.59% and relative error of 0.1894.
Similarly, the yield model based on maximum temperature and its duration
showed optimal performance, with a standard error of 274.02 g・m�² and relative
error of 0.073. These findings indicate that increasing high-temperature stress
intensity and duration reduce pakchoi yield, deteriorate taste, and decrease
nutritional content, thereby compromising overall quality.

Keywords: High-temperature stress; Pakchoi; Quality; Growth period; Simu-
lation model

Introduction
Pakchoi (Brassica campestris L. Chinesis L.), a member of the Brassicaceae
family, is an annual or biennial herb cultivated for its green leaves. Also known
as non-heading Chinese cabbage, common cabbage, or green vegetable, it orig-
inated in China and represents one of the most popular vegetables in south-
ern China, accounting for 30–40% of total annual vegetable production in the
Yangtze River Delta region. High-temperature stress constitutes the most com-
mon environmental constraint affecting pakchoi production in southern China,
where summer heat causes quality deterioration, bitter taste, yellowing, and
premature aging, resulting in significant yield and economic losses.

Previous research has documented similar effects in other crops. For instance,
Wang et al. reported that pepper (Capsicum annuum L.) exposed to temper-
atures above 35°C exhibited faded leaf color and reduced above-ground and
below-ground biomass. High temperature also affects leaf coloration, with stud-
ies showing that heat stress reduces SPAD values and relative chlorophyll con-
tent in rice (Oryza sativa L.) during both seedling and heading stages. High-
temperature stress increases cell membrane permeability, leading to electrolyte
leakage. To mitigate excessive electrolyte loss, plants adjust the types and
contents of osmotic regulation substances. Soluble sugars and soluble proteins
serve as important intracellular osmotic substances that accumulate under water
stress conditions, altering cell sap concentration and osmotic potential.

Currently, most crop quality models are ecological prediction models developed
through mathematical regression methods based on how environmental condi-
tions affect the accumulation of internal quality indicators. Stenzel et al. sim-
ulated the accumulation of soluble sugars, organic acids, and sugar-acid ra-
tios during citrus development to establish fruit maturity curves, with maturity
predicted based on deoxyacid quality calculations. Slaughter developed non-
destructive methods for assessing mango maturity through color and aroma in-
dicators. Domestic and international researchers have made significant progress
in greenhouse crop modeling, essentially creating quantitative descriptions and
predictions of crop growth processes and their relationships with environmental
factors, thereby enriching and advancing the field of crop modeling.
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Despite these advances, few studies have specifically examined the effects of high-
temperature stress on pakchoi quality or developed corresponding simulation
models. This study investigates the impacts of varying high-temperature levels
and durations on pakchoi yield and quality, constructs regression models relating
yield per unit area and leaf curl rate to daily minimum, maximum, and mean
temperatures, and compares model performance. The research defines a high-
temperature stress index and classifies stress levels, providing a theoretical basis
for predicting pakchoi yield and appearance quality.

1.1 Experimental Design

The experiment was conducted in June 2015 at the Nanjing University of In-
formation Science and Technology using controlled-environment growth cham-
bers (TPG-2009, Australian) within a Venlo-type greenhouse. Six successive
planting trials were carried out using the ‘Huawang’pakchoi cultivar. Plants
were grown in nutrient pots (12 cm diameter) and subjected to treatments
when they reached 8–9 true leaves. Three high-temperature treatments were es-
tablished with daytime/nighttime temperatures of 32°C/22°C, 35°C/25°C, and
38°C/28°C, applied for durations of 3, 6, 9, and 12 days. Each treatment com-
prised 16 plants with three replicates, and all plants received normal water and
fertilizer management. During the experimental period, relative humidity was
maintained at 75% and photosynthetic photon flux density at 800 �mol・m�²・s�¹.
Control plants (CK) were maintained under optimal conditions (24°C daytime,
18°C nighttime). Two days after each treatment concluded, measurements were
taken for individual plant fresh and dry weights, water content, appearance
quality, and nutritional content, and leaf curl rate and yield per unit area were
calculated.

1.2 Measurement Methods

1.2.1 Leaf Curl Rate Determination For each treatment, the maximum
width of all leaves was measured when fully expanded and again in their natural
curled state. Following Qiao et al., leaves were considered curled when the ratio
of leaf width to curled leaf projection width � 1, and the leaf curl rate was
calculated accordingly.

1.2.2 SPAD Measurement Three pakchoi plants were randomly selected
from each treatment, and leaf SPAD values were measured using a SPAD chloro-
phyll meter.

1.2.3 Leaf Morphology and Individual Plant Dry/Fresh Weight Mea-
surement Fresh weight was determined using destructive sampling. Leaf
blades were separated from petioles using a clean blade, and measurements
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were taken for leaf weight, leaf length and width, petiole length and width, and
petiole length within the leaf blade. Samples were then oven-dried at 105°C for
2 hours and subsequently at 80°C to constant weight for dry weight determina-
tion.

1.2.4 Yield per Unit Area Measurement Nutrient pots were arranged at
a density of 5 pots per square meter. For each treatment, three random 1 m²
areas were selected, and pakchoi plants were washed with distilled water, surface
moisture was removed, and the mass of plants per square meter of projected area
was weighed using a 0.001 g precision electronic balance to determine yield per
unit area.

1.2.5 Quality Determination Three pakchoi plants were randomly selected
as replicates for each treatment. Crude fiber and soluble sugar contents were
determined using the anthrone colorimetric method, vitamin C content by
the 2,6-dichlorophenol indophenol method, and soluble protein content by the
Coomassie brilliant blue colorimetric method.

1.3 Stress Level Classification

The high-temperature stress index (IHT) was calculated based on leaf curl rate
(A) and yield reduction rate (R). Stress levels were classified as: mild stress
(Level I) when IHT < 3, moderate stress (Level II) when IHT = 3–6, and severe
stress (Level III) when IHT > 6.

1.4 Data Processing and Statistical Analysis

Data were compiled and analyzed using Microsoft Excel 2010 and SPSS 22.0
software.

2. Results
2.1 Effects of High Temperature on Individual Plant Dry Weight,
Fresh Weight, and Leaf Fresh Weight

presents changes in individual plant dry weight, fresh weight, and leaf fresh
weight under different high-temperature stress treatments. Under the same
treatment duration, all weight parameters in the CK treatment exceeded those
in the high-temperature treatments. As temperature increased, individual plant
dry weight, fresh weight, and leaf fresh weight decreased progressively, with dif-
ferences from CK becoming more pronounced with longer treatment durations.
At 32°C/22°C for 3 days, these parameters did not differ significantly from CK.
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However, after 12 days at 38°C/28°C, individual plant dry weight, fresh weight,
and leaf fresh weight decreased by 64.23%, 84.32%, and 82.89%, respectively,
compared to CK.

2.2 Effects of High Temperature on Leaf Morphology

As shown in , leaf length, width, and petiole width were greatest in CK plants
and decreased gradually with increasing temperature and treatment duration.
The most significant effects occurred under 38°C/28°C for 12 days, with leaf
length and width reduced by 50.1% and 45.8%, respectively, compared to CK.
Leaf length showed greater sensitivity to high-temperature stress than other
morphological traits. Petiole length began to decrease significantly after 9 days
at 38°C/28°C, showing reductions of 14.6% and 30.7% at 9 and 12 days, re-
spectively, compared to CK. After 9 days at 38°C/28°C, some leaves exhibited
yellowing and even desiccation, contributing to reduced petiole length. Within
the 25–35°C daytime temperature range, petiole length within the leaf blade in-
creased with temperature and treatment duration, though it decreased by 6.58%
at 38°C/28°C for 12 days compared to 35°C/25°C for 12 days.

2.3 Effects of High Temperature on Leaf Curl Rate, SPAD, and Yield
per Unit Area

illustrates changes in leaf curl rate, SPAD values, and yield per unit area under
different temperature treatments. Leaf curl rate increased with temperature and
treatment duration, reaching 100% after 9 days at 38°C/28°C. SPAD values
were consistently highest in CK and decreased with rising temperature and
extended treatment, showing reductions of 19.95%, 31.09%, 40.28%, and 53.82%
at 38°C/28°C after 3, 6, 9, and 12 days, respectively, compared to CK. Yield per
unit area decreased progressively with higher temperatures and longer durations,
with reductions of 52.31%, 68.9%, and 86.38% after 12 days at 32°C/22°C,
35°C/25°C, and 38°C/28°C, respectively, relative to CK.

2.4 Effects of High Temperature on Pakchoi Quality

shows changes in internal quality under different temperature treatments. Crude
fiber content increased with both temperature and treatment duration, with
CK showing the lowest values. The most significant differences occurred at
38°C/28°C, where crude fiber content increased by 14.47%, 21.51%, 22.88%,
and 18.75% after 3, 6, 9, and 12 days, respectively, compared to CK.

Soluble sugar content was lowest under 38°C/28°C at all treatment durations.
After 3, 6, and 9 days, soluble sugar content initially increased then decreased
with rising temperature, with 38°C/28°C showing significant differences from
CK (reductions of 0.16%, 7.79%, and 32.69%, respectively). After 12 days, sol-
uble sugar content decreased consistently with temperature, showing a 61.33%
reduction at 38°C/28°C compared to CK.
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Vitamin C content decreased with increasing temperature, with CK maintaining
the highest values across all treatment durations. Significant differences emerged
after 9 and 12 days, with 38°C/28°C showing the most substantial reductions
of 11.54%, 10.97%, 32.22%, and 60.84% after 3, 6, 9, and 12 days, respectively,
compared to CK.

Soluble protein content showed significant responses to temperature stress. Af-
ter 3 days, it increased with temperature (2.83%, 4.92%, and 5.63% higher than
CK at 32°C/22°C, 35°C/25°C, and 38°C/28°C, respectively). However, after
6, 9, and 12 days, it decreased with temperature, showing reductions of 9.13%,
41.94%, and 80.52% at 38°C/28°C compared to CK.

2.5 Relationships Between Leaf Curl Rate, Yield, Temperature, and
Duration

Using multiple regression analysis with data from the first three experimental
batches, models were developed to predict leaf curl rate and yield per unit area
based on maximum treatment temperature (Tmax), minimum treatment tem-
perature (Tmin), mean treatment temperature (Tmean), and treatment dura-
tion (t). The remaining three batches were used for model validation to identify
optimal formulations, with results presented in .

The model for leaf curl rate based on minimum temperature and its duration
demonstrated the best performance, with the lowest standard error (7.59%)
and relative error (0.1894). In contrast, the model using maximum temperature
and its duration showed the poorest performance (standard error 9.35%, rela-
tive error 0.233), representing 1.23-fold higher errors than the optimal model.
The model based on mean temperature and its duration showed intermediate
performance.

For yield per unit area, the model using maximum temperature and its duration
performed best (standard error 274.02 g・m�², relative error 0.073), while the
minimum temperature-based model performed poorest (standard error 438.17
g・m�², relative error 0.1167), with errors 1.6-fold higher than the optimal model.
The mean temperature-based model again showed intermediate performance.

2.6 Classification of High-Temperature Stress Levels in Pakchoi

High temperature adversely affects pakchoi quality and yield. Since leaf curl rate
(A) serves as the primary indicator of appearance quality and yield reduction
rate (R) reflects the severity of impact, a high-temperature stress index was
defined based on these parameters to classify damage levels.

As shown in , yield reduction rate increased progressively with temperature and
treatment duration. From day 9 onward, all temperature treatments resulted
in Level II or III damage, indicating moderate to severe stress, with yield reduc-
tions of 44.54%, 47.42%, 47.85%, 52.31%, 68.90%, and 86.38%. Correspondingly,
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the high-temperature stress index exceeded 5 (except for 32°C/22°C at day 9).
Overall, Level II stress occurred most frequently.

3. Discussion and Conclusion
This study demonstrated that increasing temperature and prolonged exposure
reduced leaf length, width, individual plant dry and fresh weights, and leaf fresh
weight, consistent with previous reports. High-temperature stress decreases leaf
water uptake, causing transpiration to exceed absorption and resulting in wilting.
Prolonged stress leads to leaf scorching, extended growth cycles, elongated in-
ternodes, narrower and thinner leaves, premature senescence, and rapid quality
deterioration. SPAD values decreased with temperature and duration, aligning
with Tao et al.’s findings that SPAD values in spring maize varieties decline
with extended heat stress, with greater reductions following longer exposure.

Plants adapt to stress by regulating internal osmotic substances, with soluble
sugars and proteins being primary osmoregulators. High temperature acceler-
ates protein degradation, though heat-tolerant varieties show slower rates. This
study found that short-term high-temperature stress increased soluble protein
content, likely due to heat shock protein synthesis involved in thermotolerance
responses. However, as stress intensified, soluble protein content decreased, pos-
sibly because high temperature disrupted membrane systems, reducing protein
release from membranes or bound forms. The consistent reduction in protein
content relative to controls confirms its close relationship with stress resistance.

Soluble sugars regulate intracellular osmotic balance during high-temperature
stress while maintaining protein hydration and preventing protoplasm dehydra-
tion. Similar to soluble protein, soluble sugar content initially increased under
short-term stress but decreased with prolonged exposure and higher tempera-
tures, consistent with findings in heat-sensitive eggplant varieties where initial
increases likely resulted from starch hydrolysis and subsequent decreases re-
flected impaired photosynthetic capacity.

This research defined a high-temperature stress index and classification system
based on yield reduction and leaf curl rate. Stress levels reached Level II or
higher after 9 days, with leaf curl rate being more sensitive to high temperature
than yield reduction, exceeding 40% across all durations at 38°C/28°C.

In conclusion, high-temperature stress degrades pakchoi appearance and nu-
tritional quality while causing severe yield losses under intensified stress. The
optimal models for predicting leaf curl rate and yield per unit area were based on
minimum temperature/duration and maximum temperature/duration, respec-
tively. These models can inform management decisions for pakchoi production.
However, this study did not differentiate among genotypes or include a compre-
hensive range of temperature treatments, warranting further investigation into
effects on heat-tolerant and heat-sensitive pakchoi varieties.
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