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Abstract: In the context of global climate change, the frequency of waterlogging is increasing. There-
fore, to elucidate the effects of waterlogging under real precipitation conditions on the physiological
characteristics of peanuts and the underlying mechanics and to provide a theoretical basis for timely
protective measures, this study involved a waterlogging disaster simulation experiment in the field
environment and a waterlogging stress control experiment in the potting environment. It was found
that sufficient water had a positive effect on the growth and development of peanuts (Arachis hy-
pogaea L.) during the 3–5 days period at the beginning of waterlogging. However, as the duration
of waterlogging increased, excess water inhibited the growth of peanuts, with a stronger inhibitory
effect on the development of pods. A comparison of the two different experimental models found
that in the potting environment, water circulation was not smooth, and the intensity of waterlogging
was higher than in the field environment experiment, resulting in the effect of waterlogging being
advanced by one observation stage (2 days) in the potting environment. Furthermore, using a novel
fluorescence imaging system, an analysis of variations in the physiological characteristics of leaf
sections demonstrated that the chlorophyll fluorescence in the leaves of the peanut plant exhibited a
specific pattern in response to waterlogging stress.

Keywords: peanut (Arachis hypogaea L.); waterlogging disaster; simulation experiment; photosynthesis;
chlorophyll fluorescence

1. Introduction

Since the middle of the 20th century, there has been abundant evidence of dramatic
changes in the global climate [1–4]. The Sixth Assessment Report of the IPCC has unequiv-
ocally stated that climate change is now widespread, rapid, and intense, with magnitudes
that have not been recorded for thousands of years [5]. Temperatures have increased more
rapidly than the Earth’s natural cyclical patterns [6], resulting in a higher frequency of
extreme catastrophic events [7,8]. In recent decades, the number of flooding events has
increased worldwide and has had a considerable impact on agricultural production due
to the waterlogging phenomenon [9,10]. Approximately 12% of the world’s agricultural
land is severely affected by waterlogging stress, leading to significant reductions in crop
yields [11,12]. China is a largely agricultural country, and its arable land accounts for 7% of
the world’s arable land [13]. However, frequent flooding has greatly limited the develop-
ment of agriculture in China [14]. Such extreme flooding disasters have a serious impact on
food security. For the majority of major grain-producing provinces, the probability of a 10%
reduction in grain output is greater than 90% in the context of a 100-year flood disaster [15].

Peanut (Arachis hypogaea L.) is an important food and oil crop worldwide, cultivated
on approximately 26 million hectares across 120 countries, yielding 35 to 40 million tons of
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peanut pods annually [16]. According to the Food and Agriculture Organization (FAO), global
peanut production in 2022 is projected to exceed 54 million tons, with an average yield of
about 1.8 tons per hectare. The leading peanut exporters are China, India, the United States,
and Argentina [17]. Among the development stages of peanuts, the podding stage is the
growth period of pods and seed kernels. At this stage, excessive water can hinder ovary
development and pod expansion, making it the most susceptible stage to waterlogging [18,19].
For most crops, waterlogging can restrict root growth, reduce dry matter accumulation, cause
premature leaf senescence, increase wilting and the production of sterile flowers, and reduce
grain weight and yield [20–22]. For peanuts in the podding stage, waterlogging stress also
significantly reduces the number and weight of pods per plant [23,24]. As the duration
of waterlogging increases, the pods may develop discoloration, deterioration, and mold,
ultimately leading to a decrease in peanut productivity [18,25].

When plants are subjected to environmental stress, various photosynthetic and chloro-
phyll fluorescence parameters are more effective for detecting the processes and status
of growth and development during the stress period [26,27]. Medrano et al. [28] found
that when plants were stressed, the stomatal conductance and net photosynthetic rate
were affected and that the intercellular carbon dioxide concentration determined the rate
of photosynthesis. Zhao et al. [29] also found that when wheat was subjected to stresses
such as drought, a range of photosynthetic parameters were reduced, alongside significant
reductions in wheat’s plant height, biomass, and grain number. Changes in the function of
chlorophyll often precede changes in the chlorophyll content, and when environmental
stresses are present, changes in chlorophyll function can be observed using chlorophyll
fluorescence techniques long before the leaves are altered [30]. Rao et al. [31] employed an
indoor simulated flooding method to study the morphology of mulberry seedling leaves
and the changes in leaf chlorophyll fluorescence parameters and fluorescence imaging
under different flooding times and depths and concluded that mulberry has high flooding
tolerance due to a combination of morphological and physiological responses. By observing
and measuring root morphology, chlorophyll fluorescence, chlorophyll content, and leaf
gas exchange, Zhang et al. [32] found that the initial fluorescence and variable fluorescence
increased under waterlogging stress, the maximum fluorescence did not change signif-
icantly, and the electron transport rate, photochemical quenching, and actual quantum
yield of PSII decreased. Therefore, photosynthetic parameters and fluorescence parameters
can provide a clearer and more comprehensive understanding of the basic physiological
responses of peanuts during waterlogging at the podding stage [19].

To date, there have been few studies involving simulation experiments investigating
the effects of short-term waterlogging disasters on peanuts during the podding period.
Therefore, in this study, we simulated the short-term waterlogging environment triggered
by extreme precipitation by setting up a waterlogging disaster simulation experiment in
the field environment and a waterlogging stress control experiment in the potting envi-
ronment according to the characteristics of extreme precipitation in this region (Henan
Province, China). The correlations among variables, such as the net photosynthetic rate,
stomatal conductance, and real quantum efficiency of PSII, were analyzed by measuring
the photosynthetic and chlorophyll fluorescence parameters of peanuts to determine the
changes in their physiological characteristics under waterlogging. The effects of short-term
waterlogging on the biomass of various parts of peanut were also determined, and the
relationship between the biomass of each part in response to changes in the photosynthetic
and chlorophyll fluorescence characteristics was analyzed. Meanwhile, the variations in
fluorescence in different sections of peanut leaves were analyzed to explore the response
mechanism of photosynthesis in different sections of the leaves to waterlogging stress. Fi-
nally, the effects of short-term waterlogging caused by extreme precipitation on the growth
status of peanuts were elucidated, laying the foundation for the subsequent establishment
of waterlogging disaster indexes and a reliable integrated method of evaluating peanut’s
tolerance to waterlogging.
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2. Materials and Methods
2.1. Study Site and Background

This study was conducted in a peanut (Arachis hypogaea L.) demonstration field at the
National Observatory in Zhengzhou, Henan Province. Henan is located in the middle of
China and is one of the main peanut-producing areas. Since Henan is in the subtropical
monsoon climate zone, precipitation increases significantly in July and August each year,
and extreme precipitation can cause a large number of peanut fields to be flooded, affecting
the growth and development of peanuts. Peanuts sown in summer have a fertility period of
approximately 113 days and a podding period of approximately 45 days. In this experiment,
10 days of the podding period were selected for the experiment, namely, from 29 August
2023 to 7 September 2023. As illustrated in Figure 1, the experiment was conducted under
conditions of normal weather.
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Figure 1. Variations in individual meteorological elements during the waterlogging experiments.
The abbreviation T denotes temperature, P denotes pressure, RH denotes relative humidity, and SH
denotes sunshine hours.

2.2. Plant Material and Experimental Treatments

The material was the main variety of peanuts planted in Henan, namely, pearl bean-
type peanut (Yu Hua 22, Zhengzhou, China), which has been bred for high and stable
yield, drought and flood resistance, multi-resistant properties, and wide adaptability. This
variety has been planted in areas across China, including Hebei, Anhui, Jiangxi, and other
provinces with significant peanut production.

To more comprehensively analyze the effects of different days of waterlogging on the
physiological characteristics of peanuts at the podding stage, two experimental protocols
were designed in this study. One was a waterlogging disaster simulation experiment in a
field environment, and the other was a waterlogging stress control experiment in a potting
environment. The first experiment simulated the waterlogging disaster environment
caused by extreme precipitation in a real field environment, while the control experiment
waterlogging stress controlled the duration of waterlogging and created waterlogging
stress in a traditional potting environment.

1⃝: Waterlogging disaster simulation experiment in the field environment
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The field environment plots were rectangular in shape, with a length of 4 m and
a width of 3 m. Each plot was separated by a 2.5 m deep plastic film, and 3 replicated
plots were set up for each treatment level. Each plot was sown in 10 rows of 18 holes,
with 2 seeds per hole, for a total of 150,000 seeds per hectare, and the sowing depth
was 3–5 cm. Experimental groups with different durations of waterlogging were set
up, namely, the control check (CK, 0 days), 3 days, 5 days, 7 days, and 9 days, based
on the precipitation (Table 1). In the control treatment group, the soil moisture was
maintained at 65%. In the remaining groups of waterlogging experiments, the waterlogging
treatment was achieved by maintaining a depth of accumulated water exceeding 2 cm at
the root of the peanut plant through daily watering and the use of shade nets to block
light during the waterlogging treatment to simulate the process of sustained precipitation.
Once the waterlogging treatment ceased, watering was terminated, and the shade net
was opened to align the growing environment with that of the control. For example,
in the 3-day waterlogging experiment, watering was ceased on September 1st, without
treatment, to allow the peanuts to recuperate autonomously in a manner that simulated the
environmental conditions that prevail when precipitation ceases. Once the soil moisture
content reached 65%, the plots were treated in the same manner as the control plots.

Table 1. The number of consecutive rainy days at 119 meteorological stations in Henan Province from
1993 to 2023.

Number of Days with
Persistent Precipitation (d) Total Number of Occurrences Frequency of Occurrence

(year·station)−1

3 3751 1.05
4 2107 0.59
5 1286 0.36
6 715 0.20
7 429 0.12
8 250 0.07
9 214 0.06
10 103 0.03
11 71 0.02

2⃝: Waterlogging stress control experiment in the potting environment
Potting experiments were conducted in which round pots with a diameter of 30 cm

and a height of 30 cm were buried in rectangular plots with a length of 6.8 m and a width of
1.6 m. Each of the different waterlogging treatment experiments involved burying 9 pots in
square plots where the length of each side was 1 m. The pots were sown with 2 holes, with
2 seeds per hole, while 2 rows totaling 0.3 m of protected rows were planted around each set
of potting plots. The presence of protective rows avoided the influence of the surrounding
environment. The potting environment isolated the plants’ roots and prevented them from
interfering with each other. The soil environment and nutrient status used for the potting
environment were consistent with the field environment. In the control experiment of
waterlogging stress in the potting environment, the experiment was also carried out with
five different sets of waterlogging days, namely, the control CK (0 days), 3 days, 5 days,
7 days, and 9 days, consistent with the waterlogging disaster simulation experiment in the
field environment. The control and each of the experimental waterlogging groups were
treated consistently with the field environment.

In all experiments, the sowing time of peanuts was 27 May 2023. This was chosen
because the podding period of Yuhua 22 takes approximately 45 days. Therefore, in this
experiment, we selected the point when kernels had begun to enter the period of fullness
in the podding period as the experimental time. That is, the waterlogging treatment started
on August 29th. In the case of precipitation or rainy weather, the treatment plots would be
covered with rainproof cloth, but there was no precipitation during this trial.
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2.3. Determination of Photosynthesis Parameters

To ascertain the photosynthetic rate of peanut leaves, a sunny and cloudless day was
selected for the use of the LI-6400 portable photosynthesizer from LI-COR, Tucson, AZ,
USA. The light response curve was quantified by the integrated LED red and blue light
source at a natural CO2 concentration and temperature, with the gas flow rate controlled at
0.5 L·min−1 and the photosynthetically active radiation set at 1200 mol·m−2. The objective
of the experiment was to determine the parameters, including the net photosynthetic rate
(Pn), conductance to H2O (stomatal conductance, Gs), intercellular CO2 concentration
(Ci), and transpiration rate (Tr). The experimental measurement time was 09:00–11:00 a.m.
(Beijing time), five consecutive plants were selected in each experimental group, and the
third leaf from the top to the bottom on the lateral branch of each peanut plant was taken
to measure various photosynthetic parameters.

2.4. Determination of Chlorophyll Fluorescence Parameters

In recent years, the chlorophyll fluorescence method has been widely used for de-
tecting the physiological status of plants under different environmental stress condi-
tions [26,27,33,34]. In this investigation, the novel M-Series IMAGING-PAM fluorescence
imaging system was used. The most significant advantage of IMAGING-PAM is its capacity
to identify the photosynthetic activity of each pixel in the leaf area. Additionally, it reflects
the physiological status of leaves under waterlogging stress through fluorescence imaging.
These functions provide the ability to study the fluorescence response of different sections
of the leaf blade. For all experiments, measurements were taken at 10 p.m. (the crop was
sufficiently dark-adapted at this time), and five consecutive plants were selected from each
set of treatment trials. The samples were then transported to the laboratory for chlorophyll
fluorescence measurements on the third leaf from the top of each peanut’s lateral branches.
The real quantum efficiency of PSII Y(II), electron transfer rate ETR, non-photochemical
burst Y(NPQ), and photochemical burst Y(NO) of the leaves were determined using this
instrument. In the present study, it was observed that the degree of yellowing of the leaves
after waterlogging stress was different in each section of the leaf. Therefore, Y(II) was
determined in different sections of the leaf, as described in Section 3.2. According to the
variations in the degree of leaf yellowing with the duration of waterlogging stress, the
leaves were divided into five sections, from top to bottom, with the top section designated
as the first section and the bottom section designated as the fifth.

2.5. Determination of Biomass of Various Parts of Peanut

During the ripening and harvesting period, 10 plants were randomly and consecu-
tively sampled from each plot at the treatment level, and the samples were divided into
aboveground parts (including stems and leaves) and belowground parts (root mass and
pod weights), and then placed in an electric oven at 85 ◦C until a constant weight was
reached, and then the dry weights of each part of the peanut were measured, which were
converted to the weight per square meter by combining these values with planting density.
The pod weight, plump pod weight, and kernel weight also were measured to determine
the effect of waterlogging on pods.

2.6. Statistical Analysis

For the data analysis, preparation of graphs, and measuring average or standard error,
Python 3.8 version was used. ANOVA and post hoc analyses were performed in IBM
SPSS Statistics 28.0.0.0. All data in this study were the average of five biological replicates
selected randomly from all control and treated plots.

3. Results
3.1. Variations in the Photosynthesis of Peanuts under Different Durations of Waterlogging

Since the leaves are the site of photosynthetic reactions, variations in the photosynthetic
parameters are the first to show the effects of waterlogging on peanuts. As illustrated in
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Figure 2, peanuts were subjected to waterlogging for durations of 3, 5, 7, and 9 days in both
the disaster simulation experiment in the field environment and the control experiment of
waterlogging stress in the potting environment. In Figure 2a, the Pn of peanut increased and
then decreased as the duration of waterlogging increased in both experimental scenarios. At
3 and 5 days of waterlogging, Pn exceeded the value of the control. The highest Pn observed
in the field environment experiment was on the fifth day, reaching 17.8 (µmolCO2m−2s−1),
while the highest Pn observed in the potting environment experiment was on the third day,
with a value of 20.5 (µmolCO2m−2s−1). A rapid decline in photosynthesis was observed
from the fifth to the seventh day in both experimental scenarios, with a similar but relatively
flat decline occurring from the seventh to the ninth day. It was demonstrated that in the
early stages of waterlogging caused by extreme precipitation, a large amount of water
promoted photosynthesis in peanuts, resulting in an initial upward trend in Pn.
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As shown in Figure 2b, the trend of Gs also increased and then decreased in the potting
environment experiment, but it increased from the beginning of waterlogging to the fifth
day of waterlogging and decreased from the fifth day to the ninth day, with a peak observed
on the fifth day. At the beginning of waterlogging, photosynthesis requires significant
quantities of carbon dioxide and water, and the opening of the stomata allows for the
optimal state exchange of gases and water within and between the leaf cells. In the disaster
simulation experiment in the field environment, there was little overall variation in Gs, with
an increase on the fifth day of waterlogging and then a rapid decrease. This phenomenon
was due to the fact that, in the simulation of precipitation-induced waterlogging in the
field environment, peanuts were grown in an environment closer to the real atmosphere,
with smooth air circulation, and the stomata on the leaves did not need to be opened
very wide to satisfy their photosynthetic needs. The stomata opened wider only when Pn
reached its highest point on the fifth day, accelerating the rate of gas exchange to meet its
photosynthetic needs.

The trend of Ci (Figure 2c) in the potting environment experiment was analogous to
Pn and Gs. It also increased and then decreased, reaching a maximum on the fifth day.
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The variations in Ci are mainly influenced by Pn and Gs. Stomatal opening facilitates the
uptake of CO2 into the cell. Conversely, Gs decreases, and CO2 cannot be replenished
while photosynthesis continues in peanuts, and this will result in less CO2 consumption
and a decrease in content. In the field environment experiment, the Ci exhibited an
increasing trend across the duration of the waterlogging period. However, there was a
decreasing trend in Ci from the third to the fifth day, which was because, on the fifth day of
waterlogging, Pn reached its maximum value and more CO2 was consumed, which then
led to a decrease in Ci. This was followed by a rapid increase in Ci from the seventh to the
ninth day of waterlogging. The reason is that Pn began to decrease with the increase in
the number of days of waterlogging, which led to a slow consumption of CO2 during this
period, increasing Ci.

Figure 2d illustrates the variation in Tr in response to the number of days of water-
logging. In Figure 2d, it can be observed that Tr exhibited a downward trend, followed by
an upward trend in the two experimental scenarios. The lowest point was reached on the
third day, while the highest peak value was observed on the seventh day. This situation
showed the opposite trend to Pn. This can be attributed to plant transpiration, which is
the expulsion of excess water from the cell, whereas if Pn were higher, it would require a
significant consumption of water by the peanuts for photosynthesis. This would lead to
a reduction in transpiration. However, in the later stages of waterlogging stress, the Pn
decreased while the peanut was in a watery environment, and the Tr increased to discharge
the excess water for normal growth and development.

3.2. Variations in the Chlorophyll Fluorescence of Peanuts under Different Days of Waterlogging

When environmental stresses are present, changes in chlorophyll function can be
observed via chlorophyll fluorescence techniques long before changes occur in the leaves,
so this is a common means of investigating physiological changes in plants. Figure 3a shows
how the chlorophyll fluorescence parameters in peanuts varied with days of waterlogging
in the field environment experiment. This result revealed that the variation in Y(II) and
ETR were similar in the field environment experiment. The trend observed in Y(II) was an
increasing trend from the beginning of waterlogging to the fifth day of waterlogging and a
decreasing trend from the fifth day to the ninth day. This trend was consistent with the Pn
of peanuts. However, the values of Y(II) and ETR on the seventh day remained higher than
those of the control, indicating that, at this time, the waterlogging environment continued
to exert a promotional effect on peanut growth, albeit to a relatively weak extent. On the
ninth day of waterlogging stress, both Y(II) and ETR exhibited a significant reduction,
indicating that photosynthesis in peanuts was significantly affected and the photochemical
reaction was significantly weakened. This unfavorable condition was detrimental to
the peanut’s growth and development. The trend in Y(NO) relative to the number of
days of waterlogging demonstrated an increasing and subsequently decreasing variation.
However, Y(NPQ) exhibited a contrasting trend, displaying an initial decrease and a
subsequent increase. This observation suggests that upon initial exposure to waterlogging,
the peanut plants were capable of absorbing and utilizing a substantial amount of light
energy for photochemical reactions. Conversely, a smaller quantity of light energy was
converted to heat energy and subsequently dissipated. However, due to the alterations
in the potting environment and the presence of stress in the peanut, some of the light
energy was not applied to the photochemical reaction and was not dissipated as heat
energy. As this portion of light energy was not completely absorbed and consumed by
the peanut, it resulted in an elevated Y(NO). During the period between the seventh and
ninth day of waterlogging stress, the peanuts were subjected to an excess of light energy
due to a reduction in the efficiency of actual photosynthesis. To protect themselves, the
peanuts converted this excess light energy into heat, increasing Y(NPQ). In this period,
Y(NO) decreased, indicating that the peanuts had adapted to the waterlogged environment
through the previous waterlogging stress. This adaptation enables peanuts to convert the
excess light energy into heat energy, thereby avoiding damage.
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Figure 3b illustrates the variations in each fluorescence parameter in peanut plants
under waterlogging stress within the potting environment experiment. The value of ETR
exhibited a pattern consistent with that of Y(II), and the overall trend was also an increase
and a subsequent decrease. In the potting environment experiment, the maximum value of
Y(II) was reached on the third day of waterlogging, after which it began to decrease. By
the fifth day, it was already close to the control, and by the seventh and ninth days, it was
significantly lower than the control. This phenomenon indicates that 3 days of waterlogging
may enhance photosynthesis in peanuts in the potting environment, whereas more than
3 days may exert an inhibitory effect. A comparison of Y(NPQ) and Y(NO) in the potting
environment experiment revealed that Y(NPQ) also decreased when Y(II) increased. At this
point, the value of Y(NO) also remained consistent with that of the control, indicating that
the leaves did not yet exhibit any signs of damage. During Days 3–5 of waterlogging, the
levels of Y(II) and ETR began to decrease, and the light reaction in PSII weakened, resulting
in excess light energy. At this time, the photoprotective mechanisms had not yet been fully
activated, and the values of Y(NPQ) were low, leading to the beginning of damage and
elevated Y(NO), which is detrimental to the peanuts’ development. During Days 5–7 of
waterlogging, the light response in PSII continued to decrease, with a significant excess of
light energy. However, the Y(NPQ) was elevated at this time, allowing Y(NO) to remain the
same as in the previous period. During Days 7–9 of waterlogging, the levels of Y(II) and
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ETR remained consistently low, indicating that photosynthesis was severely affected. This
resulted in the accumulation of excess light energy, as indicated by the decrease in Y(NPQ)
and the increase in Y(NO). At this time, the peanuts’ cells were damaged, preventing them
from converting more light energy into heat.

Figure 3a,b reveals that the variations in the chlorophyll fluorescence of peanuts
subjected to waterlogging exhibited some differences between the two experiments (the
waterlogging disaster simulation experiment in the field environment and the waterlogging
stress control experiment in the potting environment). In the field environment experiment,
the value of Y(II) was found to be greater than that of the control on the third, fifth, and
seventh days. In the potting environment experiment, the value of Y(II) was found to
be greater than that of the control only on the third day. It can be observed that the
maximum value of Y(II) in the two different experimental scenarios exceeded the control by
approximately 0.07. In conclusion, it can be demonstrated that the photosynthetic efficiency
of peanuts was augmented during the beginning of waterlogging. In comparison to the field
environment experiment, the effect of waterlogging on the promotion of photosynthesis
in the potting environment experiment was shorter in duration. In the field environment
experiment, Y(NPQ) decreased and then increased throughout the 9 days of waterlogging,
but in the potting environment experiment, it showed a decrease and then an increase from
the beginning to the seventh day, and a rapid decrease was observed from the seventh to
the ninth day of waterlogging. This was consistent with the previous conclusion that the
variations in all photosynthetic parameters were advanced in the control experiment of
waterlogging stress in the potting environment. Furthermore, Y(NO) also demonstrated the
same variation as that observed in the field environment from the beginning of waterlogging
to the seventh day of waterlogging. From the seventh to the ninth day, there was a rapid
increase, indicating that by this time, the waterlogging environment had already caused
physiological damage to the peanut.

3.3. Variations in the Y(II) Characteristics of Different Sections of Peanut Leaves with Different
Periods of Waterlogging

In these experiments, it was observed that when peanuts were subjected to waterlog-
ging stress, the leaf cells exhibited a more pronounced response, manifesting as visible
yellowing of the leaves. The process of photosynthesis, which occurs primarily in the leaves,
involves the absorption of light energy and the subsequent execution of light reactions
within the leaf cells. Therefore, it is necessary to analyze the chlorophyll fluorescence
characteristics of the leaves. It was demonstrated that the actual photosynthetic efficiency,
Y(II), can serve as a reliable indicator of the light response characteristics of peanut plants
subjected to waterlogging stress. As presented in this section, we analyzed the Y(II) of dif-
ferent leaf sections to determine the most susceptible leaf sections when waterlogging stress
occurs. This analysis will provide a reliable theoretical basis for subsequent disaster control.

In Figure 4, the upper half depicts the distribution of Y(II) in the leaves of peanut plants
subjected to varying degrees of waterlogging stress in the field environment. The lower half
represents the distribution of Y(II) in the leaves of potted peanuts. In order to facilitate the
clear detection of the variation in the features at different locations, the leaves were divided
into five sections. Figure 5 illustrates the variations in the discrepancies in the Y(II) values
of the five sections of leaf and their mean values in the field and potting environments.

According to these figures, it can be observed that when peanuts were not experiencing
waterlogging stress in the field environment experiment, the leaf sections with the highest
Y(II) values were primarily located in the second, third, and fourth sections, indicating that
under normal conditions, peanut leaves perform photosynthesis in the second, third, and
fourth sections. At the beginning of the waterlogging stress (3 days), Y(II) was elevated in
all sections of the leaf, with minimal discrepancies among the five sections. This suggests
that 3 days of waterlogging stress is conducive to photosynthesis in peanuts, in line with
the conclusions previously drawn in this article. In the field environment, on the fifth day
of waterlogging, the Y(II) in all sections of leaves was also slightly higher than that of the
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control. At this time, the primary elevation in Y(II) was in the first to fourth sections. On
the seventh day of waterlogging, a significant decrease in Y(II) was seen in all sections of
the leaf. As shown in Figure 5, the Y(II) in the first and second sections of the leaf was
significantly lower than the Y(II) in several other sections. On the ninth day of waterlogging,
the Y(II) of the whole leaf also decreased, but at this time, the Y(II) of the third, fourth,
and fifth parts of the leaf was significantly lower than the Y(II) of the first and second
sections. This phenomenon indicates that when photosynthesis began to weaken, the first
and second sections of the leaf blade were the main sections weakening, and the magnitude
of the weakening was larger, while the third, fourth, and fifth sections of the leaf were
weakened to a lesser extent. As the duration of waterlogging stress increased, the Y(II) in
the third, fourth, and fifth sections of the leaves also began to show a significant decrease.
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Figure 4. Variations in the Y(II) of various sections of peanut leaves under different waterlogging
durations, with the first row representing the variations in the field environment experiment and
the second row representing the variations in the potting environment experiment. Each leaf was
divided into five sections, from the top to the bottom, with the first section located at the top of the
leaf and the fifth section at the bottom.

Agronomy 2024, 14, 2232  11  of  18 
 

 

 

Figure 4. Variations in the Y(II) of various sections of peanut leaves under different waterlogging 

durations, with the first row representing the variations in the field environment experiment and 

the second row representing the variations in the potting environment experiment. Each leaf was 

divided into five sections, from the top to the bottom, with the first section located at the top of the 

leaf and the fifth section at the bottom. 

 

Figure 5. Variations in the difference between the Y(II) values of the five sections of the leaf and the 

mean of the Y(II) of a whole leaf for different numbers of days of waterlogging, with (a) representing 

the variations in the field environment experiment and (b) representing the variations in the potting 

environment experiment. 

3.4. Variations in the Response of Peanut Biomass in Different Parts to Photosynthesis and 

Chlorophyll Fluorescence in the Field Environment Experiment 

The  results of  earlier  research  indicated  that  excess water  in  the field  experiment 

flowed horizontally and vertically in the soil of the field. Furthermore, the air circulation 

was  smoother  than  that  observed  in  the potted  environment. This kind  of  simulation 

experiment is more closely aligned with the continuous waterlogging environment that is 

caused by actual atmospheric precipitation. Consequently, in this section of the study, the 

relationship between biomass and both photosynthesis and fluorescence was investigated 

by examining the effects of waterlogging on the biomass of each part of the peanut. Due 

to the lack of sufficient surviving samples, the potting experiments were not considered 

in  this  section.  Figure  6  illustrates  two  sections:  one  displaying  variations  in  the 

Figure 5. Variations in the difference between the Y(II) values of the five sections of the leaf and the
mean of the Y(II) of a whole leaf for different numbers of days of waterlogging, with (a) representing
the variations in the field environment experiment and (b) representing the variations in the potting
environment experiment.



Agronomy 2024, 14, 2232 11 of 18

In the potting environment experiment, the Y(II) in all sections of the leaf was elevated
on the third day of waterlogging. However, Y(II) showed a significant decrease on the fifth
day, and the characteristics of the leaf were consistent with the seventh day of waterlogging
in the field environment experiment. The variation on the seventh day of waterlogging
in the potting environment experiment was consistent with that on the ninth day in the
field environment experiment. This phenomenon could prove that the characteristics of
the variations had advanced, and these conclusions are in agreement with those in the
previous section.

The variations in photosynthesis and chlorophyll fluorescence in each section of
the peanut leaf blades undergoing waterlogging stress exhibited certain patterns. In the
absence of waterlogging stress, the second, third, and fourth sections of the leaf primarily
engaged in photosynthesis. However, when the waterlogging stress began, the Y(II) of
each section increased, and the difference between the sections was not significant. Over
time, as the number of days of waterlogging stress increased, the differences between
the sections became more pronounced. As the duration of waterlogging stress increased,
the photosynthetic and chlorophyll fluorescence capabilities of each section of the leaf
blade declined. The Y(II) in the first and second sections of the leaf was the first to decline
on the seventh day in the field environment experiment and the fifth day in the potting
environment experiment. As the duration of waterlogging stress increased, the Y(II) in the
third, fourth, and fifth sections of the leaves also began to show a significant decrease.

3.4. Variations in the Response of Peanut Biomass in Different Parts to Photosynthesis and
Chlorophyll Fluorescence in the Field Environment Experiment

The results of earlier research indicated that excess water in the field experiment
flowed horizontally and vertically in the soil of the field. Furthermore, the air circulation
was smoother than that observed in the potted environment. This kind of simulation
experiment is more closely aligned with the continuous waterlogging environment that is
caused by actual atmospheric precipitation. Consequently, in this section of the study, the
relationship between biomass and both photosynthesis and fluorescence was investigated
by examining the effects of waterlogging on the biomass of each part of the peanut. Due to
the lack of sufficient surviving samples, the potting experiments were not considered in
this section. Figure 6 illustrates two sections: one displaying variations in the aboveground
weight and belowground weight, and the other displaying variations in the biomass of pods
and kernels. In this figure, the aboveground weight and belowground weight exhibited
an initial increase, followed by a subsequent decline. In detail, they had an upward trend
on the third and fifth days of waterlogging and reached their maximum levels on the fifth
day. Thereafter, they exhibited a downward trend, reaching their lowest levels on the ninth
day. This phenomenon indicated that water stress may facilitate the growth of roots, stems,
and leaves of peanuts during the beginning of waterlogging. However, on the seventh
day of waterlogging, the aboveground and belowground weights were significantly lower
than those observed on the previous days. This indicated that the peanuts were no longer
able to adapt to the waterlogging environment at this point in time and showed signs that
they were about to decline. The variation observed between the seventh and ninth days of
waterlogging was not significant. This indicates that the effect of waterlogging on peanut’s
roots, stems, and leaves has a threshold, as beyond a certain time and intensity, they will
decline. Consequently, the continuation of waterlogging will not have a great impact.

The variations in pod and kernel biomass with the number of days of waterlogging
stress were not quite the same as those of root, stem, and leaf biomass. From the begin-
ning of waterlogging to the third day, the values of pod weight, plump pod weight, and
kernel weight rose slightly and reached their maximum levels on the third day, recording
534.5 g·m−2, 475.5 g·m−2, and 363.8 g·m−2, respectively. However, from the third day of
waterlogging to the ninth day, there was a notable decline in all the pod-related parameters.
This phenomenon indicated that waterlogging stress beyond a certain duration had a
profound effect on the peanut pods. In contrast to the effects of waterlogging stress on
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root weight, leaf weight, and stem weight, the positive effects of waterlogging stress on
the growth of peanut pods were relatively minor. Conversely, the negative effects were
pronounced, and there were two declines in pod weight, plump pod weight, and kernel
weight. As the duration of waterlogging increased, the number of rotted pods exhibited a
corresponding increase. On Day 3 of waterlogging, no pods exhibited signs of rot, while on
Days 5–7, one plant exhibited signs of rot; at this point, the plump pod weight and kernel
weight started to decline. On Day 9 of waterlogging, the number of rotten pods increased
once more, accompanied by a significant reduction in the number and weight of plump
pods, with a weight reduction of 92 g·m−2.
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Figure 6. Variations in the biomass of various parts of peanut versus the number of days of waterlog-
ging duration in the field environment experiment.

Correlation analyses can be employed to gain a more detailed understanding of the
relationships among variations in the biomass of various parts of the peanut and variations
in the photosynthetic and chlorophyll fluorescence traits of peanuts. As previously demon-
strated, Pn and Y(II) are reliable indicators of physiological traits that provide insight into
the impact of waterlogging on peanut’s photosynthetic characteristics. Therefore, this
section will analyze the correlations using the parameters of Pn and Y(II) as indicators.

As illustrated in Figure 7, aboveground weight had a high correlation with below-
ground weight, but it showed a negative correlation with the other parameters. The
correlation between pod weight and plump pod weight, the correlation between pod
weight and kernel weight, and the correlation between plump pod weight and kernel
weight were high, with values of 0.92, 0.99, and 0.94, respectively. The correlation between
Pn and aboveground weight was 0.41, while the correlation with belowground weight
was 0.99. The correlation with belowground weight was significantly greater than that
with aboveground weight. Meanwhile, Y(II) showed the same result, with a correlation
of 0.5 with aboveground weight and 0.7 with belowground weight. This suggested that
photosynthesis is influenced by the number of days of waterlogging, with the greatest
impact on belowground weight. The correlation between Pn and the three parameters of
pod weight, plump pod weight, and kernel weight was 0.7, 0.8, and 0.64, respectively, and
the correlation between Y(II) and these three parameters was 0.38, 0.7, and 0.41, respectively,
indicating that variations in photosynthesis mainly affected variations in the pods. The
correlation with plump pod weight was the highest, higher than that of pod weight and
kernel weight, indicating that the most serious impact was on the plump pod weight. In
conjunction with the results in Figure 6, it can be observed that when waterlogging persists,
the plump pod weight decreases to a greater extent, and concurrently, rotten pods begin to
appear. This indicates that prolonged periods of waterlogging have a detrimental impact
on photosynthesis, which, in turn, affects the quality of the pods.



Agronomy 2024, 14, 2232 13 of 18

Agronomy 2024, 14, 2232  13  of  18 
 

 

variations  in  the  photosynthetic  and  chlorophyll  fluorescence  traits  of  peanuts.  As 

previously demonstrated, Pn and Y(II) are reliable indicators of physiological traits that 

provide  insight  into  the  impact  of  waterlogging  on  peanut’s  photosynthetic 

characteristics. Therefore, this section will analyze the correlations using the parameters 

of Pn and Y(II) as indicators.   

As  illustrated  in  Figure  7,  aboveground  weight  had  a  high  correlation  with 

belowground weight, but it showed a negative correlation with the other parameters. The 

correlation between pod weight and plump pod weight, the correlation between pod weight 

and kernel weight, and the correlation between plump pod weight and kernel weight were 

high, with  values  of  0.92,  0.99,  and  0.94,  respectively. The  correlation  between  Pn  and 

aboveground weight was 0.41, while the correlation with belowground weight was 0.99. 

The  correlation  with  belowground  weight  was  significantly  greater  than  that  with 

aboveground weight. Meanwhile, Y(II) showed  the same result, with a correlation of 0.5 

with  aboveground  weight  and  0.7  with  belowground  weight.  This  suggested  that 

photosynthesis  is  influenced  by  the number  of days  of waterlogging, with  the  greatest 

impact on belowground weight. The correlation between Pn and the three parameters of 

pod weight, plump pod weight, and kernel weight was 0.7, 0.8, and 0.64, respectively, and 

the correlation between Y(II) and these three parameters was 0.38, 0.7, and 0.41, respectively, 

indicating  that variations  in photosynthesis mainly  affected variations  in  the pods. The 

correlation with plump pod weight was the highest, higher  than that of pod weight and 

kernel weight,  indicating that the most serious impact was on the plump pod weight. In 

conjunction with the results in Figure 6, it can be observed that when waterlogging persists, 

the plump pod weight decreases to a greater extent, and concurrently, rotten pods begin to 

appear. This indicates that prolonged periods of waterlogging have a detrimental impact on 

photosynthesis, which, in turn, affects the quality of the pods.   

 

Figure  7.  Correlations  among  the  biomass  of  various  parts  of  peanuts,  Pn,  and  Y(II)  under 

waterlogging in the field environment experiment. 
Figure 7. Correlations among the biomass of various parts of peanuts, Pn, and Y(II) under waterlog-
ging in the field environment experiment.

4. Discussion

This article presents an investigation of the changes in the photosynthetic, chlorophyll
fluorescence, and biomass characteristics of peanuts under different durations of water-
logging by conducting field simulation experiments and pot experiments of waterlogging.
The present study demonstrated that the growth status of peanuts exhibited an increase
and a subsequent decrease with an increase in the number of days of waterlogging in both
experimental modes. The results were consistent with those of previous studies. Zeng
et al. [18] conducted a series of experiments treating three different ecotypes of peanut
varieties with varying durations of waterlogging at specific stages of growth. The results in-
dicated that 5 days of waterlogging promoted the accumulation of stem and leaf dry matter
and photosynthesis, while 15 days of waterlogging was detrimental to the accumulation of
plant dry matter. Qingrong et al. [35] investigated the impact of the waterlogging duration
on peanut yield. The findings revealed that 3–5 days of waterlogging had a beneficial effect,
promoting the accumulation of dry matter. However, as the duration of waterlogging
increased, there was a notable decline in the accumulation of dry matter. Under conditions
of waterlogging, ethylene accumulates in large quantities and plays a pivotal role in the
plant’s response to the associated stress. Under normal conditions, gaseous ethylene is
produced in the plant’s body and diffuses rapidly into the environment, thus ensuring a
low level of ethylene in the body. However, the low solubility of ethylene in water leads
to the accumulation of ethylene under waterlogging stress, which is difficult to eliminate
from the body, and it rapidly reaches physiological saturation [36]. The accumulation of
the ethylene response factor (ERF) serves to further activate the expression of downstream
target genes, thereby promoting the plant’s response and adaptation to stress [37,38]. This
physiological feature was probably responsible for promoting the elevated photosynthesis
observed in peanuts on Day 3. Sharma et al. [19] used long-term waterlogging experiments
on peanuts and revealed a significant reduction in total dry mass, total leaf area, total leaf
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number, and various fluorescence parameters. With the prolongation of waterlogging,
the plants exhibited signs of leaf wilting, yellowing, and abscission, and the reduction in
photosynthesis became more pronounced. The phenomenon in question can be attributed
to the fact that prolonged waterlogging leads to a decrease in the oxygen content of the soil,
which can easily cause damage to plant cells. This damage can then accelerate and deepen
the damage to plant organs, potentially leading to irreversible functional disorders.

In the field environment experiments and potting environment experiments, several
physiological parameters exhibited different variations with an increase in the number
of days of waterlogging. If we compare the Pn of peanuts in the field environment and
in pots, the time of the extreme point of the Pn was not exactly the same. The reason for
this is that in the field environment experiment, the water in the soil can be transferred
to other parts, and the soil will have a larger oxygen content. On the contrary, in the pot
environment experiment, the physical isolation of the pots prevented the transfer of water
and evaporation, resulting in relatively weak water infiltration of the soil, which led to a
higher waterlogging intensity than in the field environment. This fact was reflected by how
the saturation point of photosynthesis in the potting environment appeared earlier than that
in the field environment. The Gs in the field environment experiment was also significantly
different from that in the potting environment experiment. This was due to the fact that the
potting environment was more occluded, the air flow rate was lower, and the plants needed
to open their stomata wider and increase the gas exchange rate more quickly in order to
meet their photosynthetic demand. A comparable outcome was observed in wheat. Lee [39]
discovered through his study that waterlogging during the filling period enhanced the
photosynthetic capacity of wheat leaves. This phenomenon was attributed to the rise in leaf
Gs and chlorophyll content under the waterlogging scenario, which effectively augmented
the Pn and the efficiency of carbon dioxide utilization. The Ci in the two experimental
scenarios showed different trends of variation, where the Ci in the field environment
experiment was mainly influenced by Pn, and the Ci in the potting environment experiment
was mainly influenced by Gs. The reason for this phenomenon was that in the field
environment experiment, Gs did not change much, and it was only on the fifth day that
it suddenly increased and rapidly decreased, which resulted in the stomatal conductance
not being able to influence the concentration of intercellular carbon dioxide. However, in
the potting environment experiment, Gs changed significantly and was the main factor
influencing Ci. Tr showed the same trends in both of the experiments. However, in the
potting environment experiment, from the seventh to ninth day of waterlogging stress,
the Tr also started to decrease rapidly because of the significant decrease in Gs. In the
field environment experiment, the Tr did not change, and this was because the Gs did not
change either. This phenomenon was also recognized by Jackson [40] in 1979.

Chlorophyll fluorescence technology is a valuable tool for rapidly understanding
the changes in the physiological characteristics of crops subjected to waterlogging stress
by offering insights into multiple parameters [41,42]. In this study, several chlorophyll
fluorescence parameters (Y(II), Y(NPQ), Y(NO), and ETR) were selected to characterize
the physiological variations in peanut plants exposed to waterlogging stress. Among
these parameters, Y(II) and ETR demonstrated the greatest sensitivity to variations in
the photosynthetic reaction rate of peanut plants subjected to waterlogging. This same
regulation was also observed in the studies by Martinazzo et al. [43] and Janka et al. [44]. As
the intensity and duration of waterlogging increased, plant cells were damaged. The value
of Y(NO) can be used to indicate the extent of cell damage caused by excess light energy
when waterlogging occurs. When a plant is subjected to stress, it initiates a protective
mechanism that converts excess light energy into heat energy for dissipation. This process,
known as non-photochemical quenching Y(NPQ), reflects the variation in the strength of
the plant’s self-protective mechanism [45]. The two experimental models also showed some
differences in the changes in chlorophyll fluorescence. In the field environment experiment,
the value of Y(II) was found to be greater than that of the control on the third, fifth, and
seventh days. In the potting environment experiment, the value of Y(II) was found to
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be greater than that of the control only on the third day. In comparison with the field
environment experiment, the effect of waterlogging on the promotion of photosynthesis in
the potting environment experiment was shortened in duration. This phenomenon can be
attributed to the fact that in the field environment experiments, the water in the soil can be
transferred to other areas, resulting in a relatively low intensity of waterlogging.

In this study, we analyzed the variations in the physiological characteristics of different
sections of the leaf by observing the variations in the Y(II) of different sections of the
leaf during the occurrence of waterlogging. It was found that under normal conditions,
peanut leaves mainly photosynthesize in the second, third, and fourth sections. When
the waterlogging stress started, the photosynthetic efficiency of each section was elevated,
and the differences among the sections were not significant. Then, with an increase in the
duration of waterlogging, the Y(II) of each section of the leaf began to decrease. The order
of the decrease in Y(II) started in the first and second sections, then the third, fourth, and
fifth sections. Similarly, an examination of the results of the experiments conducted in
two distinct modes revealed that that photosynthesis in peanut plants reached saturation
at a more rapid rate in experiments conducted in potting environments with an elevated
waterlogging intensity. Furthermore, this variation occurred one stage earlier than in the
field environment experiment. As illustrated in Figures 4 and 5, the change observed in
the field environment after five days coincided with the change observed in the potted
environment after three days. Similarly, the change observed in the field environment
after seven days coincided with the change observed in the potted environment after five
days, and the change observed in the field environment after nine days coincided with the
change observed in the potted environment after seven days.

Photosynthates are transported to storage organs mainly in the form of sucrose via the
phloem [46]. It is evident that any impairment to the photosynthetic process of a crop will
inevitably result in a decline in the biomass of the crop [47,48]. Zeng et al. [18] demonstrated
that the impact of waterlogging stress on yield increased with the duration of waterlogging.
The yield loss was primarily attributed to a reduction in the number of total and full pods.
Stasnik et al. [49] found that waterlogging significantly reduced the number and weight
of pods per plant, which ultimately led to a decline in the productivity of peanuts. This
phenomenon can be attributed to the fact that under stress, the photosynthetic products
synthesized by plant leaves may not be efficiently transported to the pods, resulting in a
reduction in the number of pods [23,24]. In addition, prolonged waterlogging conditions
can lead to pods rotting in the soil or needle failure, resulting in a significant reduction
in the quality of peanuts [50]. The findings of this study indicated that the variations in
root, stem, and leaf biomass under waterlogging stress were not quite the same as those of
pod and kernel biomass. During the beginning of the waterlogging period, the presence
of excess water promoted the growth of peanut roots, stems, and leaves. However, as the
duration of waterlogging increased, the promoting effect changed to an inhibiting effect,
which negatively impacted the growth and development of peanuts. However, the effect
of waterlogging on pods was inhibitory from the outset. At 5 days of waterlogging, the
number of rotten pods began to increase, accompanied by a significant decrease in the
weight of plump pods at this stage. Such a phenomenon became increasingly severe with
the duration of waterlogging.

5. Conclusions

The variations in the photosynthesis, chlorophyll fluorescence, and biomass character-
istics of peanuts under different durations of waterlogging were investigated through a
waterlogging disaster simulation experiment in the field environment and a waterlogging
stress control experiment in the potting environment. It was observed that when waterlog-
ging occurred in the early stages of growth, it had a beneficial effect on the development
of the peanut plant. However, as the duration of waterlogging increased, the physiologi-
cal indexes of the peanut plant, including its photosynthetic rate, began to decline. This
resulted in impaired growth, with the effect of waterlogging on pods being particularly
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pronounced. Differences between the two different experimental models were found, as
the circulation of water in the potting environment was not smooth, so the waterlogging
intensity was higher than in the field environment experiments, which resulted in the
effect of waterlogging being advanced by one stage in the potting environment experiment.
Furthermore, this study found variations in the physiological characteristics of leaf sections
under waterlogging conditions by measuring the Y(II) in different sections of the leaf
with the novel M-Series IMAGING-PAM fluorescence imaging system. The research in
this article can help us better understand the mechanism of waterlogging damage, clarify
the regulatory feedback processes of peanuts, and provide a theoretical basis for disaster
prevention and mitigation.
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