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Abstract: In humid climates, waterlogging from excessive rainfalls can be a major limiting factor
for soybean production, particularly during the reproductive stage. However, there is a limited
understanding of how soybean growth and physiology respond to waterlogging during this critical
stage. Here, we investigated the effects of waterlogging and subsequent reoxygenation on the growth,
physiology, yields, and leaf hyperspectral reflectance traits of the soybean cultivar ‘Asgrow AG5332’.
The crop was grown to stage R1 (initial flowering) in outdoor pot culture conditions, and then
waterlogged for 16 days. The flooded pots were drained and continuously monitored for recovery
for an additional 16 days. The results showed that soil oxygen levels declined rapidly to zero in
about 5 days after waterlogging, and slowly recovered in about 5–16 days. However, it did not reach
the same level as the control plants, which maintained an oxygen concentration of 18%. Increasing
waterlogging duration negatively affected leaf chlorophyll index, water potential, and stomatal
conductance, with a consequent decline in the photosynthetic rate. Further, decreased photosynthetic
rate, leaf area, and mineral nutrients resulted in lower biomass and seed yield. Pod dry weight
and leaf number were the most and least sensitive parameters, respectively, decreasing by 81% and
15% after 16 days of waterlogging. Waterlogged plants also had higher reflectance in the PAR, blue,
green, and red regions, and lower reflectance in the near-infrared, tissue, and water band regions,
indicating changes in chemistry and pigment content. The current study reveals that the soybean
crop is susceptible to waterlogging during the reproductive stage, due to poor recovery of soil oxygen
levels and physiological parameters. Understanding and integrating the growth, physiology, and
hyperspectral reflectance data from this study could be used to develop improved cultivars to ensure
the stability of soybean production in waterlogging-prone areas.

Keywords: soybean; biomass; leaf gas exchange; photosynthesis; leaf reflectance; nutrient deficiency;
hypoxia; recovery

1. Introduction

Soybean [Glycine max (L.) Merr.] is one of the essential food legumes, accounting for
65% of the global protein supply [1]. It has been extensively grown worldwide, with an esti-
mated production of 353.35 million tonnes, and a total harvest area of 1.27 million km2 [2].
Soybeans significantly impact the sustainability of the U.S. agricultural economy, second
only to corn [3]. Previous studies have established the nutritional and health benefits of
soybeans in terms of proteins, minerals, fiber, fats, vitamins, and other elements essential
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to good health [4,5]. They also contain immunogenic components, such as isoflavones,
which have anticancer properties [6,7]. In the U.S., soybeans are adapted to various soil and
environmental conditions due to their agronomic plasticity, high yield potential, and eco-
nomic value [8,9]. However, soybean growth and development are hampered by periodic
waterlogging at all developmental growth stages [10,11]. Waterlogging has been ranked
second after drought, causing over 50% yield reduction in soybeans [11]. The geospatial
data collected by the United States Department of Agriculture show the mid-southern
U.S. as an above average flood-prone soybean production area [12]. Moreover, with rapid
climate change, heavy precipitation events are projected to increase by about 7% for every
1 ◦C increase in global warming, leading to increased flood hazard severity (high confi-
dence) [13]. Therefore, there is a growing need to understand how soybeans respond to
waterlogging, to prevent or reduce its impact on crop productivity and yield.

Soil waterlogging rapidly depletes oxygen levels in the soil by causing gas exchange
104 times slower in waterlogged soil than in well-drained soil [14,15]. Consequently, water-
logged soil’s redox potential decreases significantly [16], resulting in hypoxia or anoxia,
adversely affecting plant growth and development [17]. Under hypoxic or anoxic con-
ditions, plant root metabolism changes from aerobic to anaerobic respiration, producing
insufficient plant energy [18]. Thus, a flood-impaired root system alters leaf physiology,
including chlorophyll concentration, stomatal conductance (gs), transpiration rate (E), net
photosynthetic rate (Pn), and plant growth and development, and ultimately leads to
reduced crop yields [19–21]. In addition, waterlogging can lead to increased CO2 concen-
trations in the plant root zone, and decreased hydraulic conductance, resulting in the rapid
closure of stomata [22]. Previous studies have reported that poor pod formation, reduced
seed yield, and plant mortality are the damaging effects of chlorophyll degradation and
stomatal closure when soybeans are flooded [10,20,23]. Waterlogging-tolerant soybeans can
exhibit specific adaptations, such as aerenchyma formation and adventitious roots [24,25].
Therefore, unraveling the mechanistic responses that lead to waterlogging tolerance in
soybean is critical to helping current breeding programs aimed at integrating waterlogging
tolerance with improved yield.

Waterlogging stress has been revealed to significantly reduce seed yield by 40–80% in
soybeans, depending on the growth stage, cultivar, waterlogging duration, and
depth [11,26,27]. A recent quantitative review of 54 studies on the effects of soil wa-
terlogging on soybeans at different developmental stages revealed that soybeans are most
sensitive to waterlogging in the early reproductive stages (R1-R3) [11]. They also suggested
that waterlogging events, after flowering, could alter pod formation and seed development
by accelerating leaf senescence and nitrogen deficiency. Nitrogen deficiency in soybean
leaves can be explained by the loss of 35–50% chlorophyll pigment when subjected to
waterlogging, which slows the plant’s recovery after waterlogging [11,28]. The ability of
waterlogged plants to recover when soil growth conditions are drained is also critical for
yield. Therefore, studying the response of soybean during waterlogging and reoxygenation
can be an effective technique for selecting tolerant cultivars for yield during the repro-
ductive stage. This study is the first to quantify waterlogging effects of soybean during
the reproductive stage and, along with soil O2 concentrations, could be used to develop
functional algorithms.

Remote sensing has been used to develop indicators of crop growth, nutrient status,
and yield development [29]. Remote sensing plays a significant role in monitoring various
changes in the climate and physical environment, and assessing the biodiversity large
areas. It is also used in monitoring threats to various components of natural systems.
The most primitive applications of local remote sensing in forestry and agriculture have
shown that chlorophyll in plants has a distinct, readily detectable spectral signature in
the visible and near-infrared portions of the electromagnetic spectrum [30]. Previous
studies have shown that crop spectral reflectance can be used to estimate plant growth
and physiology [29], assess plant nutrient status [31], detect environmental stresses [32],
and predict crop yields [33]. However, leaf spectral reflectance properties have not been
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explored when assessing soybean responses to waterlogging, emphasizing the importance
of applying remote sensing to detect waterlogging tolerance in soybeans.

In mid-southern Mississippi, continuous rainfall due to climate change has led to
waterlogging and soil inundation, which has left soybeans flooded for days or weeks,
under the current management practices. However, recent research lacks studies exploring
the quantitative relationship between soybean reproductive growth and development in
response to waterlogging and recovery. Hence, this experiment subjected soybean plants
to 16 days of waterlogging and recovery at the R1 growth stage. This study aimed to
(1) quantify the response of soybean growth and development to waterlogging stress at the
reproductive stage, (2) monitor the recovery process from stress-induced damages or varia-
tions in soybean plants based on remote sensing data, and (3) evaluate the physiological
responses and changes in metabolism, chemical composition, and mineral concentration of
waterlogged soybean plants. We hypothesized that: (1.) waterlogging exposure to soybean
during the R1 stage would reduce crop yield and nutritional quality, and (2.) remote
sensing and hyperspectral reflectance could be used to identify and quantify flood damage
to the exposed soybean plants.

2. Materials and Methods
2.1. Growth Conditions and Plant Materials

This study was conducted at the Rodney Foil Plant Science Research Center of Missis-
sippi State University, USA, from 31 May to 18 August 2017. As part of the experiment, we
grew the Asgrow AG5332 soybean cultivar in white PVC pots with a diameter of 42.6 cm
and a height of 30.6 cm. The pots contained 500 g of gravel at the bottom and were filled
with sandy loam soil (87% sand, 2% clay, and 11% silt) to a depth of 2.5 cm. Four soybean
seeds were planted in each pot, and after 8 days, the seedlings were thinned to one plant
per pot. The pots were kept under a hoop house to maintain consistent experimental
conditions, avoiding external influences such as rainfall, transpiration, and temperature
fluctuations. To simulate waterlogging treatment, the soil water level was held at 3 cm
above the substrate. The pots were arranged in a randomized complete block design, with
15 plants per replication for each treatment.

2.2. Waterlogging Treatments

At 34 days after sowing (DAS) during the early flowering period (R1 stage), soybean
plants were assigned to two experimental treatments: a control group and a waterlogging
treatment group. Both groups were replicated 15 times and irrigated with a full-strength
Hoagland nutrient solution, containing the required macronutrients and micronutrients for
plant growth [34] for 34 days under optimal water conditions. Waterlogging treatment was
imposed for 16 days, and then the waterlogged pots were drained and continuously monitored
for recovery for the next 16 days. The irrigation system was designed to consist of a network
of plastic pots and arrayed drippers to irrigate the seedlings. All of the plants were adequately
irrigated thrice daily at 4 h intervals (8:00 am, 12.00 noon, and 4.00 pm). The average ambient
air temperature during the experimental window was 27.6 ± 1.7 ◦C standard error of the
mean (S.E.) and the average solar radiation was 20.64 ± 1.68 MJ m−2 d−1 S.E.

2.3. Physiological Measurements

Apogee SO-110 soil oxygen sensors (Apogee Instruments, Inc., Logan, UT, USA)
were randomly implanted to continuously monitor soil oxygen concentrations throughout
the experiment [35]. The canopy or leaf temperature of flooded and control plants was
monitored throughout the experiment using a canopy thermometer [36]. The third trifoliate
leaf from the top was removed and preserved in an ice-packed cooler to prevent loss of
water content. A few minutes after detaching the leaf from the plant, pressures were read,
and leaf water potential was determined using a pressure chamber (Plant Moisture Stress
(PMS) Instrument, Corvallis, OR, USA).
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Net photosynthesis rate (Pn), stomatal conductance (gs), leaf transpiration rate (E),
the ratio of internal and external CO2 (Ci/Ca), and electron transport rate (ETR) were
monitored during and after waterlogging for the next 16 days [37]. These physiological
parameters were measured on the uppermost fully expanded leaf at intervals throughout
the treatment period, using the open gas exchange system LI-6400 portable photosynthesis
system (LI-COR Inc., Lincoln, NE, USA). Plants were harvested 66 days after sowing (DAS).
The ratio between Pn and gs was used for calculating the intrinsic water use efficiency
(WUE) [37].

After 16 days of treatment, a Dualex® scientific polyphenols (FORCE-A, Orsay, France)
device was clipped onto the second most fully developed soybean leaf across treatments,
to obtain the chlorophyll index in the mesophyll, flavonoids, anthocyanin in the epidermis,
and nitrogen balance index (NBI) [35]. The NBI shows the plant’s nitrogen status by
utilizing the proportion of chlorophyll and flavonoid units in its leaves. The chlorophyll
was evaluated as the ratio of the leaf transmission of near-infrared and red wavelengths.
The flavonoids and anthocyanin indices are based on measuring chlorophyll fluorescence,
while the NBI is a ratio between chlorophyll and flavonoid indices [35].

2.4. Leaf Hyperspectral Reflectance

Leaf hyperspectral reflectance was measured on the leaves by an ASD field spectro-
radiometer (Analytical Spectral Devices Inc., Boulder, CO, USA), with a spectral range of
350–2500 nm and a 1 nm sampling interval [38]. The fully expanded main stem leaves were
measured because of their association with the reflectance of critical leaf-blade, chlorophyll,
and N concentrations [38]. A fiber-optic input socket and the contact reflectance probe with
an internal light source were used to measure the leaf reflectance spectra. The reflectance
was measured on the adaxial side of the leaves and placed on top of a black polyurethane
background. The reflectance of the ASD instrument was set to 100% by measuring the
spectral reflectance on the reference panel. The white reference (reference panel) was
measured at 5 min intervals to ensure instrument constancy for 100% reflectance. The
leaf was placed between the light probe and the nonreflective polyurethane black body to
measure the reflectance. This confirmed that no extra light penetrated the sensor during
these measurements. The reflectance values were averaged in the spectral regions 400–700
(photosynthetically active radiation; PAR), 400–520 (blue), 520–600 (green), 630–690 (red),
760–900 (near-infrared), 900–1350 (tissue reflectance), and 1600–1850 nm (water band).

2.5. Growth and Reproduction Measurements

After 16 days of waterlogging treatment, and 16 days of draining the flooded pots,
morphological parameters such as plant height, node numbers, pod numbers, and leaf
area were determined on 15 plants in each treatment. At the final harvest, leaf areas were
measured using the LI-3100 leaf area meter (LI-COR, Inc., Lincoln, NE, USA) [35]. The
distance between the main stem apex and the substrate surface was measured as the plant
height increased. The soybean plants were divided into shoot and root, and the root-to-
shoot ratio was calculated upon harvesting. The plant leaves, stems, roots, and pods were
dried in a forced air agronomy drier at 75 ◦C for 48 h, and the dry weights were then
estimated and expressed in g plant−1. Pod production efficiency was assessed as the dry
weight of the pod per total plant dry weight (g kg−1).

2.6. Nutrients Analysis

The dried and ground soybean samples were used to determine the concentration
of minerals and nutrients in the leaf tissue using the method outlined by Nelson and
Sommers [36]. Four replications of each treatment were collected for mineral analysis. For
N concentration, 0.2 g of dried soybean samples were digested with H2SO4, following the
standard Kjeldhal protocol [39], using an automatic nitrogen distillation system. To estimate
other elements, 0.1 g of dried samples were digested with HNO3 and HClO4. The digest was
filtered, and deionized water was added to make the final volume 50 mL. Mg, Mn, Cu, Zn,
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and Fe concentrations were measured using an atomic absorption spectrophotometer, while
Ca and K concentration was determined by a flame photometer. The P concentration was
measured using a UV–vis spectrophotometer at a wavelength of 690 nm. The concentrations
of N, P, K, Ca, and Mg in the leaf samples were expressed as a percentage (%), and the
concentrations of Fe, Mn, Zn, Cu, and Bo were expressed as parts per million (ppm). The
transport and accumulation of nutrients in ground samples were expressed in µmol g−1

dry weight units.

2.7. Statistical Analysis

The study followed a completely randomized design, and data were analyzed using
the SAS statistical procedure PROC ANOVA and Fisher LSD test at p < 0.05 [40]. Standard
errors (mean ± S.E.) of three replications were calculated, with each replication being a
mean of 15 plants from each treatment, including control and flooded. Graphs were plotted
using Sigma Plot 13.0 to present the waterlogging and recovery phases of the treatments.
The percentage difference between the treatments during days of waterlogging (DOW) and
recovery (DOR) was calculated for growth, canopy temperature, physiological parameters,
and nutrient concentration, using the formula below:

((waterlogged − control))/control ∗ 100

3. Results
3.1. Soil Oxygen Concentration

The results of this study demonstrate a significant decline in soil oxygen concentration
in response to waterlogging treatment. Analysis of the data revealed that oxygen depletion
occurred in four distinct phases. During the first phase, referred to as hypoxia, oxygen
levels decreased gradually at a rate of 3.55% day−1, r2 = 0.96. It took 4.4 days for the levels
to stabilize (second phase). During the second phase, oxygen levels reached complete
anoxia (zero concentration) at a rate of 1.76% day−1, r2 = 0.73 (Figure 1). This level was
sustained throughout the 16 days of the waterlogging treatment. Following the treatment,
between 16 and 20 days (third phase), oxygen levels began to recover steadily at a rate of
0.23% day−1, r2 = 0.64, and gradually increased over the next 21–32 days. However, at the
final stage, the waterlogged plants did not recover to the same level as the control, which
maintained an average of 18% oxygen concentration throughout the experiment. These
findings provide important insights into the dynamics of soil oxygen concentration during
waterlogging, and highlight the potential impacts of waterlogging on soybean health and
growth.

3.2. Leaf Gas Exchange Parameters

The present study investigated the impact of waterlogging treatment and duration
on various leaf gas exchange parameters in soybean plants. The results showed that
the interaction between waterlogging treatment and time significantly affected all of the
measured parameters, except water use efficiency (Table 1).

The Pn of the waterlogged soybean plants decreased gradually over time, reaching
an average of 18 µmol m−2 s−1, significantly lower than the average of 40 µmol m−2 s−1

maintained by the control plants over the 32 day treatment period (Figure 2A). This
reduction in Pn was most pronounced after 16 days of waterlogging, where a 42% reduction
was observed. However, following the cessation of the waterlogging treatment, the Pn of
the plants rapidly recovered to 38 µmol m−2 s−1 within 2 days.
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Figure 1. Soil oxygen concentration across waterlogging and control treatments during the experi-
mental period of 32 days. The arrow indicates the day that waterlogging treatment was stopped, and
the recovery period started.

Table 1. Analysis of variation across the waterlogging treatment, the time during waterlogging
treatment, and the interaction between treatment and time for soybean physiological traits at the
reproductive stage.

Parameters. Treatment Time Treatment * Time

Photosynthesis (µmol m−2 s−1) *** *** ***
Stomatal conductance (mol CO2 m−2 s−1) *** *** ***

Electron transport rate (µmol electron m−2 s−1) *** *** ***
Transpiration rate (mmol H2O m−2 s−1) *** *** ***

The ratio of internal to external CO2
concentration (unitless) *** *** ***

Water use efficiency (µmol CO2 mmol−1 H2O) * ns ns
Canopy temperature (◦C) *** *** ***

Chlorophyll content (µg cm−2) *** *** ***
Flavonoid index *** ns **

Anthocyanin index *** *** ***
Nitrogen balance index *** *** ***

*, **, *** indicate a significance at p ≤ 0.1, 0.01, and 0.001 levels, respectively, and ns indicates nonsignificance.

The gs of the waterlogged plants was also severely reduced compared to the control
plants (0.98 mol m−2 s−1), reaching a low of 0.30 mol m−2 s−1 within 2 days of the treatment
(Figure 2B). However, after the termination of the experiment, the stomatal conductance
of the waterlogged plants recovered to the control level of 1.2 mol m−2 s−1 within 6 days,
which suggests that the stress factor was alleviated.
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Figure 2. Influence of waterlogging on soybean plants: (A) net photosynthetic rate (Pn), (C) stom-
atal conductance (gs), and (E) transpiration rate measured during the waterlogging treatment and
(B) photosynthesis, (D) stomatal conductance, and (F) transpiration expressed as a function of soil
oxygen concentration (%) using both the treatments data. The graph shows the day that waterlogging
treatment stopped, and the recovery period started, at 16 days.

Similarly, the E of the waterlogged soybean plants was significantly affected, with a
51% reduction compared to the control plants after 16 days of waterlogging (Figure 2C). The
E of the waterlogged plants also decreased, but recovered rapidly within 2 days of draining,
reaching an average of 12.4 mmol m−1. In contrast, the control plants had an average of
13.8 mmol m−1 throughout the 32 day treatment period. These results demonstrate the
negative impact of waterlogging on soybean leaf gas exchange parameters, which could
affect the growth and yield of the plants.

The average ETR of both control and waterlogged plants was 225 mol m−2 s−1, with a
percentage decrease of 21.6% in waterlogged soybean compared to control. Specifically,
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waterlogged soybean plants showed an average ETR of 175 mol m−2 s−1 within the 16 days
of waterlogging. Still, they recovered to almost control levels, with an average ETR of
224 mol m−2 s−1, within 2 days of flood termination. This recovery was observed despite
the significantly reduced soil oxygen concentration (r2 = 0.62, Figure 3A).
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Figure 3. Influence of waterlogging on soybean plants: (A) electron transport rate (ETR), (C) water
use efficiency (WUE), (E) ratio of internal and external CO2 concentration (Ci/Ca) measured during
the waterlogging treatment, and (B) photosynthesis, (D) water use efficiency, and (F) ratio of internal
and external CO2 concentration (Ci/Ca) expressed as a function of soil oxygen concentration using
both the treatments data. Each value is the mean of 15 measurements and S.E. (n = 15). The arrow
indicates the day flood treatment stopped, and the recovery period started.

Furthermore, the analysis of variance (Table 1) showed that 16 days of waterlogging
treatment slightly improved the WUE of soybeans, as observed by the Ci/Ca. Specifi-
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cally, under the 16 days of waterlogging, the Ci/Ca for flooded plants gradually reduced
from 0.83 to 0.6 mol−1, and recovered to almost normal levels observed in control plants
(0.82 mol−1) within the next 4 days after the waterlogging treatment was stopped. This
recovery was observed despite significantly reducing soil oxygen concentration (r2 = 0.77,
Figure 3C).

3.3. Mineral and Nutrients Analysis

Waterlogging had a significant impact on several nutrient concentrations. Specifically,
the 16 day waterlogging treatment reduced the concentration of N, Mg, and Ca by 16%,
25%, and 2%, respectively, compared to the control (Table 2). In contrast, P, K, Fe, Mn,
Zn, Cu, and Bo concentrations significantly increased in flooded plants relative to control
plants.

3.4. Leaf Temperature and Plant Pigments

The leaf chlorophyll index of waterlogged soybeans was reduced by 40% after 16 days
of flooding, compared to the control plants (Figure 4A). The leaf temperature of waterlogged
plants increased to 39 ◦C, significantly higher than the average temperature of 32 ◦C in
control plants (Figure 4A). Furthermore, flood stress led to a decrease in the nitrogen
and carbon concentrations in the leaf tissue. The average NBI of the flooded plants was
20 µg cm−2, compared to the control plants’ 38 µg cm−2, and did not return to normal
levels after the flood treatment ended (Figure 4A).

Waterlogging also created a nitrogen deficiency condition, increasing the flooded
plants’ flavanol concentration. The leaf water potential in the control plants was −1.1 MPa,
compared to approximately −2.0 MPa in the waterlogged plants. Although there was a
negligible difference between the anthocyanin index of both control and flooded plants
(Figure 4B), the flavanol index in waterlogged soybean plants was approximately 1.3
compared to 0.9 in control plants.

3.5. Growth, Development, and Biomass Components

The growth and yield parameters of soybean were significantly impacted by water-
logging (Table 3). The plant height and leaf area decreased by 21% and 70%, respectively.
The leaf, stem, root, and pod dry weights were also reduced by 67%, 67%, 57%, and 80%,
respectively, after 16 days of waterlogging (Table 3). The flooded plants had 79% fewer
pods, and their pod production efficiency was reduced by 44% compared to the control
plants. Furthermore, under waterlogged conditions, the dry matter was primarily allocated
to the shoot, resulting in a 49% increase in shoot growth compared to root growth. Addi-
tionally, the ratio of pod number to total dry weight decreased by 34% due to waterlogging
(Table 3).

3.6. Remote Sensing Parameters

The spectral characteristics of soybean leaves were altered under waterlogged condi-
tions, as shown by the changes in reflectance values in different regions of the hyperspectral
curve (Figure 5). Even though, the patterns of reflectance showed similar trends between
the control and waterlogged treatment, the peaks and valleys of the percent reflectance
varied over the range of the reflectance spectral regions (Figure 5). These changes indicate
alterations in the chemistry and pigment content of the leaves. The results provide insight
into the relationships between photosynthesis, leaf tissue, and water status in soybean
plants. Additionally, the three absorption spectra of water (1400–1500 nm, 1900–2000 nm,
and 2450–2500 nm) were within the shortwave infrared region of the hyperspectral re-
flectance (Figure 6), which suggests that water content in the leaves can be detected using
hyperspectral imaging techniques (Figure 6). Compared to control plants, waterlogged
plants exhibited higher reflectance values of 6%, 4%, 9%, and 6% in the PAR, blue, green,
and red regions, respectively, and lower reflectance values of 55%, 43%, and 28% in near-
infrared, tissue, and water band regions, respectively (Figure 6).
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Table 2. Nutrient concentration in flooded and control soybean plants at the reproductive stage in response to waterlogging treatment.

Treatments Nitrogen
(%)

Phosphorous
(%)

Potassium
(%)

Calcium
(%)

Magnesium
(%)

Iron
(mg kg1)

Manganese
(mg kg−1)

Zinc
(mg kg1)

Copper
(mg kg−1)

Boron
(mg kg−1)

Control 3.7 a 0.62 b 2.19 b 1.25 a 0.36 a 98 b 60 b 36 b 1.6 b 88 a
Waterlogged 2.8 b 0.87 a 2.5 a 1.22 a 0.27 b 114 a 81 a 42 a 1.85 a 92 a

Note: The same letter means not significant; different letters mean significant at the p < 0.05 level.
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Figure 4. Impact of waterlogging on soybean plants at the reproductive stage: (A) leaf tem-
perature (◦C), chlorophyll index, and nitrogen balance index. (B) Leaf water potential (MPa),
flavanol index, and anthocyanin index in soybean plants at the reproductive stage: canopy
temperature of the control and flooded plants during and after waterlogging. The stan-
dard error of mean = S.E. (n = 15). The lowercase letters indicate a significant difference at
p < 0.05.
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Table 3. Effects of waterlogging on soybean growth, development, and reproductive traits; mea-
surements were taken 66 days after sowing. The lowercase letters indicate a significant difference at
p < 0.05.

Parameter
Treatments

% Change
Control Waterlogged

Plant height, cm 68.5 a 54.1 b −21
Main stem leaves, no. plant−1 17.7 a 15.1 b −15

Pods, no. plant−1 308 a 66 b −79
Leaf area, cm2 plant−1 12,524 a 3731 b −70

Leaf dry weight, g plant−1 55 a 18 b −67
Stem dry weight, g plant−1 86 a 29 b −67
Root dry weight, g plant−1 28 a 12 b −57
Pod dry weight, g plant−1 30 a 6 b −81

Above-ground dry weight, g plant−1 172 a 53 b −69
Total dry weight, g plant−1 200 a 65 b −68

Root/shoot 0.17 b 0.25 a 49
Pod production efficiency, g kg−1 151 a 85 b −44
Pod no./total dry weight, no. g−1 1.55 a 1.02 b −34
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Figure 6. Effect of waterlogging on regions of the hyperspectral curve of soybean leaf,
(A) PAR = 400–700 nm, blue = 400–520 nm, green = 520–600 nm, and red = 630–690 nm) and (B),
infrared = 760–900 nm, tissue = 900–1350 nm, and water = 1600–1850 nm, associated with leaf physio-
logical characters. Data are mean ± S.E. (n = 15). The lowercase letters indicate a significant difference
at p < 0.05.
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The near-infrared region can penetrate deeply into the plant canopy, making it a
helpful tool for estimating plant biomass. In healthy leaves, the absorption peaks at 450
and 670 nm, with high reflectance in the near-infrared range of 700–1200 nm [31]. As
shown in Figure 5, these peaks correspond to blue and red light, and the magnitude of
absorption is directly related to the amount of radiant energy the plant utilizes. The green
region (500–600 nm) in Figure 6 corresponds to the upshot bar, which explains why most
vegetation is perceived as green by the human eye. In the middle infrared region, the
stressed plants exhibited less absorption in the chlorophyll and water bands, resulting in
decreased reflection in the near-infrared (Figure 6).

The transition from low reflectance in the PAR, blue, green, and red regions, to high
reflectance in the near-infrared, tissue, and water band regions observed in waterlogged
soybean leaves is remarkable (Figure 6A,B). This shift, known as the “red edge,” is in-
fluenced by changes in chlorophyll content, leaf area index (LAI), biomass and hydro
status, age, stress factor, and seasonal patterns [30]. The shortwave infrared region of
the hyperspectral reflectance in Figure 6 includes the three absorption spectra of water
(1400–1500 nm, 1900–2000 nm, and 2450–2500 nm).

4. Discussion

The impact of waterlogging on soybean growth and development has been studied
extensively [10,23,27], but little is known regarding its effects during the early reproductive
stage. To address this knowledge gap, we conducted a comprehensive study exploring
various traits related to gas exchange, plant pigment, hyperspectral leaf reflectance, shoot
and root growth, and yield in soybeans subjected to 16 days of waterlogging stress in the
early reproductive stage. This study found that waterlogging during the early reproductive
stage severely impacted soybean growth and development, resulting in yield reductions
of over 50%. This reduction in yield can be attributed to a range of physiological changes,
including reduced leaf photosynthesis, stomatal closure, root and shoot biomass inhibition,
nutrient deficiencies, and leaf chlorosis, as reported by previous studies [11,27]. Addi-
tionally, this study evaluated the effect of waterlogging on soil oxygen concentration and
soybean response after 16 days of recovery, which provides new insights into how water-
logging stress affects soybeans. The data from this study adds to our understanding of how
waterlogging stress affects soybeans during the early reproductive stage and emphasizes
the need for developing soybean cultivars with improved tolerance to waterlogging stress,
to maintain yield potential in a high soil moisture environment.

The sensitivity of soybeans during the early reproductive stage (R1-R3) is attributed
to the energy-demanding processes of rapidly developing reproductive structures, such
as flowers, pods, and seeds [10,15,20]. In this study, waterlogging reduced the number
of pods by 79%, and the pod production efficiency of flooded plants decreased by 44%
compared to the control. The observed reductions in plant height, leaf area, and biomass
further underscore the negative impact of waterlogging on soybean growth and develop-
ment. These findings are consistent with previous studies that reported similar effects of
waterlogging on soybean growth and yield [11,41,42], highlighting the need for effective
management strategies in high soil moisture environments.

Soil oxygen concentrations drop rapidly during waterlogging, creating an energy-
deficient environment for plant growth (Figure 1). Stomatal closure compensates for the
drop in water absorption due to increased root resistance, to maintain leaf turgor during
waterlogging [43]. Consequently, the gas exchange parameters, including gs and E, reduced
sharply, with a corresponding decline in Pn as waterlogging duration increased. Past
studies confirmed that oxygen deprivation is one of the major factors leading to stomatal
closure and reduced photosynthesis in soybeans [15,44,45], suggesting that the extent of
stomatal closure may strongly limit carbon assimilation.

This study also found that the plant system spontaneously responded to the recov-
ery from waterlogging by reopening the stomata, which increased the diffusion of the
external CO2. The reopening of apertures on the soybean leaf increases the internal and
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external CO2 transmission rate into the plant, restoring photosynthesis and the rate of
transpiration [43,46]. The potassium concentration can influence the stomatal conductance
of a plant. In this study, the K level in the leaf sample of a waterlogged soybean plant was
slightly higher, 0.31%, compared to the control. During transpiration, water and minerals
from the roots are transported to the leaves through the stem, and the water escapes to
the atmosphere through guard cells [25,47]. In this study, flood-stressed plants developed
an external root architecture that helped tap atmospheric oxygen and improve aerobic
respiration at the root zone, as oxygen levels could not fully recover.

Limited access to soil oxygen due to waterlogging hampers root growth and function-
ing, which alters nutrients and water absorption from the root to the shoot [48]. Water-
logging drastically reduced nutrient uptake, especially nitrogen and magnesium (Table 2).
When growth is inhibited due to various stress conditions or nutrient deficiencies, N de-
ficiency and Mn toxicity can be caused by an anoxic condition in flooded soils, which
promotes denitrification and produces Mn2+ available to plants [48]. Previous studies
have reported that waterlogged soybeans are weakened and lack energy in the root zone,
corresponding to reduced transport and absorption of plant minerals and water [45,49,50].

Nutrient deficiencies due to waterlogging can also adversely affect plant growth,
metabolism, photosynthesis, and yield [11]. For example, 7 days of waterlogging resulted
in poor pod formation and reduced seed yield due to reduced leaf N levels in soybeans [51].
The impairment of nitrate’s electrochemical gradient activity, due to soil hypoxia, is re-
sponsible for the decline in plant nitrogen status in flooded plants [18,47]. Moreover, the
reduction in plant growth during waterlogging is often associated with a decrease in leaf N,
leading to leaf chlorosis [50]. Thus, our current findings support previous studies reporting
that N plays a critical role in waterlogging stress in soybean [51,52].

Several years of research have shown that polyphenols, especially flavonoids, are
indicators of plant nitrogen status [35]. Under normal conditions, flavanols facilitate their
primary metabolism and synthesis of proteins (nitrogen-containing molecules) containing
chlorophyll, and a small amount of carbon-based secondary compounds [53]. In water-
logged conditions, in the case of N deficiency, the plants direct their metabolism towards
increased production of flavonoids [53]. In this study, anthocyanins and flavanols increased
under flood conditions, consistent with previous studies [35,54]. However, increasing the
duration of waterlogging damaged soybean chlorophyll, and exacerbated it in the form
of premature leaf senescence during the recovery period. Earlier studies showed that
waterlogging compromised leaf chlorophyll content, limited nitrogen uptake, and reduced
seed yield [20,46]. This study shows that reductions in the chlorophyll and nitrogen balance
indices shifted plant metabolism to producing flavonoids and anthocyanins in flooded
soybean plants.

In contrast to leaf N, waterlogging increased the concentrations of P, K, Fe, Zn, Cu, Mn,
and Bo (Table 2), indicating minor effects. Similar results have been reported in previous
studies on soybean, suggesting that waterlogging has little effect on P and K [51,52]. On
the other hand, an increase in nutrient concentration may not necessarily benefit the plant,
because it is caused by stress. High concentrations of certain nutrients, such as manganese,
copper, etc., in the plant tissues, e.g., leaf or root, may be toxic [55]. Hence, it is suggested
that waterlogging alters the magnitude of plant nutrients, which can be either positive or
negative nutrient uptake.

Waterlogged plants’ leaf or canopy temperature increased drastically (Figure 4). Wa-
terlogged plants are susceptible to high temperatures and nitrogen deficiency due to poor
root development [56]. Flooded cotton plants showed higher foliage temperatures [57].
Hence, increased canopy temperature could measure soybean exposure to waterlogging in
the field. Additionally, decreased nutrient uptake by roots, particularly nitrogen, could lead
to lower chlorophyll content and reduced photosynthesis, further contributing to increased
leaf temperature. These findings are consistent with previous studies that have reported
similar effects of waterlogging stress on leaf temperature and photosynthesis [58,59].
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The use of hyperspectral imaging techniques to assess the effects of waterlogging
on plant physiology has been previously investigated in various studies. For example,
Yang et al. [60,61] and Jiang et al. [62] found that waterlogging decreased chlorophyll
content, biomass, leaf area index, and water content of winter wheat and maize plants,
leading to changes in spectral reflectance in the visible and near-infrared region. In this
study, waterlogging led to higher reflectance values in the PAR, blue, green, and red
regions, and lower reflectance values in the near-infrared, tissue, and water band regions
of soybean leaves (Figure 5). These changes in reflectance values can provide insights into
the chemistry and pigment content of the leaves, photosynthesis, leaf tissue, and water
status [63]. Furthermore, the decrease in reflectance in the chlorophyll and water bands
in the middle infrared region suggests changes in leaf tissue and water content in the
waterlogged soybean plants.

The red edge shift observed in the waterlogged soybean plants has been previously
reported, and is influenced by various factors, including chlorophyll content, LAI, biomass,
and hydro status [64,65]. The shift in reflectance values observed in the waterlogged
soybean plants is related to changes in chlorophyll content, as seen in the reduction of
the chlorophyll index in waterlogged plants (Figure 4A). Chlorophyll is responsible for
absorbing light energy to initiate photosynthesis. Changes in chlorophyll content and pig-
ment composition could explain the shift in reflectance values observed in the waterlogged
soybean plants [66]. The ability to detect water content in plant leaves has significant
implications for assessing plant water status, particularly in water-stressed agricultural
regions. Overall, hyperspectral imaging techniques can provide a nondestructive and
efficient means of monitoring plant health and growth.

5. Conclusions

Waterlogging has an adverse impact on soybean growth, reproduction, and produc-
tivity, primarily due to hypoxia and anoxia conditions that weaken the root system and
reduce nutrient and water uptake. Waterlogging decreased nutrient uptake, especially
nitrogen and magnesium, affecting plant growth, metabolism, photosynthesis, and yield.
In addition, soil oxygen concentration decreased rapidly during waterlogging, leading to a
drop in energy for plant growth, which resulted in the reduction of gas exchange parame-
ters. The impact of waterlogging is particularly notable on root growth and leaf nitrogen
concentration, which could serve as benchmarks to evaluate the effects of waterlogging
on soybean. This study shows that potassium concentration and external root architecture
could improve stomatal conductance and aerobic respiration at the root zone. Overall,
this study provides new insights into how waterlogging stress affects soybeans during
the early reproductive stage, and emphasizes the need for developing soybean cultivars
with improved tolerance to waterlogging stress to maintain yield potential in high soil
moisture environments. Developing such cultivars will be critical in ensuring food security
in regions prone to flooding.

Moreover, integrating remote sensing techniques, such as hyperspectral imaging, with
physiological and biochemical analyses can provide a more comprehensive understanding
of the effects of waterlogging on plant growth and development. Hyperspectral imaging
can detect and monitor the effects of waterlogging on plant physiology, indicating changes
in photosynthesis, leaf tissue, water status, and pigment content. The use of remote sensing
techniques, such as hyperspectral imaging, can be a valuable tool for assessing plant health
under waterlogged conditions and for developing strategies to mitigate the effects of
waterlogging on crop productivity.
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