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Abstract: The accurate and efficient screening of waterlogging-tolerant cultivars is an effective way
to mitigate waterlogging damages. An experiment was conducted to evaluate the performance of
28 wheat varieties mainly planted in the middle and lower reaches of the Yangtze River, China,
under control and waterlogging conditions. When the 15-day waterlogging that was initiated at the
third-leaf stage was completed, the aboveground dry weight, plant height, leaf number on main stem,
culm number, leaf area, and SPAD readings of wheat seedlings were significantly decreased by 14%,
11%, 6%, 13%, 14%, and 15% compared with the control treatment (maintaining approximately 80% of
field capacity), respectively. The results showed that the percentage reductions in the dry weight and
leaf area under stress accurately represented the influence of the majority of the measured agronomic
traits and were significantly negatively correlated with the respective dry weight and leaf area of
different cultivars under waterlogging. This suggests that dry weight and leaf area can be used as
agronomic traits for screening waterlogging-tolerant cultivars. The comprehensive evaluation value
of waterlogging tolerance (CEVW) was closely related to the percentage reduction in dry weight,
plant height, culm number, leaf area, and SPAD reading. The range of CEVW was 0.187-0.819,
indicating a wide variation in the waterlogging tolerance of the wheat cultivars. Comparing the
top-view images, the phenotypic texture parameters (dissimilarity, homogeneity, and angular second
moment (ASM)) extracted from the side-view images better reflected the dry weight, plant height,
and leaf area under different water treatments. The percentage reduction in ASM had the strongest
correlation with CEVW (root mean square error = 0.109); thus, the ASM is recommended as a suitable
phenotypic parameter to evaluate waterlogging tolerance. The present results provide references for
the rapid and intelligent screening of waterlogging-tolerant wheat cultivars, but future studies need
to consider the stress evaluation of the adult plants.

Keywords: water stress; waterlogging-tolerant cultivars; phenotypic texture parameters; phenotypic
color features

1. Introduction

Soil waterlogging, an abiotic stress, has been the critical constraint to crop production
world-wide, especially in the high rainfall zones, which affected 16% of the soils in United
States, 10% of the agricultural lands of Russia, and irrigated crop production areas of
India, Pakistan, Bangladesh, and China [1-3]. Globally, waterlogging affects 10-15 million
hectares of wheat annually, causing 20-50% yield losses [4]. With an increase in extreme
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weather patterns brought about by climate change, waterlogging events have become more
frequent, severe, and unpredictable [5]. In the middle and lower reaches of the Yangtze
River, China, an irregular spatial and temporal distribution of precipitation occurs, which
frequently results in high soil moisture, causing a waterlogging threat at various growth
stages of wheat [2].

Waterlogging negatively affects the growth and development of wheat seedlings by inhibit-
ing root length, decreasing leaf nitrogen concentrations, and reducing tiller number, causing
spike number and yield losses [6-9]. This water stress also inhibits photosynthesis and respira-
tion of leaves, inducing crop senescence and decreasing photosynthetic matter accumulation,
especially when implemented during the medium and late growth phase [4,10-13]. Previous
studies have reported that waterlogging during the period of stem elongation and post-anthesis
reduces the number of kernels per spike and the kernel weight to different degrees, leading to
decreased spike weight [7,11,14-16]. To mitigate waterlogging damage caused to crops, engineer-
ing measures controlling soil water and crop management practices have been adopted [4,17],
and the breeding and release of waterlogging-tolerant cultivars are considered the most common
and effective approaches [18,19].

The characteristics of waterlogging-tolerant wheat cultivars have been largely ex-
plored, including abundant aerenchyma in secondary roots, low reductions in leaf weight
and the photosynthetic rate, high content of soluble sugar, strong antioxidant capacity,
and small spike yield losses [16,20]. However, the yield composition characteristics of
waterlogging-tolerant varieties vary among different regions [21,22], and the critical traits
associated with the alleviation of stress damage were not the same at various growth
stages [2]. Therefore, evaluation of the waterlogging tolerance of local cultivars in different
ecological areas and the stages that are most susceptible to waterlogging appears necessary.
Arguello et al. [16] evaluated the waterlogging tolerance of 28 soft red wheat varieties
grown in the southern USA by using agronomic parameters related to grain yield when the
stress was implemented at the tillering stage. Singh et al. [23] planted 149 elite Indian and
Australian germplasm lines and estimated their waterlogging tolerance during four critical
growth periods using agronomic traits. However, the responses of various agronomic
traits to stress were not the same, leading to the limited use of a single evaluation trait. In
the reports of Arguello et al. [16] and Singh et al. [23], comprehensive indexes, including
the normalized difference vegetative index and multivariate parameters, were adopted
to estimate performance under waterlogging. The waterlogging tolerance of the cultivars
widely grown by farmers in the middle and lower reaches of the Yangtze River, China, is
not defined and evaluated.

Digital image analysis based on machine vision technology has rapidly developed,
with non-destructive, cheap, and convenient monitoring, as well as the robustness of the
application results [24,25]. Image analysis has been widely used to identify and evaluate
the crop growth status in modern agriculture. Ma et al. [26] obtained digital images of the
wheat canopy under different planting densities and constructed an aboveground biomass
model using image parameters. Tavakoli et al. [27] extracted color parameters from inte-
grated digital and hyperspectral images to establish linear models that could evaluate the
nitrogen concentration and water content of wheat plants under different nitrogen and water
treatments. Liu et al. [28] proposed an estimation method for the density of wheat seedlings
in the field by separating the overlapping leaves using digital images. The application of
image analysis to waterlogging tolerance of wheat needs to be studied.

The previous studies screened the waterlogging-tolerant cultivars mostly by evalu-
ating the performances of agronomic traits. However, this method requires destructive
sampling and has high costs of working time and labor. Therefore, we hypothesized that
image analysis, as a rapid and low-cost evaluation method, could be used to identify
waterlogging-tolerant wheat cultivars. In the present study, 28 wheat varieties planted in
the middle and lower reaches of the Yangtze River were waterlogged for 15 days begin-
ning at the three-leaf stage (Zadoks growth stage, G513) to (1) quantify the stress damage
caused to the seedlings, (2) propose critical agronomic traits to identify stress tolerance,
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(3) establish a comprehensive evaluation value of stress tolerance, and (4) construct a
non-destructive evaluation method by analyzing the phenotypic features extracted from
the digital images. The expected results can provide references for rapid and intelligent
screening of waterlogging-tolerant wheat cultivars.

2. Materials and Methods
2.1. Growth Conditions

The experiment was conducted in 2018 at the Agricultural Experiment Station located
at the Agricultural College of Yangzhou University, China. All the tests used a PVC pot
with a top diameter of 16 cm, a bottom diameter of 12.8 cm, and a depth of 17.5 cm. There
were six drainage holes at the base. The upper 0-20 cm of topsoil was excavated from a
local field, dried naturally, and sieved through a 5 mm mesh. The sieved soil was weighed
to 2.7 kg and mixed with 2.46 g of a pre-prepared compound fertilizer (containing 15% N,
15% P»0s5, and 15% K;O). The pots were filled with the soil mixture, watered with 2 L of
water, and left for 2-3 days for the soil to settle and water to drain. On 5 November 2018,
eight seeds were uniformly sown at a soil depth of 2 cm. Five seedlings with similar sizes
were retained at the two-leaf stage (GS12). Except for the basal fertilizers, no topdressing
was applied. Pests and diseases were not found, and weeds were removed by hand to
prevent biotic stress. The soil was a loamy clay and contained 8.78 g kg~! organic C,
75.05 mg kg~ ! available N, 35.02 mg kg ! available P, and 90.52 mg kg ! available K.

2.2. Experimental Design

This experiment used a split-plot design with the soil water treatments as the main
plot and winter wheat cultivars (Triticum aestivum L.) as the subplot. There were four
pots (replicates) per treatment combination. In total, 28 wheat cultivars, which are mainly
planted in the middle and lower reaches of the Yangtze River, were tested. Soil water
treatments included the water drainage condition maintaining 15-20% volumetric soil
moisture (approximately 80% of field capacity) as the control treatment, and waterlogging
was conducted for 15 days beginning at the three-leaf stage (GS13).

All of the pots were placed inside a rainproof greenhouse. Tanks (61 cm x 42 cm x 20 cm)
were used for the waterlogging. Once the pots used for the waterlogging treatment were moved
into the tanks, a 0.1-0.5 cm layer of water was maintained above the soil surface for the entirety
of the waterlogging phase. Pots in the water drainage scenario (from sowing to harvest) and
the waterlogged pots (before and after the treatments) were irrigated as necessary to maintain
15-20% volumetric soil moisture (approximately 80% of field capacity). The volumetric soil
moisture was measured using a moisture meter (1ZS-1, TOP, Hangzhou, China).

2.3. Measurements of Agronomic Traits

On the second day after the waterlogging treatment was terminated, the 20 seedlings
in four pots of each treatment were harvested and cleaned. The height of the seedlings
was measured from the tiller node to the tip of the extended leaf by a measuring scale.
The number of complete leaves on the main stem and the proportion of the length of the
upper incomplete leaf to the upper complete leaf was determined, and their sum was the
leaf number on main stem. The leaf number on main stem can reflect the difference in
the development process. The number of culms, including main stem and tillers, was
counted for each plant. A tiller with a first leaf length >2 cm was counted as one tiller. The
leaf area was measured using a portable area meter (LI-3000C, LI-COR Inc., Lincoln, NE,
USA). The chlorophyll content (SPAD readings) of the leaves was rapidly measured using a
chlorophyll meter (SPAD-502Plus, KONICA MINOLTA, Osaka, Japan). The plant samples
were dried at 70 °C to a constant weight, and then the dry weight was measured.

2.4. Image Acquisition and Analysis

Before the measurement of the agronomic traits, images of each pot with plants were
obtained using a self-made photography device (Figure 1a). This device consisted of a photo
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studio with an adjustable light source mounted on top of the box and two cameras (EOS
600, Canon, Tokyo, Japan) placed on the upward side and lateral side. The illumination of
the light source was controlled at 5000 lux. The two cameras obtained the digital images of
the top view and side view of the plants (Figure 1b,c). The aperture and exposure time of
the camera were set to F9 and 0.03 s, respectively, throughout the experiment. The size of
the images was 6000 x 4000 pixels, and the images were stored in an uncompressed PNG
format to avoid color artifacts due to compression algorithms. The pots were placed in a
fixed position in the photo studio for each photographing event, and after the images were
obtained, the pots were rotated 90°, and images were captured again. The eight images per
pot were used for phenotypic analysis.

Top view

Figure 1. Self-made photography device (a) to obtain the digital images of the top view (b) and side view (c).

The images analysis referred to the method of Xiong et al. [29] and was conducted
by the same company as that used in Xiong et al.’s study, Nanjing AgriBrain Big Data
Technology Co., Ltd. (Nanjing, China). The image processing and phenotypic feature
extraction are documented in detail in the report by Xiong et al. [29]. The extraction of the
color features involved the transformation of RGB (red, green, blue), LAB (L is luminosity,
A is the range from magenta to green, and B is the range from yellow to blue), and HSV
(hue, saturation, value) color spaces. The texture attributes were extracted based on the
grey co-occurrence matrix algorithm. The equations used were described in detail in the
studies by Hendrawan et al. [30] and Xiong et al. [29]. Although 29 phenotypic features
were extracted from the images, including color, texture, and geometry, only six phenotypic
features strongly related to agronomic traits were selected for further analysis. Table 1
shows the category, name, and description of the six phenotypic features.

Table 1. Descriptions of the selected phenotypic features extracted from images.

Category Trait Name Description
Color features H Hue value in HSV (hue, saturation, value) color space
b value of B channel in LAB (luminosity, the range
b from magenta to green, and the range from yellow to
blue) color spaces
2G-R-B 2G-R-B value in the RGB (red, green, blue) color space
Texture features dissimilarity The difference in the grey scale
homogeneity The local changes in the image texture

ASM Angular second moment
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2.5. Calculation of the Comprehensive Evaluation Value of Waterlogging Tolerance (CEVW)

The percent reduction in agronomic traits and phenotypic features (%R) was calculated as

where 7%R;; is the percentage reduction in the trait (j) for the cultivar (i); Pjic and Py
are the value of the trait (j) for the cultivar (/) measured under control and waterlogging
conditions, respectively.

According to the method of Liu et al. [31] and Duan et al. [32], the percent reduction
involving multiple traits was evaluated by the comprehensive evaluation value of water-
logging tolerance (CEVW). This methodology allows a comprehensive assessment by using
the membership functions based on the theory of fuzzy mathematics [33].

The membership function value (MFVD) was calculated using the following the
equation:

Xik — Xmin
Xmax — Xmin
where u(Xj) is the MFVD of the comprehensive parameter (k) for the cultivar (i) for
percentage reduction; and X,y and X,,;;, are the respective maximum value and minimum
value of the percentage reduction for the comprehensive parameter (k) of all cultivars.

The weight of each comprehensive index was calculated as

u(Xy) =

_ Pk
Y1 Px

Wi

where wy, is the weight of the comprehensive index (k); py is the contribution rate of the
comprehensive index (k).
The CEVW for the cultivar (i) was estimated:

n
CEVW; = ) [u(Xix) x wy]
=1

Principal component analysis for percentage reduction in all of the agronomic traits of the
different wheat cultivars was conducted to acquire the comprehensive parameters, i.e., components.

2.6. Statistical Analyses

All statistical analyses were conducted using the Data Processing System (v7.05) (DPS,
Shanghai, China). Analysis of variance (ANOVA) based on a split-plot model was used to
determine the significance of the main effects and the interactions of treatments on the agro-
nomic traits. The degree of correlation between different variables was determined using
linear regression models with the coefficient of correlation (r), coefficient of determination
(R?), root mean square error (RMSE), and normalized root mean square error (NRMSE) as
evaluation indices.

The anthesis and maturity dates of each cultivar were recorded. The anthesis date was
the date on which 50% of wheat ears were flowering in a plot. The maturity date was the
date on which grain could not be dented by thumbnail.

3. Results
3.1. Effects of Waterlogging on Agronomic Traits

A 15-day waterlogging treatment that began at the third-leaf stage significantly de-
creased the aboveground dry weight, plant height, leaf number on main stem, culm number,
leaf area, and SPAD reading (Tables 2 and 3). These agronomic traits showed great differ-
ences among cultivars. Except for the culm number, the other agronomic traits showed
obvious inconsistency under different water treatments. These results indicated great
differences in seedling growth among the selected cultivars.
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Table 2. ANOVA results (p-value) of the effect of cultivar and water treatment on agronomic traits.

Leaf
Source Dry Plant Number Culm Leaf SPAD
Weight Height on Main Number Area Reading
Stem
Water
<0.001 <0.001 <0.001 <0.001 <0.001 <0.001
treatment (T)
Cultivar (C) <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
TxC 0.007 0.006 0.037 0.470 <0.001 <0.001

Table 3. Mean and range of agronomic traits of different cultivars under the control and waterlogging
conditions and their percentage reduction caused by waterlogging.

Treatment Dry Weight Plant Leaf Number Culm Leaf Area SPAD

(mg Plant™1) Height (cm) on Main Stem Number (cm? Plant~1) Reading

175+ 15 209+19 46+02 3.6+0.3 204 +21 419441

Control (144-202) (17.8-24.5) (4.04.9) (2.7-4.1) (16.6-23.6) (35.147.4)
Waterlogging 151 £18 185+ 1.8 43+02 31+04 176 £2.2 355£1.9
(122-193) (15.6-20.9) (3.84.7) (2.3-3.8) (14.7-22.3) (31.2-38.4)

Reduction (%) 13.8 £8.0 11.0+ 4.7 57+25 125+ 85 13.6+73 148 +71
(0.0-28.0) (1.1-19.5) (0.0-11.4) (0.0-37.8) (2.3-28.2) (4.7-24.2)

Data in the table represent the mean value + standard deviation. The data in parentheses are the range of each
agronomic trait of different cultivars.

3.2. Relationships among Agronomic Traits

As shown in Figure 2, the dry weight, leaf number on main stem, culm number, and
leaf area of different cultivars under waterlogging treatment were significantly negatively
related to their percentage reduction caused by waterlogging. The SPAD reading was
significantly positively related to its percentage reduction. The results suggested that
some plant growth traits could reflect the waterlogging tolerance of cultivars. Further
analyses showed that the percentage reduction in dry weight was significantly correlated
only with the percentage reduction in plant height, culm number, leaf area, and SPAD
reading (Table 4). There were significant correlations of the percentage reduction in leaf
area with the percentage reductions in plant height and leaf number on main stem. A strong
correlation was also found between the percentage reductions in the culm number and the
SPAD reading. These results suggested overlapping information reflected by the percentage
reductions in some agronomic traits, and some traits had information independence.

Table 4. Correlation coefficients between percentage reductions in different agronomic traits.

Percentage Reduction

Percentage Reduction
& PH LN CN LA SPA.D
Reading

Dry weight 0.54 ** 0.19 0.62 ** 0.74 ** 0.39*

Plant height (PH) 0.16 0.13 0.66 ** 0.08
Leaf number on main stem (LN) —0.19 0.41* —0.08
Culm number (CN) 0.36 0.67 **

Leaf area (LA) 0.21

* and ** indicate significance at the 0.05 and 0.01 probability levels, respectively.
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Figure 2. Relationships of dry weight (A), plant height (B), leaf number on main stem (C), culm number
(D), leaf area (E), and SPAD reading (F) of different cultivars under the control condition and waterlogging
treatment with their percentage reduction caused by waterlogging treatment. ** indicates significance at
the 0.01 probability level.

3.3. Identification of Waterlogging Tolerance among Cultivars Using CEVW

Principal component analysis (Table 5) was conducted on the percentage reduction in
the agronomic traits of the different cultivars, and the results showed that the cumulative
contribution rate of the first two principal components exceeded 73%. Component X1
reflected the changes in plant morphology caused by waterlogging, and X2 reflected the
reduction in the culm number and SPAD reading.

Table 5. Component matrix of the percentage reduction in agronomic traits and the contribution rate
and weight of the components based on principal component analysis.

. Component
Parameters Percentage Reduction
X1 X3
Component Matrix Dry weight 0.708 0.572
Plant height 0.778 0.099
Leaf number on main stem 0.628 —0.377
Culm number 0.144 0.919
Leaf area 0.898 0.250
SPAD reading 0.029 0.837
Contribution rate 38.838 34.780
Weight 0.528 0472

According to the function model of CEVW, the CEVW values of different cultivars
were calculated by assigning a component score and contribution rate of the components
to calculate the subordinative function value of the comprehensive index and the weight of
the components (Table 6). The range of CEVW was 0.187-0.819, indicating a wide variation
in the waterlogging tolerance of the wheat cultivars. Among the selected cultivars, Huaimai
6 had the lowest CEVW, and Yangmai25 had the highest CEVW.
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Table 6. Comprehensive evaluation value of the waterlogging tolerance (CEVW) of different cultivars
and their calculations.

_ Component MRV  Componen MRV
Cultivar CEVW Cultivar CEVW
X1 X u(X1) u(X3) X1 X, u(X1) u(X3)
Huaimai6  —1.691 —0.466 0.053 0.336 0.187 Sumaill —0.733 0.651 0.316 0.612 0.456
Yangmail5 —0.923 —1.031 0.264 0.197 0.232 Yangmai28 —0.026 —0.167 0.510 0.410 0.463
Yangmai24 —0.980 —0.812 0.248 0.251 0.249 Ningmai9 —0.099 —0.026 0.490 0.445 0.469
Ningmai22 —1.884 0.381 0.000 0.545 0.258 Yangfumai4 0.295 —0.147 0.599 0.415 0.512
Yangmail3 —1.545 0.161 0.093 0.491 0.281 Yangmai20 1.176 —1.006 0.841 0.203 0.539
Ningmail3 —0.626 —0.583 0.346 0.307 0.328 Yangfumai2 1.279 —0.937 0.869 0.220 0.562
Ningmail6é —0.125 —1.185 0.483 0.159 0.330 zhengmaill 0.156 1.500 0.561 0.822 0.684
Yangfumai5 —0.303 —0.770 0.434 0.261 0.353 Yangfumai2054  0.595 1.108 0.681 0.725 0.702
Yangmail6  0.569 —1.665 0.674 0.040 0.374 Yangmai22 1.756 —0.222 1.000 0.396 0.715
Yangmai23  0.751 —1.827 0.724 0.000 0.382 Yangfumail025 0.974 0.753 0.785 0.637 0.715
Ningmai23 —0.771 0.368 0.306 0.542 0417 Yangmai2l 1.211 0.585 0.850 0.596 0.730
Ningmai26 —1.180 0.921 0.193 0.679 0.423 Huaimai7 1.339 0.680 0.886 0.619 0.760
Zhenmai9 0.335 —0.715 0.609 0.275 0.451 Ningmai21 0.786 1.479 0.734 0.817 0.773
shengxuan6 —0.842 0.751 0.286 0.637 0.452 Yangmai25 0.505 2.222 0.656 1.000 0.819

3.4. Relationships of Agronomic Traits and Their Reductions with CEVIW

Except for the percentage reduction in the leaf number on main stem, the percentage
reduction in the other agronomic traits, i.e., the dry weight, plant height, culm number, leaf
area, and SPAD reading, was significantly positively related to the CEVW value (Figure 3).
This indicated that the CEVW value could comprehensively reflect waterlogging tolerance
with a high value, i.e., a low tolerance. The results also showed that the dry weight, culm
number, and leaf area under waterlogging treatment were strongly negatively related
to CEVW, implying the possibility of using the growth performance of a plant under
waterlogging to reflect stress tolerance.
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25004 A 25 g e = e
=2 50 15 S 454 semue i 50
0 J "< = [ ] * = m |
Gl L1 10 8 ~ VI
=160 4 -0 5 rYYYERXS
< 1O ° L 1o < 2 A %A A a%a S
5 5 2 4.04 »
= 140 4 ] < =2 A A P
s A = a8 o o
£'120- ar ® % Lo 0§
=0.73%%  1p=0.91 = 2
100 %21 R -5 5735 , . 5 8
D45 o 140 30 F 50+ £
35 % <
| ] P2 D
‘_4.0- " ;'- L 30 s EdS 14
- s e los [ &
£ 3.5 e D
E 0 20 F15 §
2 _ < =404
E3.04 5 5 F10 2
3 rl0 5 ls 8.
e 5 - 39
231 we, [0 Zua 0
A ° Lo =S ok 1 =0.86%% [
o o *k o 0.60%* 7 .
5041w 0.68**  r;=0.69 s 12 W R 30

2. T T N 2 T T -5 <
0.0 0.3 0.6 0.9 0.0 0.3 0.6 0.9 0.0

CEVW

Figure 3. Relationships of the dry weight (A), plant height (B), leaf number on main stem (C),
culm number (D), leaf area (E), and SPAD reading (F) of different cultivars under the control and
waterlogging conditions and their percentage reduction caused by waterlogging relative to CEVW.
* and ** indicate significance at the 0.05 and 0.01 probability levels, respectively.

3.5. Correlations of Selected Phenotypic Features with Agronomic Traits

In order to detect the possibility using the phenotypic features to reflect the agro-
nomic traits, the correlations of selected phenotypic features with agronomic traits were
analyzed. The phenotypic features that were closely correlated with the agronomic traits
included H, b, 2G-R-B, dissimilarity, homogeneity, and ASM. However, the degree of the
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correlations depended on the water treatment and the imaging angle. Under the control
and waterlogging treatments, the H, b, and 2G-R-B extracted from the top-view images
were significantly related to the SPAD reading, with a positive relationship only between
H and the SPAD reading (Table 7). H was significantly negatively correlated with the
plant weight and leaf area, and b and 2G-R-B were significantly negatively correlated with
the leaf number on main stem. However, there were no close correlations between the
agronomic traits and the H, b, and 2G-R-B extracted from the side-view images (Table 8).
These results indicate that the phenotypic color parameters (H, b, and 2G-R-B) extracted
from the top-view images reflected the chlorophyll content of the leaves well but were
affected by the plant morphological characteristics.

Table 7. Correlation coefficients of selected phenotypic features extracted from images of the top
view with agronomic traits under control and waterlogging conditions.

Water Phenotypic Dry Plant Leaf Number Culm Number Leaf SPAD
Treatment Feature Weight Height on Main Stem Area Reading
H —0.11 —0.43 % 0.33 0.02 —0.52 ** 0.78 **
b —0.15 0.42* —0.63 ** —0.38* 0.37 —0.65 **
2G-R-B —0.07 0.43* —0.47* —0.24 0.35 —0.72**
Control Dissimilarity 0.24 —0.07 0.03 0.17 0.04 —0.07
Homogeneity —0.35 —0.10 —0.11 —0.34 —0.32 0.33
ASM —0.33 —0.21 —0.01 —0.27 —0.41* 0.44*
H —0.48 ** —0.42* 0.21 —0.34 —0.68 ** 0.42*
b —0.04 0.37 —0.50 ** —0.19 0.29 —0.57 **
Waterlogging 2G-R-B —0.25 0.30 —0.44* —0.32 0.07 —0.50 **
Dissimilarity 0.33 —0.31 0.64 ** 0.54 ** -0.17 0.50 **
Homogeneity —0.71** —0.01 —0.58 ** —0.61** —0.25 —0.44 *
ASM —0.78 ** —0.13 —0.50 ** —0.55 ** —0.35 —0.37
* and ** indicate significance at the 0.05 and 0.01 probability levels, respectively.
Table 8. Correlation coefficients of selected phenotypic features extracted from images of the side
view with agronomic traits under control and waterlogging conditions.
Water Phenotypic Dry Plant Leaf Number Culm Number Leaf SPAD
Treatment Feature Weight Height on Main Stem Area Reading
H —0.06 0.36 —0.29 —0.42* 0.13 0.32
b 0.32 0.42* —0.14 0.12 0.35 —0.45*
2G-R-B 0.28 0.16 0.04 —0.11 —0.02 0.32
Control  picgimilarity ~ 0.42* 0.40 * —0.24 ~0.36 0.33 0.06
Homogeneity —0.51 ** —0.40 % 0.16 0.30 —0.38 * —0.19
ASM —0.55 ** —0.38* 0.13 0.28 —0.45* —0.18
H —0.26 —0.26 0.22 —0.01 —0.38 0.34
b 0.31 0.28 —0.06 —0.09 0.36 —0.08
Waterlogging 2G-R-B 0.23 0.33 —0.19 —0.15 0.34 —0.19
Dissimilarity 0.51 ** 0.52 ** —0.18 0.59 ** 0.59 ** —0.20
Homogeneity —0.62 ** —0.46 * 0.03 —0.66 ** —0.64 ** 0.10
ASM —0.77 ** —0.43* —0.13 —0.64 ** —0.68 ** —0.04

* and ** indicate significance at the 0.05 and 0.01 probability levels, respectively.

The dissimilarity, homogeneity, and ASM extracted from the images of the top view
were correlated with the dry weight, leaf number on main stem, and culm number under the
waterlogging treatment, but the relationships were not strong under the control condition
(Table 7). Under the control and waterlogging treatments, the dissimilarity, homogeneity,
and ASM extracted from images of the side view were significantly correlated with the dry
weight, plant height, and leaf area; however, there was an insignificant relationship between
dissimilarity and leaf area in the control (Table 8). Under the waterlogging treatment,
there were strong relationships between these phenotypic texture parameters and the
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culm number. These results suggest that the phenotypic texture parameters (dissimilarity,
homogeneity, and ASM) can be used to reflect the morphological characteristics of wheat
seedlings and to evaluate the waterlogging tolerance of cultivars; the results were better
under the waterlogging condition compared with the control condition.

3.6. Evaluation of Waterlogging Tolerance Using Selected Phenotypic Features and Their
Percentage Reduction

Although the dissimilarity, homogeneity, and ASM extracted from the images of the
top view and side view under waterlogging were significantly correlated with CEVW, the
R? was relatively higher and RMSE and NRMSE were relatively lower when evaluating
CEVW using these phenotypic features extracted from images of the side view (Figure 4
and Table 9). Because these top-view phenotypic features reflected the morphological
characteristics under control and waterlogging conditions, the relationships between CEVW
and the percentage reductions in these phenotypic features caused by waterlogging were
further analyzed, showing close correlations. The R?, RMSE, and NRMSE were similar
when evaluating CEVW using dissimilarity, homogeneity, and ASM extracted from images
of the side view and their percentage reductions, with relatively higher R? and lower RMSE
and NRMSE using ASM and its percentage reduction. In general, the ASM obtained from
the images of the side view under the waterlogging treatment can be recommended as a
suitable phenotypic parameter to evaluate the waterlogging tolerance of wheat cultivars.

Top view Side view Side view
A 0.9+ B - C 1
a
L |
n L}
0.6 - 4
=
> -
© 03- 1 " 1
. |}
o
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dissimilarity under waterlogging  dissimilarity under waterlogging Reduction in dissimilarity (%)
D 0.9+ E - F -
0.6 4 . i
2
=
o
0.3 4 - -
50 =29.40x28.02, r=0.59** y=23.83x-22.47, r=0.76**
10.96 0.97 098 095 096 097 098 -4
homogeneity under waterlogging  homogeneity under waterlogging Reduction in homogeneity (%)
G 091 H 4 )
=z 0.6 . .
=
O

1=8.97x-7.56, 1=0.59** y=7.04x-5.33, r=0.80** y=-0.042x+0.302, =-0.80**

0.0 T T T T 1 T T T T 1 T T T 1
0.87 0.88 0.89 0.90 0.91 092 0.78 0.80 0.82 0.84 0.86 0.88 -15 -10 -5 0 5

Reduction in ASM (%)

ASM under waterlogging ASM under waterlogging

Figure 4. Relationships of CEVW with dissimilarity, homogeneity, and ASM extracted from images
of the top view (A,D,G) and side view (B,E,H) under waterlogging and their percentage reductions
(CEI). * and ** indicate significance at the 0.05 and 0.01 probability levels, respectively.
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Table 9. Comparisons of CEVW evaluation using selected phenotypic features extracted from top-
and side-view images under waterlogging and their percentage reduction.

Phenotypic Features R? p Value RMSE NRMSE (%)
Top View Dissimilarity 0.202 0.017 0.163 33.63
Homogeneity 0.345 0.001 0.148 30.59
ASM 0.346 0.001 0.148 30.71
Side view Dissimilarity 0.408 <0.001 0.141 28.87
Homogeneity 0.573 <0.001 0.120 24.28
ASM 0.632 <0.001 0.111 22.78
Percentage reduction =~ Dissimilarity 0.558 <0.001 0.121 25.00
Homogeneity 0.585 <0.001 0.118 2422
ASM 0.643 <0.001 0.109 22.45

4. Discussions

Waterlogging imposed at the seedling stage can reduce the wheat root and tiller
number, green leaf area and chlorophyll concentration, and photosynthetic accumulation,
restricting subsequent plant growth and yield formation [9,10,34,35]. The present experi-
ment showed a similar result, indicating that the 15-day waterlogging beginning at the 3rd
leaf stage greatly inhibited seedling growth, including the development, biomass, leaf area,
relative chlorophyll concentration, and tiller number. Although seedling physiological
activity, i.e., photosynthetic rate and transpiration, partially recovered through a drainage
treatment, seedling growth could not recover completely due to delayed leaf and tiller
growth [10,33,36]. Grain yield losses depend on plant recovery, which is contingent on
varietal characteristics, environmental conditions, and agronomic management [37-39].

The root features of waterlogging-tolerant wheat showed aerenchyma formation
in secondary roots, a shallow root system, a high root length density, and vigorous root
activity [16,40-42]. Compared to the root system, aboveground characteristics have received
more attention due to easier observation for selecting waterlogging-tolerant cultivars and
many morphological and physiological parameters have been proposed, including the
leaf biomass, specific leaf dry weight, leaf photosynthetic level, and plant nitrogen and
carbohydrate contents [4,16,43]. However, the effects of waterlogging stress on wheat differ
owing to the soil, climate, genotype, and the waterlogging period/duration [19,44]. The
present results indicated that the percentage reductions in the shoot dry weight and leaf
area were closely related to the majority of the measured agronomic traits and also to the
shoot dry weight and leaf area under waterlogging. This suggests that the shoot dry weight
and leaf area can be used as agronomic traits to screen waterlogging-tolerant cultivars in
areas vulnerable to waterlogging during the seedling period.

Because the shoot dry weight and leaf area did not accurately reflect the leaf chloro-
phyll content, leaf number, and culm number, we used the CEVW parameter, a comprehen-
sive assessment of the membership functions based on the theory of fuzzy mathematics,
to comprehensively evaluate the seedling performance after waterlogging. The building
of evaluation indexes by adopting multivariate statistical methods to estimate stress tol-
erance has been widely realized successfully, including the drought resistance of wheat
evaluated by the membership function value [30], salinity tolerance of wheat evaluated and
classified by principal component analysis and cluster analysis [45], and drought tolerance
of sweet potato identified using the comprehensive evaluation index [46]. The present
results showed that the constructed CEVE parameter based on the measured agronomic
indexes reflected the percentage reductions in the dry weight, plant height, culm number,
leaf area, and SPAD value, indicating that this parameter can comprehensively evaluate
the waterlogging tolerance of wheat seedlings.

The color features extracted from the digital images have been successfully used to
monitor the leaf chlorophyll content or relative index of crops or trees [29,47,48]. These
phenotypic features can also reflect the morphological characteristics of plants, i.e., leaf
area index and shoot dry weight of rice [49] and aboveground biomass of wheat [25]. The
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present results showed that the color parameters (H, b, and 2G-R-B) extracted from the
top-view images reflected the chlorophyll content of the leaves, in contrast to the images
obtained from the side view. Although there were significant relationships of H with plant
weight and leaf area and of b and 2G-R-B with the leaf number on main stem when the
images were taken from the top view, the color parameters did not reflect the morphological
characteristics in general, especially from the side view. Previous studies pointed out that
the shooting angles of images caused differences in reflected and refracted light, affecting
the value of the acquired parameters, and the color parameters extracted from images from
the top vertical view had better correlations with leaf color and the morphological index
compared with images from other views [25,48].

Texture parameters have been adopted to estimate crop emergence and seedling
number [24,28], monitor aboveground biomass and nitrogen status [26,29], and identify
disease [50]. Our results indicated that the phenotypic texture parameters (dissimilarity,
homogeneity, and ASM) can be used to reflect the morphological characteristics of wheat
seedlings, including the dry weight, leaf number on main stem, culm number, and leaf
area, but the degree of the correlation depended on the shooting angle of the images and
the water treatments. The results were best under the waterlogging condition using images
extracted from the side view compared with other conditions. The possible reasons are
that the wheat seedlings under natural growing conditions had more leaves, leading to an
overlapped texture with darker color compared with the waterlogging condition.

According to the above analysis, the leaf color (SPAD reading) and the color features
could not comprehensively reflect seedling growth. In contrast, the shoot dry weight and leaf
area well represented the growing status of plants after waterlogging stress, and the texture
features were closely related to the dry weight and leaf area, especially under stress treatment.
Further analysis showed that evaluation of CEVW using ASM extracted from images of the
side view and its percentage reductions had a higher degree of correlation and accuracy
compared with dissimilarity and homogeneity. This indicated that the ASM obtained from
the images of the side view in the waterlogging treatment can be recommended as a suitable
phenotypic parameter to evaluate the waterlogging tolerance of wheat cultivars. The present
results provide a rapid and non-destructive method to evaluate the waterlogging tolerance
of wheat cultivars at the seedling stage, but the possible limits need to be studied, including
development progress, plant morphology, and nutrition.

5. Conclusions

A 15-day waterlogging event that began at the third-leaf stage greatly inhibited the
growth of wheat seedlings. The differences in the agronomic performances of the wheat
cultivars after waterlogging were evaluated using the shoot dry weight and leaf area
but with a lack of comprehensiveness. Therefore, the comprehensive evaluation value of
waterlogging tolerance (CEVW), a comprehensive assessment of the membership functions
based on the theory of fuzzy mathematics, was established and verified as a reliable index.
The phenotypic features extracted from the digital images effectively reflected seedling
growth but depended on the growing condition (waterlogging and control treatments), the
shooting angles of the images (top and side views), and the specific phenotypic features.
The present results suggest that the ASM extracted from the side-view images is a suitable
parameter to evaluate the waterlogging tolerance of wheat cultivars at the seedling stage,
providing a rapid and nondestructive screening tool. Further studies need to extend the
application scenarios including evaluating wheat crops in field conditions using the sensors
carried by an unmanned aerial vehicle.
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