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Abstract: Nitrogen (N) topdressing at the early reproductive phase (ER) is beneficial for rice yield.
However, the ER overlaps with the late vegetative phase (LV) and is, thus, difficult to be recognized
by human observation. Therefore, this study aimed to establish a high-temporal-resolution approach
to determine the LV and ER via hyperspectral proximal sensing. Firstly, this research measured
the leaf cover area (LCA), leaf dry weight (LDW), chlorophyll content (SPAD), leaf N content
(LNC), and leaf N accumulation (LNA) to investigate the physical and physiological changes of
the rice plant during growth phase transition. It could be summarized that the LCA would be
maximally extended before ER, the leaf growth would be retarded after LV, and leaves turned from
green to yellowish-green resulting from N translocation. These phenomena were expected to be
detected by the hyperspectral sensor. In order to capture the variation of spectral information while
eliminating redundant hyperspectral wavelengths, feature extraction (FE) and feature selection
(FS) were conducted to reduce the data dimension. Meanwhile, the implications of the features
were also inferenced. Three principal components, which correlated with the rice plant’s physical
and physiological traits, were extracted for subsequent modeling. On the aspect of FS, 402, 432,
579, and 696 nm were selected as the predictors. The 402 nm wavelength significantly correlated
with leaf cover area to some extent (p < 0.09), and 432 nm had no significant correlation with all
of the measured plant traits (p > 0.10). The 579 nm and 696 nm wavelengths were negatively
correlated with SPAD and LNC (p < 0.001). In addition, 696 nm was also negatively correlated with
LNA (p < 0.05). Finally, the logistic regression, random forest (RF), and support vector machine
(SVM) algorithms were adopted to solve the binary classification problem. The result showed
that the feature extraction-based logistic regression (FE-logistic) and support vector machine (FE-
SVM) were competent for growth phase discrimination (accuracy > 0.80). Nonetheless, taking the
detrimental effects of applying N at LV into consideration, the feature extraction-based support vector
machine (FE-SVM) was more appropriate for the timing assessment of panicle fertilizer application
(sensitivity > 0.90; specificity > 0.80; precision > 0.80).

Keywords: late vegetative phase (LV); early reproductive phase (ER); leaf cover area (LCA); leaf dry
weight (LDW); SPAD; leaf nitrogen content (LNC); leaf nitrogen accumulation (LNA)

1. Introduction

Rice (Oryza sativa L.) is an important staple food for more than half of the global
population. The worldwide milled rice requirement was predicted to reach 555 million
tons in 2035, from 439 million tons in 2010 [1]. However, rice yield growth is decreasing as
a result of inappropriate farming methods. One of the major constraints for rice production
is the inefficient use of nitrogen fertilizer at the wrong time [1,2]. Therefore, improving
nitrogen use efficiency, i.e., maximizing the grain yield while minimizing the N input, in
terms of proper timing is an important task to facilitate future rice production.

A number of studies indicated that nitrogen topdressing at the early reproductive
phase (ER) could enhance nitrogen use efficiency and is critical to rice yield [3—-6]. The ER
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of rice consisted of the panicle initiation stage, panicle differentiation stage, and flag leaf
collar formation stage [7]. Furthermore, applying nitrogen at the panicle initiation stage
or panicle differentiation stage could improve nitrogen absorption and utilization [6,8,9],
leaf nitrogen conservation [10,11], spikelet production [3,4], and lodging resistance [12,13].
Moreover, applying nitrogen at the flag leaf collar formation stage helps to reduce spikelet
degeneration and to increase leaf photosynthetic efficiency and functional period [4,14].
On the other hand, applying large amounts of nitrogen at the late vegetative phase (LV)
tends to increase lodging risk [13].

For field management, the general method to assess whether a rice plant has entered
ER is inefficient by directly observing either internode elongation, green-ring formation, or
1-2 mm panicle appearance through stem dissection [7,15,16]. On the contrary, some other
indirect approaches such as calendar day and thermal units are likely more effective for
field management. Calendar day is a long-established, simple, and convenient approach
for farming guides; however, it is rather unreliable resulting from contrasting environments
and weather variability [17,18]. Subsequently, the thermal units appear to overcome the
shortcoming of calendar day. However, there are still several limitations on practical usage,
such as the distance between the measurement site and practical site, the susceptibility
of maximum and base temperature estimation, and the dynamic changes of sensitive
organs [19].

Moreover, remote sensing either with satellite-based [20], aerial-based [21], or ground-
based [22,23] platforms appears to be an effective tool for plant phenology monitoring.
However, despite satellite-based observation offering large-scale screening, it often en-
counters limitations such as coarse resolution, low revisit frequency, susceptibility to the
atmospheric condition [22], and lack of biological meanings [24]. In recent years, due to
high spatial and temporal resolutions, unmanned aerial vehicles (UAV) have emerged
as a robust monitoring platform. Nevertheless, UAV flight missions are often disrupted
by weather conditions, no-fly zones, or regulations, particularly in Taiwan. In addition,
UAV image processing requires considerable computational cost. According to the above
limitations, ground-based remote sensing seems to be a competent approach for plant
growth observation.

Previous studies performed promising methods, such as threshold determination and
shape model fitting, using ground-based sensors to monitor crop phenology [22,23,25].
Nevertheless, these methods require time-series data, and thus are rather difficult for real-
time assessment. Meanwhile, a number of studies had successfully accomplished real-time
detection of several important stages, such as heading and flowering, by adopting com-
puter vision techniques based on significant phenotypic changes [26-28]. Unfortunately,
the study about the growth phase transition of rice plants from the late vegetative to early
reproductive phase has not been found yet. There are several hints to discover the transi-
tion, such as leaf area and leaf length reduction [29] and leaf nitrogen translocation [10].
However, these changes are rather obscure to human observation. Therefore, a real-time
detection method with a high temporal resolution is still required for the assessment of
panicle-fertilizer topdressing timing.

Since hyperspectral sensing could provide detailed information about a target with
numerous, continuous, and meticulous spectral reflectance data, it has been a potential
tool for growth phase discrimination. Nonetheless, these advantages often raise problems
that impede the performance of hyperspectral sensing, such as data collinearity and
issues with dimensionality. In consequence, hyperspectral data are often pre-treated with
dimensionality reduction techniques to reduce the data dimensionality. There are two
major approaches for data dimensionality reduction: feature extraction (FE) and feature
selection (FS) [30].

Principal component analysis (PCA) is one of the most common FE methods in
agricultural /vegetation studies for reducing data dimensionality and removing wavelength
correlations [31-33]. By combining and transforming all of the original features with PCA,
the numerous hyperspectral data could be substituted by a few components while still
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holding most of the variation within the original data [34]. Moreover, the factor loadings
(or eigenvectors) resulting from PCA could also be used for wavelength selection [32]. On
the other hand, random forest (RF) is a useful FS method for data dimensionality reduction;
at the same time, it is also a robust learning algorithm to solve both classification and
regression problems [35-37]. The RF estimates the importance of a variable via measuring
either Gini impurity or permutation accuracy. Subsequently, the dimensionality-reduced
data could be accompanied with commonly used classifiers such as logistic regression,
random forest (RF), and support vector machine (SVM).

The main objective of this study is to establish an unprecedented method for rice late
vegetative phase (LV) and early reproductive phase (ER) discrimination to improve the
precision of N application timing. Both FE and FS methods were tested for dimensionality
reduction of hyperspectral data. Furthermore, the specific objectives in this manuscript
were that the realistic implication of the modeling inputs was expected to be inferenced for
the specific plant traits changes. Moreover, the physical and physiological changes of the
rice plant were also illustrated for better understanding the rice growth phase transition.
Finally, a real-time and high-temporal-resolution approach would be constructed for precise
nitrogen application.

2. Materials and Methods
2.1. Study Site and Materials

An outdoor pot experiment was conducted in the experimental field of National
Pingtung University of Science and Technology in southern Taiwan in 2019-2020. A semi-
dwarf japonica rice cultivar, Kaohsiung 147 (KH147), was transplanted when the seedlings
had reached the two-leaf age. Each pot contained five seedlings. Ten pots were used
for daily hyperspectral data acquisition, while the remaining 20 pots were prepared for
destructive sampling. The N fertilizers were applied in five splits (20% at basal, 10% at
50%-tillering stage, 30% at active tillering stage, 30% at panicle initiation stage, and 10% at
booting stage) with a total amount of 150 kg/ha. The rice plants were submerged from
the transplanting stage until the flag leaf collar formation stage to ensure that the spectral
changes were not influenced by the variation of water reflectance.

2.2. Hyperspectral Data Acquisition

Hyperspectral data were daily measured from the maximum tillering stage until the
flag leaf collar formation stage by using the ASD FieldSpec HandHeld 2 Portable Spectro-
radiometer (Analytical Spectral Devices, Inc., Colorado, CO, USA). The spectroradiometer,
which is a non-imaging hyperspectral instrument, collects reflectance data in a 25° field
of view with a wavelength range of 325-1075 nm (1.5 nm sampling interval). Before mea-
surement, the spectroradiometer was calibrated with the Spectralon white reference panel
(Labsphere Ltd., North Sutton, NH, USA) to standardize different light conditions. The
instrument was held vertically at around one meter above the soil surface, providing a de-
tection spot approximately 0.45 m in diameter, covering the pots (0.25 m in diameter) in the
center (Figure 1). Since the measurements were conducted during 10:00 a.m. to 2:00 p.m.,
when the sun is located at nearly zenith position, the sun-spot on the water surface was
carefully considered to avoid abrupt reflectance changes. The collected hyperspectral data
were averaged over the ten pots.



Agronomy 2021, 11, 2465

4 of 14

Figure 1. Illustration of rice LV, which includes (a) maximum tillering stage and (b) vegetative-
lag stage; and ER, which consists of (c) panicle initiation stage and (d) flag leaf collar formation
stage. This figure is a rough simulation of the spectroradiometer’s detection spot instead of the real
instrumental view.

2.3. Anatomical Observation

Destructive sampling was conducted weekly from the maximum tillering stage until
the flag leaf collar formation stage (Figure 1). Three pots of plants were randomly selected
and sent to the laboratory for dissection. All culms of the plants were dissected for anatom-
ical observation. A culm containing either green-ring or 1-3 mm panicle is considered as a
reproductive culm (Figure 2). The beginning of the reproductive phase is defined when the
proportion of reproductive culm has reached 50%.

Figure 2. Anatomical observation of first internode-elongation during LV (left); and green-ring with
a 1-3 mm panicle during ER (right).

2.4. Plant Traits Examination
2.4.1. Leaf Cover Area (LCA)

Before destructive sampling, leaf cover area (LCA) and leaf chlorophyll content were
measured. The LCA measurement, which is an uncommon method for leaf area-related
ground-truth observation, was done with a smartphone-RGB camera and Image] software
(version 1.53) (National Institutes of Health, Bethesda, MD, USA). The procedure was
graphically illustrated in Figure 3. A white panel was placed beside the target plant as a
reference length for subsequent image analysis. Then, an RGB-image was taken with a
smartphone-RGB camera that was held vertically and approximately one meter above the
soil surface. Subsequently, the captured image was loaded into the Image] software for LCA
estimation. Firstly, a straight line was drawn according to the border of the white panel
within the raw image, and a known-scale was set to define the pixel unit to distance unit
(Figure 3a). Secondly, the image was converted to 8-bit RGB color channels (Figure 3b—d).
Then, the 8-bit images were transformed by the equation (G — R) + (G — B) to extract the
plant pixels (Figure 3e—g). It is worth noting that, since the default image data type of
the software is uint8, rearranging the formula might be unwise. For example, (G + G) —
(R + B) could yield different results, although it is mathematically equivalent to the (G — R)
+ (G — B). Lastly, the plant pixels were masked out by Otsu thresholding, and finally the
LCA was estimated (Figure 3h).
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Figure 3. Illustration of leaf cover area (LCA) estimation procedure. (a) Define the drawn pixels
unit; (b—d) split channel; (e—g) transformation with (G — R) + (G — B) formula; (h) estimating the
threshold area.

2.4.2. Leaf Chlorophyll Content (SPAD)

The leaf chlorophyll content was investigated with a chlorophyll meter (Chlorophyll
meter SPAD-502Plus, Konica Minolta, Tokyo, Japan). The SPAD measurements were made
at the 2/3 position on the third fully expanded leaf from the top [38].

2.4.3. Leaf Dry Weight (LDW), N Content (LNC), and N Accumulation (LNA)

After dissection for anatomical observation, the leaves were oven-dried until constant
weight at 80 °C to obtain the leaf dry weight (LDW). The leaf N content (LNC) was
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determined by the Kjeldahl method. The leaf nitrogen accumulation (LNA) was calculated
by multiplying LDW with LNC, where:

LNA = LDW x LNC 1)

2.5. Data Analysis

The data analysis was implemented in R software (version 4.1.0) [39]. The procedure
is illustrated in Figure 4.

[ Raw Reflectance ]

0%  |-reesiiina H 30%

[ Training data ] [ Hold-out data ]

Feature Feature
Selection Extraction

————————————

Parameters
Tuning
[ Suitable Parameters ]

[ Validation Result ]

Figure 4. Illustration of the data analysis procedure.

2.5.1. Data Pretreatment and Partition

The raw spectral data were smoothed before subsequent analysis [33]. As a result, the
smoothed spectral data for subsequent analysis ranged from 327 nm to 1073 nm. Next, the
smoothed data were randomly partitioned into two parts: 70% as the training dataset, and
the remaining were held out for validation.

2.5.2. Dimensionality Reduction

Two dimensionality-reduction techniques, FE and FS approaches, were applied on the
smoothed hyperspectral data. The FE approach was performed with PCA. The eigenvalues
of each component were calculated with a correlation matrix. Subsequently, a suitable
number of principal components (PCs) were determined according to the proportion of
variance explained (PVE) in the scree-plot. The extracted features were then used to
establish logistic regression (FE-logistic), RF (FE-RF), and SVM (FE-SVM) models.

On the other hand, the FS approach was performed with RE Several wavelengths
were selected according to the variable importance that was measured with the Gini index.
The selected wavelengths were then used to construct logistic regression (FS-logistic), RF
(FS-RF), and SVM (FS-SVM) models.

2.5.3. Parameters Tuning

The parameters of each algorithm were tuned in a 10-fold cross-validation procedure.
The optimal cutoff threshold of logistic regression was determined as the cross-point of
sensitivity and specificity [40]. The number of trees (ntree), the number of variables (mtry)
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of RF, and the cost and gamma of SVM (RBF kernel) were decided based on the highest
accuracy obtained in the grid search method. The fine-tuned parameters were then applied
to internal data modelling (Table 1) and consequently validated by the hold-out dataset.

Table 1. Fine-tuned parameters for each algorithm.

Models Parameters
FE-logistic threshold = 0.50
FS-logistic threshold = 0.60

FE-RF mtry = 1, ntree = 160
FS-RF mtry = 1, ntree = 300
FE-SVM cost = 100, gamma = 0.01
FS-SVM cost = 10, gamma = 0.01

2.5.4. Model Performance Evaluation

A confusion matrix was adopted to deal with binary classification purposes (Table 2).
Subsequently, four metrics derived from the confusion matrix were used to evaluate the
performance of each classifier.

Table 2. Confusion matrix.

Observed
Predicted
Vegetative Reproductive
Vegetative N FN
Reproductive FP P!

1 IN: True negative; FN: False negative; FP: False positive; TP: True positive.

The derivatives are expressed as follows:

e  Accuracy: This represents an overall proportion of accurate classification (correctly
classified vegetative and reproductive, respectively).

TP + TN
TP + TN + FP + FN

e  Sensitivity: This shows how well the classifiers can identify the reproductive phase
when the rice plant enters the reproductive phase.

@

Accuracy =

TP
Sensitivity = m (3)

e  Specificity: This shows how well the classifiers can identify vegetative phase when
the rice plant has not entered reproductive phase.

T
Specificity = ﬁ (4)

e  Precision: This computes the probability that a positive prediction is accurate.

TP

P .. _
recision TP + FP

©)
3. Results and Discussion
3.1. Plant Trait Changes during Phase Transition

The LCA progressively expanded during LV and reached maxima before ER (Figure 5a).

This might have resulted from the decrease in leaf area and leaf length after panicle initia-
tion [29]. At the same time, the LDW gradually increased before ER and started to decline
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after LV (Figure 5b). This revealed that the leaf biomass accumulation was retarded after
the transition to ER.
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Figure 5. Illustration of (a) leaf cover area (LCA), (b) leaf dry weight (LDW), (c) chlorophyll meter
readings (SPAD), (d) leaf N content (LNC), and (e) leaf N accumulation (LNA). The grey-dashed
vertical line denotes the beginning of the reproductive phase.

On the other hand, the dynamic changes of SPAD values represented the color changes
of the leaves during phase transition (Figure 5c). The SPAD values in LV were higher than
those in ER, depicting the color of leaves turned from green to yellowish-green during
phase transition. The reason is generally related to the degradation of chlorophyll that
is a common phenomenon during leaf senescence. Besides, LNC declined during ER
regardless of the decrement in LDW (Figure 5d). The result indicated that the process of
N translocation from leaf (source) to stem (sink) had synchronously occurred along with
chlorophyll degradation. The N requirement of the panicle is continuously elevated after
the transition to ER, while the plant total N absorption declines after the vegetative phase’s
end [41]. Consequently, N is translocated from leaves to panicles to compensate for the
demand of panicle development. The N translocation process is especially obvious when
N supply is inefficient during ER [10]. The reduction in LNA during ER further revealed
the N translocation process (Figure 5e).

In summary, three symptoms indicate the transition from LV to ER. First, the coverage
is maximally extended before ER; second, the leaf growth is retarded after LV; and third,
the leaves appear from green to yellowish-green due to N translocation.
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3.2. Dimensionality Reduction
3.2.1. Feature Extraction (FE)

The FE-based dimensionality reduction was done with the PCA algorithm according
to the proportion of variance explained (PVE) of each principal component (PC). The result
showed that the former five PCs explained 65.93%, 16.45%, 9.43%, 2.00%, and 0.74% of
the data variances, respectively (Figure 6a). The scree-plot’s elbow bent on PC2; however,
PC3 was also taken into consideration to achieve an over 90% cumulative PVE [33]. The
contributions of each wavelength to the extracted PCs were further represented with a
loadings plot (Figure 6b).

0.09-

&

Loadings
=
g

3 4 5 300 400 300 600 700 800 900 1000 1100
PC Wavelength (nm)

(a) (b)

Figure 6. Feature extraction is based on (a) the proportion of variance explained (PVE) (black dots and line) and cumulative

PVE (grey bars) of each principal component (PC). The variable importance was depicted by (b) the loadings plot that
consists of the eigenvectors of the PC1 (solid line), PC2 (dashed line), and PC3 (dotted line).

The major contents of PC1 could be roughly separated into three parts according
to the peaks of eigenvectors and are the green region (500-600 nm), the red-edge region
(680-750 nm), and the NIR region (>750 nm). The trough around 510-540 nm involved
pigment variation (chlorophyll, carotenoids, and anthocyanin) [42—44] and the xanthophyll
signal [45]. The result indicates PC1 might be a physiological indicator. However, the
PC1 subsequently inflected on the red-edge region (around 675 nm) and appeared as a
basin throughout the red-edge and NIR regions. The red-edge region is comprehensive
in plant monitoring and is related to the plant’s structural and physiological status, such
as leaf area index (LAI) and chlorophyll content [46]. Besides, the NIR region correlates
with biophysical changes such as intra- and inter-cellular properties, leaf orientation, and
plant coverage [47,48]. Due to the confounding effects of PC1, it is rather difficult, if not
impossible, to be interpreted as a single or several plant traits.

The PC2 provoked a major peak in the blue region (350450 nm) and a short peak
in the red region (670-680 nm) (Figure 6b). The blue region is related to plant pigment
absorption, which provides much information on plant physiological status and indicates
the phenological stage [49]. Meanwhile, chlorophyll absorbs strongly in the red region,
with maximum absorbance between 660 and 680 nm. These led the PC2 to be assumed as a
physiological feature. However, the correlation of PC2 with physiological measurements
(SPAD, LNC, and LNA) in this work was insignificant. The reason might be due to
the overlapping absorption features of major pigments and other constituents [49-51].
Furthermore, the wavelengths around 675 nm were suggested to be insensitive to pigment
variation unless the chlorophyll content is very low [52]. On the other hand, this work
suggested that PC2 was negatively correlated with LCA to some extent (r = —0.373; p < 0.09)
(Table 3). The negative correlation between PC2 and LCA was reasonable, as the extension
of LCA would probably increase the area of blue light absorption, thus reducing blue light
reflectance. Hence, PC2 could be partly considered as a physical feature rather than a
physiological feature.
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Table 3. Pearson’s correlation between extracted features and plant traits.

Traits PC1 PC2 PC3
LCA —0.277 —0.373 —0.329
LDW —0.294 —0.289 —0.358
SPAD 0.049 —0.013 —0.258
LNC —0.035 —0.062 —0.333
LNA —0.258 —0.262 —0.440 *

LCA: leaf cover area; LDW: leaf dry weight; SPAD: chlorophyll meter readings of Soil Plant Analysis Development;
LNC: leaf nitrogen content; LNA: leaf nitrogen accumulation. The symbol * denotes significant correlation at
p < 0.05, respectively.

PC3 mainly constituted the red and red-edge regions (Figure 6b). Preceding studies
showed that several wavelengths within the red and red-edge region correlate with N
content [32,53]. However, the correlation between PC3 and LNC was rather insignificant in
this work. The reason might be the impact of considerable loadings from the NIR region
that is insensitive to chlorophyll and thus N content [47,54]. Nonetheless, PC3 negatively
correlated with LNA (r = —0.440; p < 0.05). The LNA depicts the growth amount of plants,
particularly the enrichment of nitrogen and carbon. Besides, the insignificant correlation
between PC3 and LCA is reasonable, as previous research proved that the red-edge region
is unaffected by ground cover [46]. On the whole, PC3 tended to be a physiological feature
due to the stronger correlation with LNA.

3.2.2. Feature Selection (FS)

The FS-based dimensionality reduction was performed with a random forest (RF)
algorithm. The importance of each wavelength was measured with permutation accu-
racy. Figure 7 represents four groups of peaks that are located within blue (350-450 nm),
blue-green edge (450499 nm), green (500-600 nm), and red-edge (680-750 nm) regions.
Considering the problem of data collinearity, only a single representative wavelength
would be selected from each region. Consequently, 402, 432, 579, and 696 nm were selected
for subsequent modeling.

0.007
0.006
0.005
0.004
0.003
0.002
0.001

Variable Importance

RSP FRPUROCE PO Y

600 700 800 900 1000 1100
Wavelength (nm)

0.000

Figure 7. Feature selection with the random forest algorithm. The arrows point out the selected
wavelengths.

Although major plant pigments absorb blue wavelengths, their strong absorbance peak
is above 430 nm, which is quite far from 402 nm [49]. Meanwhile, the wavelengths around
402 nm were of lesser concern. Interestingly, 402 nm was also one of the highest loadings
of PC2 in the previous section. The result showed that 402 nm negatively correlated with
LCA to some extent (p < 0.09) (Table 4). The weak correlation between LCA and either PC2
or 402 nm might be caused by the insufficient area of the detection spot. The detection
spot could be enlarged by elevating the detector’s height; however, it is rather difficult
to achieve due to the observer’s height limitation. On the contrary, 432 nm is very near
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430 nm, one of the main absorption peaks of carotenoids [43]. The 432 nm wavelength
probably correlated with carotenoid content and could be an indicator of leaf senescence.

Table 4. Pearson’s correlation between selected features and plant traits.

Traits 402 nm 432 nm 579 nm 696 nm
LCA —0.346 —0.274 —0.019 —0.044
LDW —0.067 —0.016 —0.028 —0.124
SPAD 0.068 —0.080 —0.758 *** —0.777 ***
LNC 0.113 —0.023 —0.712 *** —0.741 ***
LNA 0.000 —0.014 —0.332 —0.427 *

LCA: leaf cover area; LDW: leaf dry weight; SPAD: chlorophyll meter readings of Soil Plant Analysis Development;
LNC: leaf nitrogen content; LNA: leaf nitrogen accumulation. The symbols * and *** denote significant correlation
at p < 0.05 and p < 0.001, respectively.

On the other hand, 579 nm is intuitively a yellow wavelength representing the plant’s
yellowness. Although the carotenoids are the principal pigments that correspond to the
yellowish appearance of leaves, the correlation between 579 nm and carotenoid content
might be indirect. Preceding research found that those wavelengths above 550 nm within
the green region are only governed by chlorophyll absorption [43]. Therefore, the yellow-
ness of leaf appearance during phase transition was probably caused by the degradation of
chlorophyll. Table 4 represents the significant correlation of 579 nm with SPAD and LNC
(pr <0.001).

Besides, 696 nm within the range of 690-705 nm could be a sensitive indicator of
chlorophyll content [50]. Furthermore, several studies also stated that 696 nm correlates
with chlorophyll content and N content [55,56]. The situations were also similar, as shown
in the results, that 696 nm had significant correlation with SPAD (p < 0.001), LNC (p < 0.001),
and LNA (p < 0.05).

3.3. Model Evaluation

In order to construct the predicted model, the extracted features (PC1, PC2, and PC3)
and selected features (402, 432, 579, and 696 nm) were applied for modelling and comparing
the performances. Four metrics evaluated the constructed models: accuracy, sensitivity,
specificity, and precision, as shown in Figure 8. The FE-logistic (accuracy = 0.833) and
FE-SVM (accuracy = 0.875) represented a higher overall proportion of correct classification.
Besides, the FE-logistic (sensitivity = 0.917) and FE-SVM (sensitivity = 0.917) exhibited
greater ability for recognizing the ER. On the contrary, the FS-RF (specificity = 0.833) and
FE-SVM (specificity = 0.833) showed better performance in identifying the LV. Nonetheless,
the FE-SVM (precision = 0.846) and FS-RF (precision = 0.818) manifested higher reliability
of positive estimation.

1.0-
0.8+ |
= Classifiers
-E 0.6+ FE-Logistic
5 B FS-Logistic
2 FE-RF
S 04 B FS-RF
[-B FE-SVM
B FS-SvM
0.24
0.04
Accuracy Sensitivity  Specificity Precision
Metrics

Figure 8. Validation result for the constructed models.
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The performance of the FE-logistic was comparable to the FE-SVM to some extent if
considering the computational cost. However, the lower precision indicated the FE-logistic
could be somewhat over-sensitive. An over-sensitive model would easily misclassify
the LV as ER and consequently mislead N application at LV. When a cultivar with high
lodging resistance is planted, the FE-logistic could be a competent model. On the contrary,
the FE-SVM is more appropriate for general application.

4. Conclusions

This study represented the workflow of hyperspectral sensing for the discrimination
of rice late vegetative phase (LV) and early reproductive phase (ER). Moreover, the physical
and physiological changes of the rice plant during phase transition were also illustrated.
Furthermore, the realistic implications of the spectral features were inferenced. As shown
in the experimental results, the leaf cover area (LCA), leaf dry weight (LDW), and leaf N
accumulation (LNA) of rice plants progressively increased, while the chlorophyll content
(SPAD) and leaf nitrogen content (LNC) remained stable during LV. After reaching ER, the
N translocation from leaves to emerging panicles led to chlorophyll degradation. Although
these differences were obscure to human observation, hyperspectral sensing could still
distinguish the differences in a non-destructive and high-temporal-resolution manner.
Considering the detrimental effect of applying N at LV, the feature extraction-based support
vector machine (FE-SVM) was suggested for the timing assessment of panicle fertilizer
application. Further effort is still required to integrate this timing assessment approach with
extensively published nitrogen status monitoring techniques for precise N management.
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