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Abstract: Rice leaves display lateral asymmetry around the midrib, and the narrow side exhibits
higher leaf area-based nitrogen concentration (Na) and soil plant analysis development (SPAD) values
than the wider side. However, the difference in the relationship between the SPAD of each side
and Na of the corresponding lateral half, and the optimal position along the leaf blade for SPAD
measurements are not known. In this study, the relationship between SPAD and Na of both sides
of the top three leaves was determined with 17 rice varieties grown over three growing seasons in
two locations. The relationship between SPAD and Na displayed leaf lateral asymmetry, in which
the wide side reflected a higher coefficient of determination than the narrow side. The ability to
estimate Na of the whole leaf was slightly improved by averaging SPAD values across the leaf sides
and measured points for the top two leaves. Apparently, it was more accurate and easier to measure
SPAD readings on the wide side than the narrow side of rice leaf blade with respect to estimating
plant N status. Due to the relatively poor relationship of the upper leaf, and the structural limit
for SPAD measurements of the base, this study suggests that the most suitable and representative
position for SPAD meter measurement on the leaf blade of rice is the lower-middle part from the leaf
apex on the wide side.

Keywords: chlorophyll meter; nitrogen; plant N status

1. Introduction

Rice (Oryza sativa L.) is one of the most important cultivated crops and is a staple food in the diet
of more than three billion people. Over the last 50 years there has been remarkable growth in rice
production, providing the foundation for progress towards global food security [1]. Rising crop yields
during recent decades can be largely attributed to crop genetic improvement, improved irrigation
systems, and widespread application of fertilizers and pesticides, among which increased application
of nitrogen (N) fertilizer has been, by far, the most crucial [2,3]. Nitrogen is the nutrient element that is
most limiting to the growth and productivity of rice. Conventional farming makes extensive use of
N fertilizer to ensure profitability in soils with uncertain fertility levels, and as insurance to achieve
high rice yield [4]. Despite being a dominant factor in rice production and quality improvement, the
excessive use of N fertilizer has reduced N use efficiency, burdened farmers economically, and harmed
the environment [5]. Leaf N status is commonly monitored to determine the requirement for top
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dressing and as a guide for the proper timing and amount of N fertilizer application to improve rice
yield and N use efficiency [6,7].

Photosynthesis is the ultimate basis of crop yield and improving photosynthetic efficiency has
recently been recognized as an additional important component of increasing yields [8,9]. There is
a close relationship between the single-leaf net photosynthetic rate and leaf N concentration in
many plant species [10], reported to be linear or curvilinear in rice [11]. Therefore, maintaining
adequate leaf N concentration throughout the growing season is crucial for supporting photosynthetic
capacity and achieving high crop yields [12]. Estimating N nutritional status is important for
investigating, monitoring, and managing rice production systems [13]. Plant-based diagnostic
techniques are required to assess the leaf area-based N concentration (Na) in crop plants for optimum
growth. Nevertheless, conventional methods of measuring leaf Na are almost always based on
destructive sampling, such as the Kjeldahl procedure [14]. Furthermore, these methods are laborious,
time-consuming, and costly [15]. Therefore, there is a need for simple, rapid, and accurate estimation
to determine crop N status in the field and make on-site N application decisions.

Chlorophyll is the photosynthetic pigment essential for converting light energy to chemical energy.
The majority of leaf N is contained in chlorophyll molecules [16]. Quantification of chlorophyll content,
therefore, gives an indirect measure of N nutrient status. One method of measuring N content in
plants that are then dried and chemically analyzed using laboratory procedures [12]. This technique is
generally laborious, time consuming, and expensive [17]. Fortunately, use of nondestructive handheld
sensors, such as a leaf color chart and soil plant analysis development (SPAD), provide an instant
indication of leaf chlorophyll that then can be correlated with leaf N [13,18]. A SPAD chlorophyll
meter provides a simple, quick, and nondestructive method for estimating the chlorophyll content
of leaves and, hence, gives an indication of leaf N content [19]. The SPAD meter estimates relative
chlorophyll concentration by measuring differential transmittance of red (650 mm) versus infrared
(940 mm) light through part of a leaf held within a small chamber (2-3 mm) [13]. There is a tight linear
correlation between SPAD readings and Na [20]. Thus, the SPAD meter has also been utilized as a
method to determine crop N status, and judging rice N demand to improve grain yield and N use
efficiency over the past two decades [20,21]. However, SPAD meter output can be impacted by several
factors, including rice variety, growth stage, leaf position, leaf thickness, and the measured point
on the leaf [7,22]. Researchers have adopted many effective measures to account for this variability.
For example, correlation between SPAD readings and Na is higher than that between SPAD readings
and leaf dry weight-based N concentration (Nw), mainly the result of complications from the effects of
specific leaf weight (SLW) [19,23]. When taking SPAD readings from a field, it is essential to ensure
that plant samples are representative of the whole crop. Measuring SPAD readings of the uppermost
fully-expanded leaf to reveal plant N status is accepted as common practice, although SPAD readings
of lower leaf positions were better correlated with the total N in whole leaves in some studies [24,25]
and might be more suitable.

We have previously reported leaf lateral asymmetry in leaf width, Na, and SPAD of rice
plants—the narrow side of the leaf blade had higher Na and SPAD values than the wide side [26].
Additionally, there have been many studies conducted to determine the most representative
measurement position [25] for the evaluation of different SPAD measurement methods [27], and
to develop various SPAD-related indices [28]. Nevertheless, to our knowledge, whether there is
difference between the lateral leaf halves in relationship between SPAD readings and Na has not yet
been investigated. Since SPAD readings show high variability along the leaf blade from the leaf apex
to the base (due to uneven distribution of chlorophyll). It is vital to divide the rice leaf into several
parts for measurement [29]. However, variation of SPAD measurements along leaf blades between the
two lateral sides is also currently unexplored.

In the present study, SPAD readings were recorded at different parts along the leaf blade of
each lateral half. Na was also determined for each lateral half. Objectives of this study were (1) to
determine the difference between the two lateral halves in the relationship between the SPAD of each
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lateral half and Na of the corresponding side, and (2) to identify the optimal part of the leaf for SPAD
measurements in rice.

2. Materials and Methods

Four field experiments were conducted in Wuxue County and Wuhan City, Hubei Province, China
in 2014. In all fields, soil samples were collected from the top 0-20 cm layer before transplanting.
Properties of the soils are described in Table 1. At the Wuxue site, three experiments were conducted
in the early (from April to July), middle (from May to October), and late (from July to November) rice
growing seasons. One experiment was conducted in the middle rice growing season (May to October)
in Wuhan. Four and seven varieties were used in the early and late growing seasons, respectively
(Table 2). The experiments in the middle growing season had nine and ten varieties in the Wuxue and
Wauhan sites, respectively. Thus, there were 30 study cases (variety-season-location combinations) in
this study. A complete randomized block design with four replications was used in all four experiments.
Twenty eight-day-old and 20-day-old seedlings were transplanted on 3 May and 29 July in the early
and late growing seasons, respectively. Twenty five-day-old seedlings were transplanted on 17 June
for the middle growing season in Wuxue and Wuhan sites. Two seedlings per hill were transplanted
manually in the 5 X 6 m plots in all four experiments. The climate data, including daily temperature,
solar radiation, relative humidity, and rainfall during rice growing seasons in Wuxue and Wuhan sites
are shown in File S1 and File S2 in the Supplementary Materials, respectively. The climate data were
collected from weather stations located near the experimental sites in both Wuxue and Wuhan.

Table 1. Soil properties of the top 0-20 cm layer in four experimental fields at Wuxue and Wuhan,
Hubei Province, China, in 2014.

Location Season pH Organic k/llatter Totalj;l Olsen-ﬁl’1 Availab17e1K
g ks g ks mg kg mg kg
Early 5.29 2257 2.08 18.84 111.6
Wuxue Middle 5.60 27.18 1.83 491 105.8
Late 5.36 21.19 1.93 13.35 63.2
Wuhan Middle 6.40 10.12 0.81 7.56 146.4

Table 2. Information of rice cultivars grown in the early, middle, and late rice growing seasons in
Wuxue and Wuhan, Hubei Province, China, in 2014.

Number Cultivar Location Season Type
1 Liangyou287 Wuxue Early/Late Hybrid
2 Zhongjiazaol7 Wuxue Early/Late Inbred
3 Ezaol7 Wuxue Early/Late Inbred
4 Ezaol8 Wuxue Early/Late Inbred
5 Huanghuazhan Wuxue/Wuhan Middle Inbred
6 Zhuliangyou35 Wuxue/Wuhan Middle Hybrid
7 Zhongzul4 Wuxue/Wuhan Middle Hybrid
8 9youb Wuxue/Wuhan Middle Hybrid
9 Guangliangyou5 Wuxue/Wuhan Middle Hybrid
10 Quanyou982 Wuxue/Wuhan Middle Hybrid
11 Rongfengyou4l Wuxue/Wuhan Middle Hybrid
12 Wuyouhang1573 Wuxue/Wuhan Middle Hybrid
13 Huiliangyou630 Wuxue/Wuhan Middle Hybrid
14 Huiliangyou858 Wuhan Middle Hybrid
15 Xiangzao45 Wuxue Late Inbred
16 Wandao143 Wuxue Late Inbred
17 Xiangzaoxian6 Wuxue Late Inbred

N fertilizer was applied in the form of urea at basal, tillering, and panicle initiation with rates of
84, 46, and 46 kg N ha~1, respectively, for the early rice growing season; 70, 42, and 56 kg N ha! for
the late rice growing season; and 40, 30, and 30 kg N ha~! for the middle rice growing season in the
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two sites. Phosphorus (P) was applied basally, in the form of calcium superphosphate, with rates of
31, 40, and 24 kg P ha=1in the early, middle, and late growing seasons. Potassium (K), in the form
of potassium chloride, was applied at a rate of 37 and 56 kg K ha~! at basal and panicle initiation,
respectively, for the early growing season; 37 and 60 kg K ha~! for the late growing season; and 50
and 50 kg K ha~! for the middle growing season. Basal fertilizers were manually broadcasted and
incorporated 1 day before transplanting. Weeds, diseases, and insects were intensively controlled
throughout the entire rice growth period according to recommended practices, and no noticeable crop
damages were observed in any of the four experiments.

SPAD readings of the top three leaves (i.e., the first, second, and third fully-expanded leaves
from the top of the plant, designated as LFT1, LFT2, and LFT3, respectively) were taken in situ from
three representative subsample plants at the heading stage from each replication. On each lateral
side of the midrib, SPAD readings were taken at seven measured points along the leaf blade using
a chlorophyll meter (SPAD-502, Soil-Plant Analysis Development, Konika Minolta, Japan), at 1/8,
1/4,3/8,1/2,5/8,3/4, and 7/8 of the distance from the leaf apex to the base (i.e., the 1st, 2nd, 3rd,
4th, 5th, 6th, and 7th measured points) (Figure 1). After SPAD measurement, the top three leaves
of the selected plants were brought to a laboratory for further analysis, where each leaf was sliced
manually along its length to remove the midrib. For each leaf, the wide and narrow sides of the leaf
blade were separated to measure the rice leaf area, dry weight, and N concentration of each lateral half.
A leaf area meter (LI-3200, Li-Cor, Lincoln, NE, USA) was used to measure rice leaf area. Dry weight
was determined after oven-drying at 80 °C to constant weight. Nw was determined by an elemental
analyzer (Elementar vario MAX CNS/CN, Elementar Trading Co., Ltd., Langenselbold, Germany).
Mean SPAD between the two sides (SPADave) at each measured point was calculated as the average
reading across the two lateral halves. The Na of each lateral half was defined as the Nw multiplied by
the corresponding SLW. SLW was defined as the ratio of leaf dry weight to leaf area. Na of the whole
leaf (Na,whole) was calculated with the following equation:

Na,whole = (Na,n x An+ Na,w x Aw)/(An + Aw) 1)

where Na,n and Na,w are the Na of the narrow and wide side of the leaf blade, respectively. An and Aw
are leaf area of the narrow and wide side of the leaf blade, respectively.

Ist point

2nd point
3rd point
4th point
Sth point

Gth point

7th point

Figure 1. SPAD readings were taken at seven points (i.e., the 1st, 2nd, 3rd, 4th, 5th, 6th, and 7th
measured points) from the leaf apex to the base along the leaf blade of each side, which represents 1/8,
1/4,3/8,1/2,5/8,3/4, and 7/8 of the distance from the leaf apex to the base, respectively.
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Data of all 30 study cases were subject to linear regression analyses, with Na and SPAD as the
dependent and independent variables, respectively. Significance of difference in the coefficient of
determination between the two lateral halves was tested by least significant difference at p = 0.01
(LSDg01) for each measured point.

3. Results

3.1. Lateral Asymmetry in SPAD Readings

SPAD readings recorded from the wide and narrow leaf sides both increased from the leaf apex
to the base for all top three leaves (Figure 2). The SPAD values were significantly higher (p < 0.05)
on the narrow side than that of the wide side at all seven measured points for the top three leaves.
The difference in SPAD values between the two lateral halves increased from the leaf apex to a position
representing 50-80% of the leaf blade, and then decreased to the base.

SPAD readings of the wide side SPAD readings of the narrow side
48
—e— LFTI1 —*— LFTI
46
44
42
40
38
36
34
48
—s— LFT2 —e— LFT2
46
44
42
40
38
36
34
48
—e— LFT3 —s— LFT3
46
44
4
40
38
36
34 T T T T T T T T T T T T T T
1 2 3 4 5 6 7 1 2 3 4 5 6 7
SPAD measured point SPAD measured point

Figure 2. SPAD readings at different points of top three leaves. SPAD readings of the wide and narrow
sides at seven measured points for the top three leaves. Each data point represents the mean of 30 study
cases with four replications and three subsamples per replication in 2014. Error bars represent the
standard error (SE) across 12 leaves. LFT1-3 represents the first, second, and third fully-expanded leaf
from the top, respectively.

3.2. Lateral Asymmetry in SPAD Differences across Measured Points

The standard deviations (SD) and coefficients of variation (CV) of the SPAD readings across the
seven measured points of each side within a leaf were determined (Figure 3). The SD of the SPAD
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readings for the wide side across the measured points was the largest in LFT3 (1.8) followed by LFT2
(1.5) and LFT1 (1.4), whereas there were no differences among the measured points of the narrow side
in the top three leaves. The trend in the CV of the seven SPAD readings of each lateral half among the
top three leaves was similar to that of the SD (Figure 3). LFT3 had the highest CV on both the wide
and narrow sides, followed by LFI2 and LFT1. Generally, the wide side had lower SD and CV values
than the narrow side for LFT1 and LFT2, while SD and CV were both lower for the narrow side than
the wide side for LFT3. The results demonstrated lateral asymmetries in the stability of SPAD readings
along the rice leaf. In addition, the wide side had higher SD and CV across different leaves at the same
leaf position than the narrow side at all measured points for the top three leaves (Figure 4). The SD
ranged from 2.7 to 4.9 for the wide side, and from 2.8 to 4.2 for the narrow side. The CV for the wide
and narrow sides was between 6.3% and 12.6%, and between 6.1% and 9.8%, respectively. The SD
and CV of SPAD values across different leaves at the same leaf position for all seven measured points
increased from the leaf apex to a leaf-specific position (affected by the position from the top of the
plant), and then declined to the leaf base.

Standard deviation Coefficient of variation (%)

2.0 6

. Wide side

— 5 | [ Narrow side

4

=

S}

0.5 4

0.0

o

LFT1 LFT2 LFT3 LFT1 LFT2 LFT3

Figure 3. Standard deviation and coefficient of variation across measured points. Standard deviation
and coefficient of variation (%) of the SPAD readings across seven measured points within a leaf (n = 7).
The SD and CV values are the average of 30 study cases with four replications and three subsamples
per replication (n = 360). LFT1-3 represents the first, second, and third fully-expanded leaf from the
top, respectively.

LFT1 LFT2 LFT3

m— WVide side
=1 Narrow side

Standard deviation

LFT1 LFT2 LFT3

A dE

1 2 3 4 5 6 7 1 2 3 4 5 6 7 1 2 3 4 5 6 7
SPAD measured point SPAD measured point SPAD measured point

Coefficient of variation (%)

IS

o

Figure 4. Standard deviation and coefficient of variation across leaves. Standard deviation and
coefficient of variation (%) of the SPAD readings from 12 leaves within a variety (n = 12). The SD and
CV values are the average of 30 study cases (n = 30). LFT1-3 represents the first, second, and third fully
expanded leaf from the top, respectively.
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3.3. Lateral Asymmetry in the Relationship between SPAD and Na

The SPAD readings at different measured points on each side were regressed against the Na of the
corresponding lateral half, and a close linear relationship was found between SPAD and Na for both
sides. The coefficients of determination (R?) ranged from 0.51 to 0.82 for the wide side, and from 0.41 to
0.73 for the narrow side (Table 3). On average, the results illustrated that the SPAD readings of the wide
and narrow sides reflected 68.3% and 60.4% of the variation in Na of the corresponding lateral half for
LFT1, respectively; 66.1% and 59.3% for LFT2; and 73.7% and 62.7% for LFT3. As a result, R? of the
relationship between SPAD and Na for the wide side was 13.0%, 11.6%, and 17.5% higher than that for
the narrow side for LFT1, LFT2, and LFT3, respectively (Table 3). The results suggested that leaf lateral
asymmetries exist in the relationship between SPAD readings and Na for the top three rice leaves at
the heading stage, with a closer relationship in the wide side than the narrow side. Furthermore, the
R? of the relationships between SPAD readings and Na of the corresponding lateral half were highest
for the 4th, 5th, and 6th points in both lateral halves (Table 3). Therefore, the R? of the relationship
between average SPAD values across the 4th, 5th, and 6th points and Na of the wide side was higher

than that of the narrow side for all top three leaves (Table 3).

Table 3.

Quadratic regression analyses between SPAD readings and leaf area-based nitrogen

concentrations (Na) of the corresponding lateral halves at each measured point of the two sides

for the top three rice leaves in 2014.

Regression Equation R?
Leaf Point

Wide Narrow Whole Wide  Narrow Whole
1 1 y =0.049x — 0250 y=0.050x —0.259 y=0.051x —0.300 0.58* 044 * 0.57 *
2 y =0.050x — 0.343 y=0.050x —0.347 y=0.051x —0.405 0.64* 0.53 * 0.65 *
3 y=0.049x — 0.321 y=0.051x — 0456 y=0.050x —0.409 0.67* 0.61* 0.70 *
4 y =0.051x — 0.454 y=0.050x —0.458 y=0.051x—-0481 071* 0.64 * 0.74 *
5 y=0.049x — 0.393 y=0.047x —0.361 y=0.049x — 0.408 0.75* 0.66 * 0.77 *
6 y =0.051x — 0477 y=0.050x —0.499 y=0.052x —0.567 0.74* 0.66 * 0.78 *
7 y=0.053x — 0.579 y=0.051x — 0574 y=0.052x —0.599  0.69* 0.69 * 0.74 *
Aved—6 y =0.051x — 0.480 y=0.050x —0.476 y=0.051x—-0.512 0.75* 0.66 * 0.77 *
2 1 y=0.047x — 0432 y=0.039x — 0.067 y=0.044x — 0.292 0.51* 0.41* 0.47 *
2 y =0.046x — 0433 y=0.046x — 0461 y=0.048x —0.522 0.58* 047 * 0.58 *
3 y =0.050x — 0.639 y=0.049x —0.650 y=0.051x —0.694 0.68* 0.57 * 0.66 *
4 y=0.057x — 0956 y=0.059x —1.136 y=0.060x — 1.115 0.71* 0.67 * 0.73*
5 y =0.053x — 0.823 y=0.051x —0.782 y=0.054x —0.881 0.74* 0.69 * 0.76 *
6 y=0.058x —1.035 y=0.054x — 0913 y=0.057x—1.061 0.72* 0.71* 0.74 *
7 y =0.054x — 0919 y=0.050x —0.745 y=0.054x —0.916  0.69* 0.63 * 0.70 *
Aved-6 y=0.058x —1.012 y=0.057x —1.052 y=0.059x — 1.100 0.75* 0.72* 0.77 *
3 1 y=0.032x +0.004 y=0.031x+0.063 y=0.033x—0.001 0.63* 0.53 * 0.56 *
2 y=0.031x+0.016 y=0.033x —0.062 y=0.032x—0.024 0.67* 0.52* 0.62 *
3 y=0.033x — 0.074 y=0.038x —0.299 y=0.036x — 0.196 0.72 % 0.57 * 0.69 *
4 y=0.036x —0.223 y=0.048x — 0.769 y=0.041x — 0.437 0.79 * 0.70 * 0.76 *
5 y=0.042x — 0485 y=0.051x — 0918 y=0.046x —0.679  0.82* 0.69 * 0.79 *
6 y =0.046x — 0.674 y=0.053x —1.004 y=0.049x —0.852 0.79* 0.73* 0.80 *
7 y=0.048x — 0.781 y=0.049x —0.820 y=0.049x — 0.823 0.74 % 0.65* 0.73*
Aved—6 y=0.042x — 0470 y=0.052x —0.968 y=0.046x —0.675 0.81* 0.73* 0.80 *

Wide, Narrow, and Whole represent the regression between SPAD on the wide side and Na of the wide lateral half,
between SPAD on the narrow side and Na of the narrow lateral half, and between the average SPAD and Na of the
whole leaf, respectively. * significant at the 0.01 probability level.

The relationships between average SPAD (SPADave) across the two sides at each measured point
and Na of the whole leaf blade were determined. On average, 70.7%, 66.3%, and 70.7% of the variation
in Na of the whole leaf blade were accounted for by SPADave for LFT1, LFT2, and LFT3, respectively
(Table 3). There was no difference in R? between LFT1 and LFT3, and R? of LFT1 was higher than that
of LFT2. Additionally, the R? of the relationship between SPADave and Na of the whole leaf blade for
the upper parts (the 1st, 2nd, and 3rd measured points) was lower than the lower parts, but SPAD
measurements taken from the base (the 7th measured point) was limited by structural characteristics
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of the leaf. Consequently, the relationship between the average SPAD values across the 4th, 5th, and
6th measured points in the lower part and Na of the whole leaf was determined. The average SPAD
values across the 4th, 5th, and 6th points reflected 77.2%, 76.9%, and 79.5% of the variation in Na of
the whole leaf blade for LFT1, LFT2, and LFT3, respectively. There was a slight improvement in R? by
averaging the SPAD readings across the 4th, 5th, and 6th points, except for LFT3.

Overall, based on the linear equation and R? (Table 3), it was revealed that the most representative
position for SPAD measurements is the lower-middle part of the leaf blade, which represents 55-75%
of the leaf blade from the leaf apex. Furthermore, considering the accuracy and operability of SPAD
measurement, this study suggests SPAD readings should be made on the wide lateral half of the rice
leaf blade to best represent the N status of rice plants.

4. Discussion

4.1. Factors Affecting SPAD Measurement

Chlorophyll meters (e.g., SPAD meters) provide a simple, quick, and nondestructive method
for estimating the N status or foliar chlorophyll concentration of many crops [6,30]. They are now
popular tools, facilitating research on plant nutrition, crop physiology, and plant eco-physiology [19,31].
However, successful use of SPAD meters is complicated by many factors, such as variety, growth
stage, leaf position, leaf thickness, and the measured point on the leaf blade [7,25]. The rice leaf blade
is divided by a midrib into two lateral halves, and the width of each lateral half is not equal [32].
The narrow side generally has higher Na and SPAD values than the wide side [26]. SPAD readings are
usually taken on one side of the midrib randomly around the midpoint of the leaf length [15,19].

Until the present study the relationship between SPAD readings of each side and Na of the
corresponding lateral half, and the relationship between average SPAD and Na of the whole leaf blade
had not been determined. Similarly, there has been no research conducted to examine which side is
more suitable for SPAD measurement.

4.2. Difference in SPAD along the Longitudinal Direction

SPAD readings at multiple points along the wide and narrow sides both increased from the leaf
apex to the base for the top three leaves measured in this study. However, others have reported SPAD
values increase from the leaf apex to a position representing 40-50% of the leaf blade, and then decrease
towards the base [25]. This difference may have resulted from different measurement methods, as
SPAD readings in the current study were taken at seven points along the leaf blade, whereas in other
experiments the SPAD distribution in leaf blades was calculated based on quadratic regression [25].
The difference in SPAD readings between the wide and narrow sides increased from the leaf apex to
a position representing 50-80% of the leaf blade, and then decreased to the base. Compared with other
measured points, the difference in SPAD values among the 4th, 5th, and 6th points (lower part) was
relatively small. Moreover, the SD and CV of SPAD reading across different leaves in these measured
points were also lower than in others.

4.3. Relationship between SPAD and Na

Since Na is more precisely estimated by SPAD than Nw [15], the relationship between SPAD values
at different measured points of each side and Na of the corresponding lateral half was determined.
In our study, we found that the R? of the regression was higher in the wide side than that of the narrow
side at all measured points for the top three leaves. To our knowledge, this is the first study to report
the leaf lateral asymmetry in the relationship between SPAD and Na of each lateral half. Moreover,
SPAD readings of the wide side of LFT1 accounted for more variation in Na than the narrow side.

The analysis of the relationship between SPADave across two sides at each measured point and
Na of the whole leaf blade indicated that 70.7% of the variation in Na of the whole leaf blade was
accounted for by the SPADave of LFT1. This value was equal to that of LFT3 (70.7%), and higher than
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that of LFT2 (66.3%), which was in accordance with a previous study [33]. Indeed, many researchers
have demonstrated that SPAD measurements should be taken from lower leaves (LFT3 or LFT4)
instead of the uppermost fully-expended leaf. However, SD and CV of SPAD readings across different
leaves were higher for LFT3 than those for LFT2 and LFT1. In addition, the smaller leaf width of
LFT3, compared with LFT1 and LFT2, may limit the application of SPAD measurement on LFT3 [26].
The midrib thickness decreased from the leaf base to the apex [32], while the width of the leaf increased
from the leaf base to the midpoint, and then declined toward the apex [34]. The blade of the leaf base
is narrow with a thick midrib. As a result, the field-of-view of the chlorophyll meter cannot be covered
with leaf tissue at the base, which limits measurement [6].

Moreover, the R? of the relationship between the SPAD values of each side and Na of the
corresponding lateral half, and the relationship between SPADave and Na of the whole leaf blade
for the 4th, 5th, and 6th measured points were higher than that of the other points. Therefore, the
regression between SPADave and Na of the whole leaf blade was analyzed by averaging the SPAD
readings for the 4th, 5th, and 6th measured points and, thus, a slight improvement in R? of the linear
regression was observed for the top two leaves. Remarkably, the relationship between SPAD and Na
was better on the wide side than that of the narrow side, consistently, and it was also better than the
average, especially for LFT3. Furthermore, it is easier to determine the SPAD on the wide side than
the narrow side due to the structural limit [6]. Therefore, this result suggested that SPAD readings
should be recorded on the lower-middle part representing 55-75% of the leaf blade from the leaf apex
to represent the N status of the whole leaf. The suitable SPAD measurement position (lower-middle
part from the apex) suggested in this study was similar to the 2/3 position from the top reported in
rice plant [25]. In cereals, depending on the goals of the research, measurements are made at one or
more points. Some studies indicated that SPAD values should be measured at various positions on the
leaf blade, and others identified a single-point measurement method [6]. The central part of the leaf
blade was generally recommended to be used for measuring chlorophyll in wheat [35,36]. Some other
studies recommended making SPAD measurements at the middle or at the third quarter of the leaf
blade from the tip for maize crops [37,38].

4.4. Conclusions and Future Work

This paper documented a leaf lateral asymmetry in the relationship between SPAD readings and
Na of the rice leaf blade, with a closer relationship in the wide side than the narrow side. Our study
demonstrated that SPAD readings should be measured on the lower-middle part from the leaf apex on
the wide side of the rice leaf blade to represent the N status of the whole leaf because of the higher
accuracy and better operability of SPAD measurement on the wide side than the narrow side.

SPAD and Na were studied only on the top three leaves at heading stage as photosynthesis
in rice plants from heading contributes to 60-100% of the final grain carbon content [39], and
the top three leaves contribute most to yield formation [39,40]. There are several nondestructive
methods available that vary in complexity and optimality. In addition to SPAD, leaf color chart
(LCC), normalized difference vegetation index (NDVI), and atLEAF sensors are well-documented
non-destructive methods that can be easily used for determining N contents in various crops [13,30,41].
These methods have been widely adopted in crop production and research to monitor plant N status.
For example, great potential for saving N by managing fertilizer N by using LCC was reported in
rice [42], while others found that the SPAD meter and NDVI measurements were superior to LCC
in rice because biomass was a factor in the SPAD meter and NDVI measurements, but LCC reading
was not closely related to biomass [43,44]. For other crops, like Chrysanthemum, it was indicated
that NDVI values exhibited higher correlation with leaf N than SPAD and atLEAF readings [30],
which was presumably due to the small leaves making it difficult to accurately determine which
part of the leaf was being sensed for SPAD and atLEAF sensors. However, no investigations on the
relationship between LCC, NDVI, atLEAF, or other sensor values and leaf N of each lateral half have
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been performed. Future research will be oriented to determine the relationship between N content and
sensor readings on each side of the leaf blade using these non-destructive methods with more crops.

Supplementary Materials: The following are available online at www.mdpi.com/2073-8994/9/6/83/s1, File S1:
The climate data during rice growing season in Wuxue in 2014. File S2: The climate data during rice growing
season in Wuhan in 2014.
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