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Abstract

Plant phenotyping intends measuring complex plant traits, and is important in agricultural research for enhancing yield improvement.
Manual plant phenotyping is laborious and destructive, and hence a less-laborious and non-destructive method is required. Here, we
proposed a nondestructive method to estimate continuous data of plant traits such as height, stem diameter and biomass using a low
cost time-lapse camera. The camera was installed at a rice field in Japan, and captured images for four target plants every three hour.
The plant height and stem diameter were determined from the images by referencing scale bars that were placed next to the target
plants and above the ground surface. Both the height and the diameter were compared to directly measured ones, and the relationships
between those were in good agreement. Plant volumes were estimated from the height and stem diameter assuming a shape of rice
plant is cylindrical. Above ground biomass without panicles was determined by rice plants sampled from the field. The determined
biomass increased in proportion to the plant volume, and its relationship used to produce continuous data of the rice biomass. The

results suggest that the proposed method can be considered as a useful tool of the plant phenotyping.
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Introduction

Plant phenotyping is defined as the application of
methodologies to measure plant traits such as growth,
development, yield, architecture, tolerance ranging from
the cellar to the whole plant canopy level (Furbank and
Tester, 2011; Dhondt, 2013). Therefore, in agricultural
research, field scale experiments in plant phenotyping are
an important factor to exploit the high production of food
to meet future demand (Furbank and Tester, 2011;
McCouch et al., 2013). Until now, plant phenotyping
applications for indoor field such as plant factory and
greenhouse have been developed using current
technologies of sensor devices and image analysis
(Hartmann et al., 2011; Constantino et al., 2015). On the
other hand, plant phenotyping for outdoor field, which is
laborious, time-consuming and often destructive when
manually methods are used, applications are still under
development (Araus and Cairns, 2014; Friedli et al.,
2016; Schima et al., 2016), and less-laborious and
-time-consuming, and non-destructive phenotyping
methods are required and need to be developed (Li et al.,
2014; Minervini et al., 2015).

Among crops, rice is the staple food of most Asian
countries, such as Bangladesh, India, China and Japan,
and several methodologies of plant phenotyping have
been proposed. Constantino et al. (2015) developed an
image processing system that automates the measuring of

height and the counting of tillers of a rice in screenhouses.

Jiang et al. (2015) reported that a nondestructive method
for estimating the total green leaf area of individual rice
using multi-angle color images that were captured at
indoors. Sritarapipat et al. (2014) and Tilly et al. (2014)
measured rice plant heights at outdoors by using of a
digital camera and a terrestrial laser scanner, respectively,
and Tilley et al. (2014) estimated above ground biomass
from a regression model based on the relationship
between the rice plant height and biomass. Yang et al.
(2013) discussed the key plant phenotyping technologies

and introduced their current application in rice, wheat and
barley. Though the several methods have been proposed,
those have some limitations, such as the only applicable
indoor space, the need of high cost for the instrument and
the limited range and/or parameters to be measured.
Therefore, in this study, we aim to develop a
nondestructive method to estimate continuous plant traits
data (i.e. heights, stem diameters and above ground
biomass) at a rice field by using a low cost time-lapse
camera.

Materials and Methods

Experimental site

The experiment was conducted at a rice field located in
Ibaraki prefecture, Japan (36°03' N, 140°01’ E, 11.2 m a.s.
1.) during May to September 2014. A rectangular plot of
100 x 54 m was cultivated with ‘Koshihikari’ rice (Oryza
sativa L.) using established methods, and the
transplanting and harvesting date were May 2nd and
September 11th, respectively. Further details of the site
and experimental crop are given in previous studies
(Miyata et al., 2005; Saito et al., 2005; Mano et al., 2007,
Ono et al., 2008, 2013, 2015; Mano, 2017).

Measurement system

The measurement system is similar to the one used to
measure the rice plant heights at the same site (Mano,
2017). A weather proof time-lapse camera with a photo
flash attachment (BirdCamPro,WingScapes, Alabaster,
AL, USA) was used to capture images of rice, and
installed to the height of 61 cm. The distance between the
camera and the target rice plants was 290 cm, and in this
configuration four rice plants were fully captured in each
image. A white wire net was placed just behind the target
rice plants to distinguish those from other rice plants in
the background. As a reference to determine the plant
heights and stem diameter, two 150 cm-long scale bars
with 0.5 cm interval marking were used; one was erected
vertically next to the target rice plants and the other one
was placed horizontally above the ground surface behind
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the target rice plants. A photo of the system is shown in

Scale bar for stem diameters
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Fig. 1.

Time-Lapse digital camera

Fig. 1. Photo of the measurement system to estimate the rice plant height and stem diameter

Determine plant heights, stem diameters and biomass

The camera was set to take images in a three-hour
interval during the whole day (an example photo is shown
in Fig. 2). Plant heights and stem diameters were
determined to 1 cm resolution from the images by
observing the nearest marking on the scale bars where,
for the heights, an imaginary horizontal line from the
highest point of the target rice plant was crossed, and for

the diameters, a length that the target rice plant obstructed.

Above ground biomass (hereafter referred to as biomass)
was estimated from a regression model based on a similar
concept to the pipe model theory (Shinozaki et al.,
1964ab) that assumes the relationship between the
biomass and plant volumes is linearly proportional. The
rice plant volumes were determined from the rice plant

heights and stem diameters assuming that a shape of rice
plant is cylindrical:

Plant volume = { [ x (0.5 x stem diameter)®} x Plant
height.

Reference measurements

The plant heights and stem diameters of the target rice
plants were directly measured approximately once every
ca. 2 weeks using a measuring tape. On each the
measuring day, the field was divided into ten sections and
one rice plant in each section was sampled. The sampled
rice plants were divided into leaves, stems and panicles,
and dried at 70°C for 120 hours to determine the dry
biomass weight by using a digital balance.
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Fig. 2. An example photo taken by the time-lapse camera (BirdCamPro, WingScapes) at 12:00 p.m. on 31st May 2014.

Results and Discussions

Rice plant height

For each the target rice plants, the daily average rice plant
height was calculated from the plant heights that were
determined from the images. Then, the daily average and
its standard deviation of the four target rice plant heights
were evaluated, and those are shown in Fig. 3(A). The
rice plant height increased continuously from ca. 10 cm at
the transplanting in May to a maximum of ca. 130 cm in
early August, and then dropped to ca. 115 cm may due to
lodging by winds, and slightly decreased to ca. 110 cm
until the harvesting. The reference plant heights that were
directly measured by the measuring tape, which were
averaged from four samples (i.e. four target rice plants)
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on the sampling day, followed the same seasonal trends,
as also shown in Fig. 3(A). Both the camera derived and
the directly measured rice plant heights matched well, and
those relationship was confirmed by a scatter plot in Fig.
3(B). The linear regression forced through the origin
resulted in a slope of 1.02 and an R-squared coefficient
(R?) of 0.99 (Table 1). To evaluate error statistics, the root
mean square error (RMSE) was calculated and it exhibits
a small value of 3.6 cm (Table 1). From the camera
derived plant height data, detailed characteristics of the
seasonal course of the rice plant height, such as the
occurrence date of the maximum plant height and sudden
drop of the plant height after its maximum, were
recognized.
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Fig. 3. (A) Seasonal course of the daily average of the rice plant height determined from the camera images (solid line)
and directly measured by the measuring tape (square). The standard deviation is shown as error bars. (B) Relationship
between the directly measured and the camera derived rice plant heights (error bars are standard deviation). The result of
the linear regression model through the origin is presented as a dashed line.
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Rice stem diameter

The daily average and its standard deviation of the rice
stem diameter determined from the images and those
determined from directly measured by the measuring tape
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were calculated the same way of those plant heights. The
camera derived rice stem diameter was ca. 1 to 2 cm
during May, and sharply increased to ca. 4 cm in early
June (Fig. 4(A)).
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Fig. 4. (A) Seasonal course of the daily average of the rice stem diameter determined from the camera images (solid line)
and directly measured by the measuring tape (square). The standard deviations shown as error bars. (B) Relationship
between the directly measured and the camera derived rice stem diameters (error bars are standard deviation). The result

of the linear regression model through the origin is presented as a dashed line.

Then, it increased continuously to a maximum of ca. 10
cm in early August and decreased gradually to ca. 8 cm
till the harvesting. To compare with the rice plant height,
the ratio of standard deviation to average was larger; it
indicated that the difference between each the four rice
stem diameter was comparatively large. Though, the
relationship between the camera derived and the directly
measured rice stem diameters based on daily values was

linearly related (Fig. 4[B]), and the parameters of linear
regression and error statistics showed a slope of 1.02, R
of 0.94 and RMSE of 0.9 cm (Table 1). These results lead
us to conclude that the camera derived rice plant height
and its stem diameter represent the directly measured
ones well, where almost no difference (within one
standard deviation) with the small RMSE of several
centimeters.

Table 1. Results of linear regression analysis between the camera derived plant height/stem diameter (y-axis) and the
directly measured ones (x-axis) (column names are "Plant height" and "Stem diameter), and the rice plant volume
(x-axis) and the above ground biomass without panicles (y-axis) (column name is "Volume-Biomass"). The linear
regression through the origin model was used. For the columns "Plant height" and "Stem diameter”, RMSEs are also

calculated. The RMSEs are presented in centimeters, and the others are unitless.

Plant height Stem diameter  Volume-Biomass
Slope 1.02 1.02 0.0065
R’ 0.99 0.94 093
RMSE 36 0.9 -

Rice biomass

The volume of rice plant, which shape is assumed as the
cylindrical, for each the target rice plant was calculated
from the rice plant height and the rice stem diameter
determined from the camera images. Then, the average
volume of the four target rice plants and its standard

deviation on a daily basis were determined. Fig. 5 shows
the relationship between the rice plant volume and the dry
weight of the rice biomass that were averaged from the
ten rice plants sampled from the field at approximately
2-week intervals.
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Fig. 5. Relationship between the rice plant volume and the biomass (the above ground biomass without panicles). The
data represent the daily average values on the date of rice sampling from the field. Numbers of data to calculate the
average and standard deviation (error bars) are ten for the biomass, and four for the rice plant volume, respectively.

The standard deviation of the rice plant volume was large
due to the variability of the rice stem diameter in each
plant (Fig. 4). To put it more correctly, because the radius
is squared to find the cylindrical volume, the effect of
difference in the stem diameter was emphasized. It is
most likely that traits of panicle (i.e. its weight per
volume) is different from the others, and thus the panicle
weight was excluded from the analysis. In other words,
the biomass hereafter means that the sum of the weight of
leaves and stem (the above ground biomass without
panicles). The observed high R* of 0.93 in the linear
regression model through the origin indicates that the rice
plant volume allow to determine the rice biomass. By
applying the linear regression result, the continuous rice
biomass were estimated from the daily rice plant volume,
which were calculated from the daily rice plant height and
stem diameter. The estimated rice biomass showed

considerable seasonal variation (Fig. 6). Overall, the
biomass increased continuously from around zero to a
maximum of ca. 70 g plant™ in early August, when both
the rice plant height and stem diameter reached to the
maximum, and decreased gradually to a value of ca. 35 g
plant™ due to senescence of leaves and outer side of stem.
This kind of continuous time series of the rice biomass
data cannot be obtained by the direct/destructive plant
sampling, in other word the manual plant phenotyping.
The proposed method can be considered as the useful tool
of the plant phenotyping with advantages such as:
nondestructive method to measure the rice plant height,
stem diameter and biomass at outdoor, enabling to obtain
the continuous time series of the rice plants' data under
field conditions, relatively low cost and less laborious
work compared with the other methods.
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Fig. 6. Seasonal course of the daily biomass (the above ground biomass without panicles) (solid line). The sampled

biomass data (square) is presented for reference only
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A point to notice is that the unplanted area between the
camera and the target rice plants (Fig. 1) may have caused
a phenomenon known as the border effect, also called as
the edge effect or the marginal effect, which is the
phenomenon that plants in the outermost row next to the
unplanted area showed a general increase in yield and
growth as compared with the inner row (Gomez and De
Datta, 1971; Gomez, 1972). Because dry weights of the
target rice plants were not considered this study, the
relationship between the rice volume and the biomass of
the target rice plants are unknown. Yet, the result in Fig. 6
indicated that the degree of the border effect to the rice
volume should be proportional to the biomass because the

two variables in Fig. 6 showed the good linear correlation.

A further investigation with respect to the border effect
will be to provide a proper relation of the rice plant
volume to the rice biomass that produce more accurate
rice biomass estimation.

Conclusions

To estimate the continuous data of the plant height, the
stem diameter and the biomass of the rice plant, the
phenotyping method using the digital time-lapse camera
was developed. The method suitably evaluated the rice
plant height and stem diameter from the camera images
with the small difference to the directly measured ones
(data pairs were within one standard deviation).
Assuming the shape of rice plant is cylindrical, the rice
plant volume was calculated from the height and stem
diameter. The relationship between the rice plant volume
and the above ground biomass without panicles that were
determined from the ten samples from the field indicated
that the linear correlation with the high R? of 0.93. By
using this relationship, the seasonal course of the rice
plant biomass can be obtained. Overall, the developed
method has several advantages such as nondestructive
under field condition, evaluable the several plant traits
(i.e. height, stem diameter and biomass), enabling
continuous measurement, and relatively low cost and less
laborious, and should be one of the useful tools for the
plant phenotyping.
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