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ABSTRACT:
Optimizing crop management is a major topic in the field of precision agriculture as the growing world population puts pressure on
the efficiency of field production. Accordingly, methods to measure plant parameters with the needed precision and within-field
resolution are required. Studies show that Terrestrial Laser Scanning (TLS) is a suitable method to capture small objects like crop
plants. In this contribution, the results of multi-temporal surveys on paddy rice fields with the TLS system Riegl LMS-Z420i are
presented. Three campaigns were carried out during the key vegetative stage of rice plants in the growing period 2012 to monitor the
plant height. The TLS-derived point clouds are interpolated to visualize plant height above ground as crop surface models (CSMs)
with a high resolution of 0.01 m. Spatio-temporal differences within the data of one campaign and between consecutive campaigns
can be detected. The results were validated against manually measured plant heights with a high correlation (R² = 0.71).
Furthermore, the dependence of actual biomass from plant height was evaluated. To the present, no method for the non-destructive
determination of biomass is found yet. Thus, plant parameters, like the height, have to be used for biomass estimations. The good
correlation (R² = 0.66) leads to the assumption that biomass can be estimated from plant height measurements. The results show that
TLS can be considered as a very promising tool for precision agriculture.

1. INTRODUCTION
The further growing world population and increasing life
expectancy but concurrently constant or even decreasing
cultivation area requires agricultural field management aiming
at high production and sustainability of natural resources. Due
to its role as staple food, the improvement of the cultivation of
rice is increasingly important, in particular for the rapidly
growing Asian population. In 2011, about 650 million tonnes
were produced in Asia (FAO, 2013).
In the field of precision agriculture, remote and proximal
sensing methods are used for accurate crop monitoring to
improve the relation between in- and outputs (Mulla, 2013). For
example, rice grain yield is positively correlated to biomass and
nitrogen (N) translocation efficiency (Ntanos and Koutroubas,
2002), but over-fertilization with N is a major problem for soil
and groundwater. Hence, precise in-season acquisition and
monitoring methods are required. For monitoring the N status in
standing crops several non-destructive methods are introduced
(Yu et al., 2013; Ryu et al., 2011; Stroppiana et al., 2009;
Huang et al., 2008). However, the matter of non-destructively
direct biomass determination is still not solved. Thus, the
biomass must be estimated based on other parameters. For
paddy rice, spaceborne hyperspectral and radar data is
commonly used due to the usually wide areal extent of the fields
(Koppe et al., 2013; Lopez-Sanchez et al., 2010; Ribbes and
Le-Toan, 1999). On field level, reflectance data measured with
a hand-held radiometer is used to predict the biomass of rice
plants (Gnyp et al., 2013; Casanova et al., 1998). Confalonieri
et al. (2011) detected plant height as a key factor to predict rice

yield potential and established a model to estimate the plant
height increase, but methods for accurate in-situ measurements
are rare.
Besides hyperspectral and optical sensors, the focus of research
is on the use of the technology of light detection and ranging
(LIDAR) for agricultural purposes. Several crops were already
investigated with ground-based LIDAR approaches for various
purposes like determining plant height (Zhang and Grift, 2012)
and estimating biomass (Keightley and Bawden, 2010; Ehlert et
al., 2009; 2008), crop density (Hosoi and Omasa, 2009; Saeys
et al., 2009), or leaf area index (Gebbers et al., 2011).
Furthermore, analysis of the measured intensity values can lead
to the detection of single plants of maize (Höfle, 2013) or sugar
beet (Hoffmeister et al., 2012). For estimating the biomass of
small grain cereals like barley, oat, and wheat Lumme et al.
(2008) stated Terrestrial Laser Scanning (TLS) as a promising
method. Hosoi and Omasa (2012) estimated the biomass of rice
based on the vertical plant area density achieved with a TLS
system in combination with a mirror.
In this study, the plant height on paddy rice fields was measured
with a terrestrial laser scanner to establish multi-temporal crop
surface models (CSMs). As Hoffmeister et al. (2010)
introduced, spatial patterns in crop growth can be detected with
CSMs and the actual biomass can be estimated. Furthermore,
the study presented can be used to verify the results achieved in
a similar study in the preceding year (Tilly et al., 2012). All
surveys are part of the activities of the International Center for
Agro-Informatics and Sustainable Development (ICASD). The
ICASD is an international, multidisciplinary, and cooperative
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research center, which was founded in 2009 by the Department
of Plant Nutrition of the China Agricultural University in
Beijing and the Institute of Geography at the University of
Cologne, Germany (www.ICASD.org).
2. METHODS
2.1 Study area
The surveys were conducted at the Keyansuo experiment station
in the city of Jiansanjiang (N 47°13'54", E 132°38'53") in
Heilongjiang Province in the northeast of China. Cold, dry
winters and short but warm, humid summers are characteristic
for the middle temperate and humid climate of the Sanjiang
Plain, which is characterized by the East Asian summer
monsoon (Yihui and Chan, 2005; Domrös and Gongbing,
1988). The province is an important basis for agricultural
products in China (Gao and Liu, 2011).
At the Keyansuo experiment station several approaches for the
management of irrigated rice fields are investigated. The focus
of the field experiment examined in this contribution was on
different N fertilizer inputs during the growing period. The
amount of fertilizer was predefined for five treatments, whereas
the amount for treatment six to nine was adjusted based on
in-season N content analysis during the early and middle
growing period. The field with a spatial extent of 60 m by 63 m
was divided in 54 plots. One half of them were cultivated with
the rice variety Kongyu 131, the other half with Longjing 21.
For both rice varieties nine treatments, which differ in the
amount of applied N fertilizer, were repeated three times.
2.2 Field measurements

the campaigns the instrument was fixed on a tripod, which
raises the sensor 1.5 m above ground. In order to achieve a
greater height, the tripod was erected on a small trailer behind a
tractor, where it was possible. The whole study area of the
experiment station was observed from nine scan positions to
capture all fields and to minimize shadowing effects. For the
analysis presented in this paper, four positions were of major
importance, due to their position at the corners of the N
experiment field. Two positions that were accomplished with
the trailer at the south edge and two positions without the trailer
at the north edge of the field.
At least four common tie points for every scan position are
required to enable the merging of the point clouds in the
postprocessing. To ensure the required number of tie points for
each position, six high-reflective cylinders (Hoffmeister et al.,
2010) were fixed on ranging poles built upon the dikes between
the fields. The reflectors can be easily detected by the laser
scanner. Hence, the spatial relation between all positions and
the cylinders can be computed for the later referencing in the
postprocessing. In the first campaign, the positions of all poles
were marked in the field. By reestablishing the ranging poles for
the following campaigns, all scans of each date can be merged
together.
During the whole vegetation period, manual measurements were
performed to monitor the development of the rice plants.
Corresponding to all scan campaigns, plant heights were
measured manually and destructive biomass sampling was
performed.
2.3 Postprocessing

Three campaigns were carried out in a survey period, which
captures the key vegetative stage of rice plants. Due to the stem
elongation process related with the increase of tillers and plant
height, remarkable differences in plant development occur
during this stage. The campaigns were carried out on the 1st, 9th,
and 17th of July 2012.

The first steps of the postprocessing, involving the registration
of the scan positions and merging of the point clouds as well as
the filtering and extraction of the area of interest (AOI) were
carried out with Riegls software RiSCAN PRO, which is
delivered with the laser scanner. A detailed description is given
in Tilly et al. (2012). For further spatial and statistical analyses
the filtered point clouds of the AOI was exported.

For all field campaigns the terrestrial laser scanner Riegl
LMS-Z420i (Riegl LMS GmbH, 2010) provided by Five Star
Electronic Technologies, located in Beijing, was used. During

For the spatial analyses ArcGIS Desktop 10 by Esri was used.
The point clouds were interpolated with the Inverse Distance
Weighing (IDW) algorithm to receive a raster for each plot with

Figure 1. General concept for the construction of multi-temporal crop surface models (CSMs).
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a consistent spatial resolution of 1 cm representing a Digital
Surface Model (DSM). For the calculation of the plant heights,
a common reference surface is required. Points on the ground in
the point clouds from the first campaign were used to
interpolate a Digital Elevation Model (DEM), which is used as
reference surface. Following, a crop surface model (CSM) was
generated for each plot of all campaigns. Therefore, the DEM is
subtracted from the respective DSM (Figure 1). The result is a
CSM for each plot with a high spatial resolution representing
plant height above ground for the specific time step in the
growing period. By subtracting consecutive CSMs, the plant
growth between the dates can be spatially measured.
The manually measured plant heights were used to validate the
TLS-derived results. For the statistical analyses, the plant
heights of both measurement methods were averaged for each
plot. Each CSM of a plot was previously clipped with an inner
buffer of 60 cm to prevent border effects.
As mentioned above, the non-destructively direct estimation of
crop biomass on field level is not solved yet, but indirect
approaches successfully used plant height as predictor. In order
to investigate the correlation between plant height and biomass
of rice plants, destructive biomass sampling was performed for

all repetitions of the five treatments with predefined amount of
fertilizer for both varieties (n = 30).
3. RESULTS
3.1 Spatial analysis
The TLS-derived CSMs are visualized as maps of height.
Figure 2 shows the maps for four selected plots of the first N
fertilizer treatment. On the left side, two repetition plots of
Kongyu 131 and on the right side two repetition plots of
Longjing 21 are shown. Each raster data set has a resolution of
0.01 m. For all plots the variability in plant height within the
plot is observable. In the first repetition of Kongyu 131, the
linear structure of the rice plant rows within the plots is
detectable. Further, it can be seen that the plant height of
Longjing 21 is higher than Kongyu 131, particularly at the last
date. Further, the temporal development of spatial patterns can
be monitored. In the first repetition of Longjing 21 lower plant
height values occur in the north, east, and south corners of the
CSM from the first campaign. Whereas those patterns are not
detectable in the north and east corners of the CSMs from both
later campaigns, lower plant height values remain in the south
corner.

Figure 2. Crop surface models (CSM) visualised as maps of height for four selected plots on each campaign date (Plots are
marked in Figure 3).
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Table 1. Mean CSM-derived and manually measured plant heights.
Plant height from CSM (cm)
σ
Min
Max

μ

Measured plant height (cm)
σ
Min
Max

n

μ

01/07/2013
Kongyu 131
Longjing 21

27
27

45.62
43.74

3.56
2.26

37.80
39.50

53.25
48.82

41.78
46.07

3.24
4.41

36.00
35.50

49.50
54.50

01/07/2013
Kongyu 131
Longjing 21

27
27

55.73
58.06

4.35
2.90

46.66
51.93

64.64
63.44

48.41
52.28

4.02
4.98

40.50
42.50

55.00
61.00

09/07/2013
Kongyu 131
Longjing 21

27
27

65.09
68.98

5.67
4.01

54.62
60.25

76.46
75.24

63.22
69.30

4.93
3.73

53.00
59.50

72.00
75.50

3.2 Statistical analysis
The mean plant height was calculated for each plot and
campaign date for both measurement methods to execute
correlation and regression analyses. Common values are shown
in Table 1. Except the mean CSM heights from the first
campaign, the values for Longjing 21 are always higher than for
Kongyu 131. Apart from the values for Kongyu 131 of the last
campaign, the standard deviation for each campaign is less than
5 cm. Regarding the two measurement methods the differences
between the related mean values are for both varieties for the
first and third campaign less than ~ 3 cm. The differences for
the second campaign are higher (~ 7 cm). In addition, the
related values from both measurement methods and the
resulting regression line are shown in Figure 4. The linear
correlation with a high correlation coefficient (R² = 0.71) is
clearly observable.
The differences between the mean plant height values from both
measurement methods can also be visualized for each plot.
Figure 3 shows the difference between the mean heights from
the CSMs and the manually measured plant heights for the third
campaign. For about half of the plots the difference is less than
2 cm, further 30 % differ between 2 and 5 cm and only 20 %
show a higher error, reaching the maximum at ~ 10 cm.

Figure 3. Difference between the mean CSM-derived and
manually measured plant heights for the third campaign.

Figure 4. Regression of the mean CSM-derived and manually
measured plant heights (n = 162).

Figure 5. Regression of the mean CSM-derived plant height
and the dry biomass for treatment one to five (n = 90).
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Furthermore, statistical analyses were performed to examine the
dependence of the actual biomass from the plant height. As it
can be seen in Figure 5 a good correlation between plant height
and dry biomass was achieved (R² = 0.66) and the linear
regression shows the dependence of biomass from plant height.

vertical plant area density measured with a portable scanner in
combination with a mirror. However, this set-up might be less
practical for the application on larger scale fields.

4. DISCUSSION

In summary, the presented method to derive CSMs with TLS is
well suitable for the non-destructive monitoring of rice plant
height and estimating biomass. The very high spatial resolution
and accuracy of the point clouds are the most outstanding
features of TLS. Regarding the investigated field experiment,
further studies might focus on the differences between the two
rice varieties and the different fertiliser treatments. Furthermore,
the transferability to larger fields should be investigated.

Generally, the data acquisition with the laser scanner in the field
worked very well. Earlier studies with a comparable set-up
(Tilly et al., 2012; Hoffmeister et al., 2010) show the usability
of this approach, but further improvement is still desirable. For
example, problems with the transportation of the scanner on the
small dikes between the plots have to be solved. Furthermore,
the linear structure of the rice plant rows can be better observed
in plots close to the scan positions (cf. plot 111 in Figure 2).
Therefore, recent developments in Mobil Laser Scanning
(MLS) have to be considered. The Akhka MLS system (Kukko
et al., 2012), where a laser scanner is attached to a backpack
might be useful to reach areas with limited access and to
achieve a regular covering. However, the presumably lower
accuracy must be regarded. Compared to TLS measurements,
the system has an absolute accuracy level of 20 mm
(Kukko et al., 2012).

5. CONCLUSION AND OUTLOOK

As mentioned, the transportation of the scanner on the field
caused some problems. One solution might be a lightweight
mobile system like the Akhka MLS system (Kukko et al., 2012)
or the use of Unmanned Aerial Vehicles (UAV). Bendig et al.
(2013) successfully used UAV-based imaging to generate
CSMs. A promising device for attaching a laser scanner to a
UAV is for example the Riegl LMS-Q160, as Bareth et al.
(2011) proposed.
6. ACKNOWLEDGEMENTS

A major advantage of the terrestrial laser scanner for agriculture
is that a fast and easily achievable acquisition of the whole field
is possible. However, some problems that are always related to
TLS in agricultural applications, like noise in the point clouds
occur (Ehlert et al., 2009; Lumme et al., 2008). They can be
caused by wind, rain, insects, or small particles in the air,
reflections on water, and other effects. In this study, such points
were removed manually.
Beside the well working acquisition in the field, the results
show the applicability of TLS to achieve CSMs with a high
spatial resolution of up to 1 cm. As mentioned, commonly
spaceborne data with a resolution not higher than 1 m is used
for the mapping of paddy rice fields (Koppe et al., 2013;
Lopez-Sanchez et al., 2010; Ribbes and Le-Toan, 1999).
Reconsidering the model from Confalonieri et al. (2011) the
CSM-derived plant height can be used to predict yield potential
for rice.
Due to the high precision and resolution of the CSMs, border
effects, resulting in differences between internal and external
rice plants in a plot (Wang et al., 2013) must be taken into
account. In this study, a buffer was applied to cut off the
outmost rows. Hence, such effects had no influence on the mean
value calculation. But as border effects are a general problem
for the estimation of rice yield, the high resolution of the
TLS-derived CSMs might be useful to quantify differences
between internal and external rows.
Furthermore, the high correlation (R² = 0.71) as well as the
small differences between the mean CSM-derived and manually
measured plant heights (cf. Figure 3) show the usability of the
presented approach to monitor plant height in paddy rice. As
mentioned, to this day, it is impossible to directly measure crop
biomass non-destructively. The good correlation (R² = 0.66)
between plant height and dry biomass confirms the applicability
of plant height as a predictor for estimating the actual biomass.
The data presented in this contribution confirms the results of
the preceding year (Tilly et al., 2012) where similar correlations
were reached. In contrast, Hosoi and Omasa (2012) achieved
good results for estimating biomass of rice plants based on the
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