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ABSTRACT:

Over the last decades, the role of remote sensing gained in importance for monitoring applications in precision agriculture. A key factor
for assessing the development of crops during the growing period is the actual biomass. As non-destructive methods of directly
measuring biomass do not exist, parameters like plant height are considered as estimators. In this contribution, first results of multi-
temporal surveys on a maize field with a terrestrial laser scanner are shown. The achieved point clouds are interpolated to generate
Crop Surface Models (CSM) that represent the top canopy. These CSMs are used for visualizing the spatial distribution of plant height
differences within the field and calculating plant height above ground with a high resolution of 1 cm. In addition, manual measurements
of plant height were carried out corresponding to each TLS campaign to verify the results. The high coefficient of determination (R2 =
0.93) between both measurement methods shows the applicability of the presented approach. The established regression model between
CSM-derived plant height and destructively measured biomass shows a varying performance depending on the considered time frame
during the growing period. This study shows that TLS is a suitable and promising method for measuring plant height of maize.
Moreover, it shows the potential of plant height as a non-destructive estimator for biomass in the early growing period. However,

challenges are the non-linear development of plant height and biomass over the whole growing period.

1. INTRODUCTION

A major topic in the field of precision agriculture (PA) is the
enhancement of crop management due to the constant or even
decreasing cultivation area but concurrently growing world
population (Oliver, 2013). Therefore an accurate determination
of the crop status during the growing period is required. In the
last decades, remote and proximal sensing methods are widely
used for crop monitoring. Depending on the investigated
parameters and desired resolution various sensors and methods
are applied. An overview is given in Mulla (2013).

Studies focusing on maize plants have a particular challenge in
common. In contrast to other crops, tall maize plants with heights
of about 3 m complicate ground based nadir measurements. As
demonstrated by Claverie et al. (2012), spectral satellite data has
promising potential for large-scale crop monitoring and biomass
estimation. However, ground based observations are conducted
to achieve a high resolution and thus enable the detection of
infield variability. Studies show the potential of passive
hyperspectral hand-held sensors for biomass estimations (Teal et
al., 2006; Osborne et al., 2002). Perbandt et al. (2011) compared
nadir and off-nadir hyperspectral measurements and detected a
significant influence of sensor height and measuring angle.

A major disadvantage of passive sensors is the dependency on
solar radiation. By contrast, studies show that terrestrial laser
scanning (TLS), as an active system, can be applied for
agricultural purposes. Investigated plant parameters are plant
height (Zhang and Grift, 2012), biomass (Keightley and Bawden,
2010; Ehlert et al., 2009; 2008), crop density (Hosoi and Omasa,
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2012; 2009; Saeys et al., 2009), and leaf area index (Gebbers et
al., 2011). As mentioned the large height of maize plants causes
difficulties for ground based system. Solely, Hofle (2014) used
the measured intensity values from TLS for detecting single
plants of maize.

In this contribution, the first results of multi-temporal surveys on
a maize field with a TLS system are shown. The scanner was
mounted on a cherry picker to reach a high position above the
canopy. The TLS-derived point clouds are interpolated to
generate Crop Surface Models (CSM) that represent the top
canopy. The concept of CSMs for determining plant height and
estimating biomass was tested for sugar beet (Hoffmeister et al.,
2013; 2010), barley (Tilly et al., 2014a) and paddy rice (Tilly et
al., 2014b).

2. METHODS
2.1 Data acquisition

In the growing period 2013, surveys were carried out on a maize
field in Selhausen, about 40 km away from Cologne, Germany
(N 50°52°5”, E 6°27°11”). The field with a spatial extent of about
60 m by 160 m was chosen, due to heterogeneous soil conditions
and thereby expected differences in plant development within the
field. Six field campaigns were carried out between the 22" of
May and 24" of September 2013 for monitoring plant height.
Thus, almost the whole growing period of maize is covered. For
an accurate acquisition of the ground surface the first campaign
was scheduled after sowing, before the plants are visible above
ground.
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For all campaigns, the terrestrial laser scanner Riegl LMS-Z420i
was used, which applies the time-of-flight method (Riegl GmbH,
2010) (Fig. 1a)). From the known position of the scanner, the
position of targets is calculated by measuring the distance
through the time shift between transmitting and receiving a
pulsed signal and the respective direction. The laser beam is
generated in the bottom of the device with a measurement rate of
up to 11,000 points/sec. Parallel scan lines are achieved with a
rotating multi-facet polygon mirror and the rotation of the
scanners head. Thereby a wide field of view can be achieved, up
to 80° in vertical and 360° in horizontal direction. Furthermore,
a digital camera, Nikon D200, was mounted on the laser scanner.
From the recorded RGB-images, the point clouds recorded by the
scanner can be colorized and the corresponding surfaces can be
textured.

Fig. 1 a) TLS system (marked with arrow) mounted on a cherry
picker; b) highly reflective cylinders arranged on ranging pole.

The scanner was mounted on a cherry picker to achieve a high
position above the canopy (Fig. 1a)). The height of the sensor was
about 8 m above ground. All positions of the scanner were
measured with the highly accurate RTK-DGPS system Topcon
HiPer Pro (Topcon Positioning Systems Inc., 2006). The relative
accuracy of this system is ~1 cm. Additional reference targets are
required to enable a direct georeferencing in the postprocessing.
Therefore, highly reflective cylinders arranged on ranging poles
were used, which can be easily detected by the laser scanner and
their coordinates were measured with the RTK-DGPS system
(Fig. 1b)). In each campaign, the field was scanned from its four
corners for achieving a uniform spatial resolution and lower

shadowing effects. For all scans a resolution of 0.7 cm at a
distance of 10 m was used.

With exception of the first campaign, manual measurements of
plant height and biomass were carried out, corresponding to the
TLS measurements. Therefore twelve sample points, well
distributed in the field, were marked in the first campaign and
their positions were measured with the RTK-DGPS system.
Hence, the manual and TLS measurements can be accurately
linked. In each campaign, the heights of five plants per sample
point were measured. In the last four campaigns, destructive
sampling of biomass was performed. Around each sample point,
five plants were taken after the TLS and manual height
measurements.

2.2 Data processing

The workflow for the postprocessing can be divided in three main
steps: (i) the registration and merging of all point clouds; (ii) the
extraction of the Area of Interest (AOI), both executed in Riegl's
software RiISCAN Pro; (iii) spatial analyses, conducted in
ArcGIS Desktop 10 by Esri; and (iv) statistical analyses,
calculated with Microsoft Excel 2013 and diagrams plotted in
OriginPro 8.5 by OriginLab.

At first, the scan data from all campaigns and the GPS-derived
coordinates were imported into one RiSCAN Pro project file.
Based on the positions of the scanner and the reflectors, a direct
georeferencing method was used for the registration of the scan
positions. However, small alignment errors occur between the
point clouds of one campaign and between different campaigns.
Thus, a further adjustment was applied. RiISCAN Pro offers the
Multi Station Adjustment, where the position and orientation of
each scan position are modified in multiple iterations to get the
best fitting result for all of them. The calculations are based on
the Iterative Closest Point (ICP) algorithm (Besl and McKay,
1992).

Following, all point clouds of one date were merged to one data
set and the AOI was manually extracted. Moreover, points
regarded as noise were removed, caused by reflections on insects
or other small particles in the air. The crop surface was then
determined from the data sets with a filtering scheme for
selecting maximum points. Similar, for the data set of the first
campaign a filtering scheme for selecting minimum points was
used to extract ground points. Finally, the data sets were exported
for the following analyses.

In ArcGIS Desktop 10, the exported point cloud data sets were
interpolated with the Inverse Distance Weighting (IDW)
algorithm. For retaining the accuracy of measurements with a
high density, this exact, deterministic algorithm is well suitable
as measured values are retained at their sample location
(Johnston et al., 2001). The result are raster data sets with a
consistent spatial resolution of 1 cm, introduced by Hoffmeister
et al. (2010) as Crop Surface Models (CSMs). For each date, the
CSM represents the crop surface of the whole field in a high
resolution. Hence, infield variability can be spatially measured.
A Digital Elevation Model (DEM) is interpolated from the
ground points of the first campaign as a common reference
surface for the calculation of plant heights. By subtracting the
DEM from a CSM, the actual plant height is calculated with the
same spatial resolution. Likewise, by calculating the difference
between two CSMs the plant growth can be spatially measured
for the respective period of time. Herein, growth is defined as a
temporal difference in height.
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Furthermore, statistical analyses were performed, taking account
of the manual measurements. For validating the TLS results, a
common spatial base was required. Therefore, a circular buffer
with a radius of 1 m was generated around each sample point,
where the CSM-derived plant heights were averaged (n = 12).
The manually measured plant heights and destructively taken
biomass were also averaged for each sample point. Consequently,
correlation and regression analyses were carried out to
investigate the accuracy of the TLS results and examining the
usability of plant height as predictor for biomass of maize.

3. RESULTS
3.1 Spatial analysis

The TLS-derived point clouds were interpolated to generate a
CSM of the whole maize field for each campaign. By subtracting
the DEM from each CSM, the plant heights are calculated pixel-
wise for the whole field and visualized as map of plant height for
each campaign. Thus, spatial differences in plant height and their
temporal development can be detected. As an example, Figure 2
shows the maps of plant height for the whole field on the last
campaign date and for the buffer area around sample point 5 on
each date. Regarding the whole field, spatial patterns are
observable. It has to be mentioned that the whole field was
clipped with an inner buffer of 1 m for avoiding border effects.

However, in particular in the corners such influences cannot be
completely excluded and the south edge of the field seems to be
more affected. Nevertheless, spatial patterns are noticeable.
Lower plant height values are detectable (i) in a stripe of ~20 m
at the west edge, (ii) in an almost circular area with a diameter of
~15 m eastward of sample point 7, and (iii) in a small area at the
south edge between the sample points 10 and 11. Regarding the
detailed view of the buffer area around sample point 5, the plant
height increase between the campaigns is clearly detectable for
the first half of the observation period. However, as also
supported by the mean values, the plant height is almost constant
from late July to the end of the observation period in late
September.

The spatial distribution of plant height differences between the
campaigns is measured by subtracting the CSM of an earlier date
from the CSM of a later date and visualized in maps of plant
growth. In Figure 3, maps of plant growth are shown for two time
periods. At the top, the plant growth between the 3 and 31% of
July and at the bottom between the 31% of July and the 24" of
September are shown. Thereby the above stated results are
supported. On the on the hand, for the earlier period, the same
spatial patterns with areas of lower plant growth are detectable at
the west edge, in the almost circular area in the middle, and in the
small area at the south edge. On the other hand, the temporal
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Fig. 2 CSM-derived maps of plant height for the whole maize field on the last campaign date (top) and for the buffer area around

sample point 5 on each date (bottom).
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Fig. 3 CSM-derived maps of plant growth for the whole maize field (At the top between 3 and 31% of July; at the bottom between the

31% of July and the 24" of September).

development, stated for the buffer area around sample point 5 is
also observable. The main increase occurred in July with a mean
plant growth of about 2 m for the whole field, whereas afterwards
the plant heights are almost constant with a mean growth of
0.08 m for the whole field until the end of September.

3.2 Statistical analysis

Besides the visualization of spatial patterns, the quantification of
plant height differences and the correlation between plant height
and biomass was an object of this study. The analyses are based
on the averaged values, measured in the buffer areas around the
sample points. Table 1 gives the mean value (X), standard
deviation (s), minimum (min), and maximum (max) for the CSM-
derived and manually measured plant heights, as well as for the
destructively taken biomass. Regarding the plant height, the
results of both measuring methods are similar. The differences

can be summarized as: (i) except of the first campaign, the CSM-
derived values are always a little higher, (ii) the standard
deviations are very similar, (iii) in conformity with the mean
values, the minimum and maximum values are mainly a bit lower
for the CSM-derived values. As already stated for the maps of
plant growth, the main increase occurred in July. Afterwards the
plant heights are almost constant.

Regarding the biomass, no comparative statements can be done.
Nonetheless, it is noteworthy that in contrast to the almost
constant plant height in the second half of the observation period,
the biomass still increases. However, the main increase occurred
in the first half, between the 3 and 31%t of July where the amount
increased about 60 times. It has to be mentioned, that the values
for the samples of the 31% of July are a little too high. Due to
technical problems, some plants were not completely dry while
weighing. Consequently the plants were heavier owing to the
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Table 1 CSM-derived and manually measured plant heights as well as destructively taken biomass, based on the averaged values for

the buffer areas (each date n = 12).

Date Plant height from CSM (m)

Manually measured plant height (m)

Dry biomass (g/sample point)

X S min max X S min max X S min max
06.06.13 0.07 0.02 0.05 0.14 0.04 0.01 0.03 0.05 N/A2 N/A2 N/A2 N/A2
03.07.13 0.60 0.10 0.38 0.72 0.82 0.11 0.60 0.96 13.08 4.05 5.90 18.40
31.07.13 2.56 0.32 1.99 2.84 2.68 0.32 2.10 298 783.00 243.79 47595 1153.00
29.08.13 2.63 0.35 2.01 2.99 2.78 0.37 2.08 3.19 84385 200.09 513.50 1188.80
24.09.13 2.59 0.35 1.96 2,97 2.71 0.38 1.94 3.15 1059.68 300.97 524.60 1435.90

2 No biomass sampling performed

remaining water. As the problem could not be fixed and the
amount of water could not be determined afterwards, the values
were used for the analyses. Otherwise the time frame between the
previous and following campaign would have been too long.

For validating the CSM-derived heights, regression analyses
were carried out with the results of both measuring methods.
Figure 4 shows the related values of all campaigns (n = 60) and
the resulting regression line with a very high coefficient of
determination (R? = 0.93).
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Fig. 4 Regression of the mean CSM-derived and manually
measured plant heights (n = 60).

Moreover, regression analyses were carried out for investigating
the dependence of the actual biomass from plant height. Figure 5
shows the related values only for the last four campaigns, as no
destructive sampling was performed on the 61 of June (n = 48).
The regression lines and coefficients of determination were
calculated for different periods. First, for the data set of the whole
observation time, second and third, without the values of first or
last campaign, respectively. As mentioned, the main increase
took place between the first and second destructive biomass
measurements. These clusters are visible in the scatterplot. A
small cluster of values with plant heights between 0.5 and 1 m
and a low degree of scattering in the biomass values and a larger
cluster of values with plant heights between 2 and 3 m and a high
degree of scattering in the biomass values. Following, the high
coefficients of determination for the periods including the first
destructive sampling (R2 = 0.70 and R2 = 0.80), have to be
regarded as spurious correlations. Regarding the period
excluding the first measurements, any correlation is detectable

(R2=10.03). The uncertain values from the 31% of July have to be
taken in to account.
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Fig. 5 Regression of the mean CSM-derived plant height and
the dry biomass (n = 48).

4. DISCUSSION

The data acquisition with the laser scanner worked very well. As
mentioned, the presented approach of generating CSMs was
successfully applied with low growing crops like sugar beet
(Hoffmeister et al., 2010; 2013), barley (Tilly et al., 2014a) and
paddy rice (Tilly et al., 2014b). The height of tall maize plants is
a challenge for ground based measurements. In the study
presented in this paper, the laser scanner was mounted on a cherry
picker. Following, the sensor height of about 8 m above ground
was helpful for reaching a position above the canopy. Obviously,
this setup can hardly be implemented for realizing practical
applications for farmers. However, as this was the first approach
of determining maize plant height with TLS-derived CSMs, the
preconditions ought to be comparable to earlier studies, like the
relative height of the sensor above the canopy. Further studies are
required regarding other platforms and acquisition methods.

An issue of TLS measurements with fixed scan positions at the
edges of a field, is the radial measuring view of the scanner.
Closer to the edges, the viewing perspective is steeper and allows
a deeper penetration of the vegetation. Thus, also lower parts of
the plants are captured. This influence of the scanning angles is
also stated by Ehlert and Heisig (2013). However they detected
overestimations in the height of reflection points. For the
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generation of the CSMes in this study, point clouds were merged
from all positions of one campaign and a filtering scheme for
selecting maximum points was used for determining the crop
surface. Hence, it was determined from an evenly distributed
coverage of the field with a mean point density of 11,000 points
per m2. Nonetheless, further studies are required for analyzing the
influence of the scanning angle.

Reconsidering alternative platforms for practical applications,
ways of avoiding effects due to the radial measuring view should
also be regarded. Promising systems are brought up through
recent developments in mobile laser scanning (MLS). Those
systems apply a two-dimensional profiling scanners based on a
moving ground vehicle for achieving an areal coverage.
Conceivable MLS approaches are presented by Ehlert and Heisig
(2013) and Kukko et al. (2012).

The high resolution and acquisition of the whole field, achievable
with the TLS system, allow to calculate the plant heights pixel-
wise and visualize them as maps of plant height for several steps
in the growing period. Thus, spatial and temporal patterns and
variations can be detected, as shown in Figure 2. Moreover, the
plant growth between two campaigns can be calculated and
visualized as maps of plant growth, as shown in Figure 3.

The very high coefficients of determination (R? = 0.93) and low
differences between the mean CSM-derived and manually
measured plant heights show the usability of the presented
approach for determining maize plant height. Regarding the
differences between the mean values (Table 1), the differences
between the measuring methods are on source of error. Whereas
the scanner captured the whole field, including lower parts of the
canopy, only five plants per sample point were considered for the
manual measurements, which represent the highest parts of the
canopy. Thus, the manual measurements can solely be regarded
as an indicator for the accuracy of the CSM-derived heights. Due
to the high resolution of the scan data a more precise acquisition
of the field can be assumed. However, as visible in Figure 4 there
is a data gap between heights of 1 m to 2 m. Due to technical
problems, the measurements of one campaign in the middle of
July could not be used for the analyses. Consequently, this
period, with the main increase in plant height is not well covered
with data. Further monitoring studies in the following years are
necessary to fill this gap.

Furthermore, additional studies are required to enhance the
knowledge about the correlation between plant height and
biomass. Due to the unusable data set from the middle of July and
the technical problems with drying some plants at the 31% of July,
several uncertainties remain. As the main increase in plant height
and biomass occurred in this period, more measurements are
necessary for establishing a reliable regression model.
Nevertheless, the results suggest a linear regression between
plant height and biomass for the first half of the growing period.
Furthermore, it has to be evaluated whether an exponential
function can better model the increase of biomass while almost
constant plant heights in the later growing period occur.

5. CONCLUSION AND OUTLOOK

In summary, the main benefits of the TLS approach are the easily
acquisition of a large area and the high resolution of the resulting
data. In addition, applying the cherry picker to reach a high
position above the canopy turns out to be useful in particular for
large plants, like maize. Nevertheless, further research is required
regarding the differences between CSM-derived and manually
measured plant heights. Moreover, as also mentioned, further

field studies are necessary to achieve more data for the period of
main increase in plant height and biomass for investigating the
applicability of plant height as an estimator for the actual biomass
of maize. Challenges therein are the height differences within one
CSM, in particular in the early stages, before the canopy closure
and the non-linear development of plant height and biomass over
the whole growing period.
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