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ABSTRACT:
Climate change is increasing the amount and intensity of disturbance events, i.e. drought, pest insect outbreaks and fungal pathogens,
in forests worldwide. Leaf water content (LWC) is an early indicator of tree stress that can be measured remotely using multispectral
terrestrial laser scanning (MS-TLS). LWC affects leaf reflectance in the shortwave infrared spectrum which can be used to predict
LWC from spatially explicit MS-TLS intensity data. Here, we investigated the relationship between LWC and MS-TLS intensity
features at 690 nm, 905 nm and 1550 nm wavelengths with Norway spruce seedlings in greenhouse conditions. We found that a
simple ratio of 905 nm and 1550 nm wavelengths was able to explain 84% of the variation (R2) in LWC with a respective prediction
accuracy of 0.0041 g/cm2. Our results showed that MS-TLS can be used to estimate LWC with a reasonable accuracy in
environmentally stable conditions.
1. INTRODUCTION
Measuring tree health is an increasingly important topic as the
world’s climate is warming and growing human population puts
the environment and forests on more stress (Williams et al.,
2013). Forests provide many ecosystem services, such as carbon
storage, recreational activities, timber and non-timber forest
products, which are jeopardized due to declined forest health
and increased forest mortality (Hanewinkel et al., 2013).
Managing declining forests efficiently in the face of climate
change requires new information on the condition of forests
(Allen et al., 2010); thus, new methods for mapping and
monitoring of forest health are needed.
The healthiness of a tree is a fuzzy concept not easy to define,
but it could be referred as vigour, i.e. a tree that is defined as
healthy is growing at a pace typical to its environmental
conditions.
Tree health assessments have been typically based on visual
estimation of crown colour, the amount foliage and bark
condition. The subjective nature of these measures can lead to
bias and require high expertise. The health of a tree is closely
linked to its biochemical properties, i.e. does it have enough
chlorophyll, water, and nutrients to maintain photosynthesis and
growth. These properties have been difficult to measure
remotely due to the subtle nature of their response in spectral
properties but recent advances in active remote sensing methods
could provide new tools for tree health measurements.
Leaf water content (LWC) is an early indicator of tree health
that can be measured objectively (Skakun et al., 2003; White et
al., 2007). LWC affects leaf reflectance in the shortwave
infrared spectrum due to the absorbing nature of water at these

wavelengths which can be used to estimate LWC remotely
(Ceccato et al., 2001). The estimation of LWC in terms of
equivalent water thickness (EWT, the ratio of the weight of
water and leaf area) and drought has been recently studied using
single wavelength terrestrial laser scanning (TLS) and
multispectral terrestrial laser scanning (MS-TLS) (Junttila et al.,
2015; Junttila et al., 2016; Zhu et al., 2015). Single wavelength
TLS has been shown to be able to explain 76% of the variation
in EWT after radiometric correction including incidence angle
correction (Zhu et al., 2015). Zhu et al. (2017) have investigated
the estimation of canopy EWT with a full-waveform single
wavelength TLS resulting in a significant correlation between
canopy EWT and TLS intensity backscatter (R2=0.66). The
estimation of leaf EWT with a dual-wavelength terrestrial laser
scanner has been studied resulting in R2 of 0.8, but the study
used a low number of samples and species (Gaulton et al.,
2013). These studies have used a limited number of samples and
wavelengths to estimate EWT, thus, more investigations are
needed to verify the applicability of laser scanning in EWT
estimation.
The characteristics of airborne multisensor and single-sensor
multispectral laser scanning data has been compared in a forest
environment, resulting in a conclusion that the single-sensor
data was more stable (Hopkinson et al., 2016). Junttila et al.
(2016) studied the use of dual-TLS system with two
wavelengths in detecting leaf EWT. The aim of this study is to
investigate the capability of multisensor MS-TLS in detecting
varying tree health, which is measured in terms of leaf EWT
from Norway spruce seedlings. The dependencies between
EWT and laser intensity at different wavelengths (and
calculated spectral ratios) of segmented point clouds are
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examined in order to find laser intensity-derived features for
estimating EWT.
2. METHODOLOGY
2.1 Experiment design
Commercial Norway spruce (Picea abies) seedlings of two
years old (n = 145) were grown for 12 weeks in a greenhouse
during the growing season between May and August 2016. The
seedlings were subjected to different treatments to induce
drought and variation in EWT. The seedlings were divided into
five groups for different treatments. Three of the groups
received 75%, 50%, and 25% of “normal” watering amount
(groups D75, D50 and D25). The watering amount of the
groups was adjusted during the experiment to ensure a decrease
in EWT. The fourth group was grown with a sufficient amount
of water for 10 weeks until irrigation was completely stopped,
and the seedlings were for two weeks without watering (group
D_tot). The fifth group of seedlings were inoculated with
Endoconidiophora polonica, a fungal pathogen that disturbs the
flow of water and nutrients in the phloem and sap wood (group
F). The amount of water given to the seedlings was adjusted
according to the temperature inside the greenhouse during the
experiment. During the 12 weeks 8-14 seedlings were randomly
collected from each treatment for TLS measurements at eight
time intervals.
2.2 TLS instruments and data processing
The seedlings were scanned with three different TLS
instruments consequentially from the same position from a
distance of 5.2 m inside the greenhouse. The TLS instruments
used were: a Leica HDS6100 (Leica Geosystems AG,
Heerbrugg, Switzerland), a FARO S120 (FARO Europe GmbH
& Co. KG, Korntal-Münchingen, Germany), and a FARO
X330, utilizing wavelengths at 690 nm, 905 nm, and 1550 nm,
respectively. Three white spheres were used as common targets
to register the scans with each other facilitating the
segmentation of point clouds in the processing of the data.
Measuring vegetation with a TLS that utilizes phase-shifting
measurement technique for range determination tends to
produce a high number of “ghost” points (Balduzzi et al., 2011).
The number of ghost points was reduced by filtering the data
with a statistical outlier algorithm in the CloudCompare
software package (Girardeau-Montaut, 2011). Then, cloud-tocloud distances were calculated for the point clouds where the
distance of a point is calculated to the nearest point in the
reference cloud (FARO X330). The maximum distance was set
to 2 mm which is the ranging error announced by the
manufacturers of the TLSs.

2.3 Ecophysiological measurements
The seedlings were carried to the laboratory after the scanning
and EWT was measured from a sample taken from each
seedling. A sample of approximately 20-40 needles were
randomly collected from the seedlings. The needles were
weighed (with a precision of 0.0001 g) to measure fresh weight,
scanned with a Epson V370 Photo flatbed scanner (Epson
America Inc., CA) at 800 dpi resolution to measure leaf area,
and dried in an oven in 60 °C for 48 hours to measure dry
weight. The images were analysed with the open-source
software EasyLeafArea (Easlon and Bloom, 2014) to segment
the needles and calculate leaf area. The EWT was then
calculated according to Danson et al. (1992) by dividing the
mass of water with leaf area for each sample with the following
equation:
𝑭𝑾−𝑫𝑾
𝒈
(𝒄𝒎𝟐),
𝑨

where FW is the fresh weight of the needles (g), DW is the
weight of the dried needles (g), and A is the surface area of the
fresh needles (cm2).
A set of statistical features were calculated from the intensity
data from each point cloud representing a seedling at each
wavelength. Intensity features were calculated from the
calibrated intensity data for each seedling at each wavelength.
These features were the mean, minimum, maximum, standard
deviation of the intensity values. Based on these features, a set
of spectral indices were calculated for each point cloud based on
ratio and normalization operations. The indices are referred with
the abbreviation, feature name and a subscript describing the
wavelengths used for the calculation (e.g. NDVI690,1550).
𝑆𝑅𝜌1,𝜌2 =

𝜌1
𝜌2

,

(2)

𝜌1−𝜌2

𝑁𝐷𝑉𝐼𝜌1,𝜌2 =

,

𝜌1+𝜌2

(3)

where ρ1 and ρ2 are the mean of calibrated intensity at
wavelengths ρ1 and ρ2.
The relationship between ecophysiological parameters and laser
intensity features was investigated using simple linear
regression. We used coefficient of determination (R2) and root
mean square error (RMSE) to assess the goodness of the fit
between the variables with the following equations:
n

Points from each seedling were detached manually from the
scans for further processing. Since the FARO laser scanners
showed non-linearity in their intensity response, a four-grade
Spectralon panel, with nominal reflectances of 99%, 50%, 25%
and 12%, was used to calibrate the intensity data (I) to relative
reflectance (ρ690, ρ905, and ρ1550) by fitting the intensity of the
detached points from the panel to reflectance measurements
from an ASD spectrophotometer at each wavelength. No
normalization of the intensity data was conducted, thus,
temperature and humidity could have affected the intensity
measurements.
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where 𝑛 is the number of observations, 𝑦𝑖 is the observed value
for the measurement 𝑖, 𝑦̂𝑖 is the predicted value for the
measurement 𝑖, and 𝑦̅ is the mean of the observed data. All of
the statistical analysis was performed in the open source
software package R ver. 3.2.3 (Team, 2013).
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3. RESULTS AND VALIDATION
3.1 The treatments effects on EWT
All the treatments affected EWT during the experiment (Figure
1). The inoculated seedlings infected with the pathogen showed
a rapid decrease in EWT during the first 2-4 weeks of the
experiment. The seedlings in the drought treatment groups
showed resistance to drought and a longer time interval was
necessary for a significant decrease in EWT.

Strong correlations between laser intensity based spectral
indices and EWT were found (Table 2). Spectral indices
calculated from the 690 nm and 1550 nm wavelengths
explained 68-72% of the variation in EWT, NDVI690,1550
showing the best explanatory power with R2 of 0.72. Spectral
indices based on 905 nm and 1550 nm wavelengths were able to
explain 79-84% of the variation in EWT. The SR1550,905 index
showed the highest R2 with a value of 0.84 and a respective
prediction accuracy of 0.0041 g/cm2 (Figure 2).
R2

RMSE

SR690,1550

0.68

0.0058

SR1550,690

0.70

0.0056

SR690,905

0

0.0098

SR 905,1550

0.79

0.0043

SR1550,905

0.84

0.0041

NDVI690,1550

0.72

0.0055

NDVI690,905

0

0.0098

NDVI905,1550

0.82

0.0043

Spectral index

Figure 1. Equivalent water thickness (EWT) in the treatment
groups during the experiment.

Table 2. Coefficients of determination (R2) and root mean
square error (RMSE) for the linear regression models between
spectral indices and EWT.

3.2 The MS-TLS intensity response to varying EWT
The single wavelength laser intensity features explained the
variation in EWT only moderately, the 1550mean being the best
explanatory intensity feature explaining 53% of the variation in
EWT (Table 1). The 1550mean increased with decreasing leaf
EWT as less water was present to absorb the reflectance at this
wavelength. The 1550std feature showed to explain 47% and the
1550max feature 24% of the variation in EWT while other single
wavelength intensity features at 690 nm and 905 nm
wavelengths were able to explain only 2-15% of the variation in
EWT.

R2

RMSE

1550mean

0.53

0.0071

1550std

0.47

0.0075

1550min

0.02

0.010

1550max

0.24

0.0090

4. DISCUSSION

905mean

0.12

0.0097

905std

0.15

0.0095

905min

0.15

0.0095

905max

0.14

0.0096

690mean

0.12

0.0097

690std

0.07

0.010

690min

0.13

0.0096

690max

0.02

0.010

Single wavelength intensity features showed low to moderate
correlations with EWT in this study. The single wavelength
intensity response of TLSs has been shown to be sensitive to
incidence angle requiring complicated data correction
procedures for estimating EWT (Zhu et al., 2017). Coniferous
species, such as Norway spruce studied here, have needles
which leaf area and dimensions are very small compared to
deciduous species. Thus, incidence angle is impossible to
calculate from these irregular surfaces when the laser spot
diameter at the target is larger than the width of a single needle.
Spectral indices calculated from MS-TLS data have been found
to be insensitive to incidence angle effects when both of the
wavelengths are similarly influenced by the incidence angle
(Kaasalainen et al., 2016). The results from our study support
this since all of the spectral indices were able to explain the
variation in EWT better than single wavelength intensity
features.

Intensity feature

Table 1. Coefficients of determination (R2) and root mean
square error values (RMSE) for the regression models between
single wavelength laser intensity features and equivalent water
thickness.

Figure 2. Relationship between the best explanatory laser
intensity variable and equivalent water thickness (EWT).
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The use of MS-TLS based spectral indices showed potential for
estimating EWT in tree seedlings. Relatively high prediction
accuracy with R2 of 0.84 was achieved although no
normalization of intensity data for individual scans was
conducted indicating that the intensity measurements were
rather consistent in these environmental conditions. The
combination of 905 nm and 1550 nm wavelengths was able to
explain more of the variation in EWT than the combination of
690 nm and 1550 nm which is in accordance with previous
research (Ceccato et al., 2001). A wavelength in the nearinfrared spectrum is needed for normalizing leaf structural
effects such as specific leaf area rather than one in the visible
spectrum (Ceccato et al., 2001). Thus, the wavelength at 690 nm
used here was found redundant for estimating EWT.
Here, the study was conducted in greenhouse conditions where
background illumination was low and other environmental
variables such as humidity and temperature were constant. The
studied method needs to be investigated in a forest environment
to validate the applicability of the method for mature tree
canopies. A forest environment is expected to be challenging for
using several laser scanners due to wind which moves the tree
canopies during data collection, thus, data correction pipelines
that are able to improve poor data quality due to wind are
needed.
Separating laser returns between woody and foliage parts is also
a challenge that needs investigation to be able to measure EWT
of mature tree canopies. Scanning trees below the canopy
targets
particularly the lower part of the canopy; thus, the response of
the tree canopies to drought and other factors that affect EWT,
and how the alterations in EWT are distributed along the
vertical profile of the canopies is of interest in developing
methods for estimating EWT with MS-TLS. Furthermore, dry
and dying branches below the vigorous part of the canopy may
affect the measurements.
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5. CONCLUSIONS
The utilization of MS-TLS intensity data in estimating EWT in
Norway spruce seedlings showed high potential in this study. In
environmentally stable conditions a strong correlation (R2=0.84)
between EWT and a laser intensity based spectral index
(SR1550,905) was observed with a prediction accuracy of 0.0041
g/cm2. Based on our results, the use of MS-TLS can greatly
improve the estimation of EWT for coniferous species
compared to using single wavelength TLS.
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