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Abstract

Monitoring of trees in urban areas can be conducted using remote
sensing, but should be supported by field measurements. The article
aims to present the research method used to evaluate discolouration
and defoliation of trees and tree damage in the city of Biatystok in
Poland. The analyses were done using AISA hyperspectral images. Field
measurements encompassed determining the locations, species and
levels of discolouration and defoliation of trees. Remote sensing indices of
vegetation were calculated and correlated with the field-measured values
of discolouration and defoliation. Based on that, values of discolouration
and defoliation were calculated and evaluated against the field studies.
The RMSE of the acquired data was around 16%. Using parameter
values, a map of tree damage was drawn up. Based on the analysis, it
can be stated that a significant number of trees is undamaged, although a
large portion of the trees falls into the warning class.
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Introduction

Green areas are an important part of a city — they affect
the perception of space, air quality and noise level and are a
recreational area for inhabitants. Analysis of trees can be
conducted using remote sensing data, but can be supported by
field measurements for validation (Raczko et al. 2015). Given the
variability of urban green areas, hyperspectral imaging can be of
particular use and in-situ studies serve simply for verification of
the obtained results (Pu & Liu 2011). Hyperspectral images consist
of hundreds of narrow spectral bands which provide very detailed
information on analysed objects. They have been successfully
employed for vegetation classification, for example of non-forest
vegetation (Marcinkowska-Ochtyra et al. 2017) and mountainous
areas (Kupkova et al. 2017, Raczko & Zagajewski 2017), but also trees
in urban areas (Jung et al., 2005; Alonzo et al. 2014; Ferreira et al. 2016;
Dian et al. 2016; Liu et al. 2017). The images have also been used in
condition analysis on an area of Poland (Jarocinska 2014, Jarocinska
et al. 2016, Kycko et al. 2017). In order to facilitate analysis of
vegetation conditions based on remote sensing data, vegetation
remote sensing indices were used (Huete et al. 1997, Ochtyra et al.
2016). These are based on reflectance values in spectral bands
and relate to chlorophyll and water content or cellular structure
(Kycko et al. 2017).

Leaf discolouration is the change in colour of a leaf relative the
colour that the leaf should have, which is to say, usually, green.
Defoliation is the loss of foliage relative to a healthy plant (Innes
1990). Discolouration and defoliation occur as a result of external
factors or substances, and can be symptomatic of disease, or
shortages of vital elements or water. Parameters can be evaluated
visually in-field, and results are expressed as percentages (Innes
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1990). Evaluations are conducted by experts, who compare actual
states with those which a healthy tree should display.

Using remote sensing to acquire discolouration and
defoliation values is less labour intensive, while providing
comparable effectiveness to that of visual methods (Fraser &
Latifovic 2005, Leckie et al. 2005, Panigada et al. 2010, Townsend 2012).
For hyperspectral techniques, there exist many indices for
evaluating chlorophyll content (Gitelson et al. 2002), which can
be used to determine levels of discolouration and defoliation.
The Normalised Difference Vegetation Index (NDVI) and
modifications thereof are commonly used (Rouse et al. 1973; Jung
et al. 2005). Discolouration and defoliation research has been
conducted based on analysis of the following indices: SR (Simple
Ratio), mSR (modified Simple Ratio), NDVI, empirical modelling
and also Radiative Transfer Modelling (RTM). Studies of the Valle
del Ticino Biospheric Reserve can be cited as an example: based
on MIVIS (Multispectral Infrared and Visible Spectrometer) aerial
imaging, values of vegetation indices were correlated with field
assessments of discolouration (Panigada et al. 2010). As a result an
image of foliage discolouration was acquired with an accuracy
of 75%. Also, discolouration was classified with 85% accuracy
based on correlation with aerial images (Leckie et al. 2005).
Additionally, it has been stated that most discolouration occurs
in the upper parts of trees and is often not visible from ground
level, making remote sensing data more objective (Panigada et al.
2010). In studies of oak forests of the central Appalachian, use
of Landsat images and water quality indices (NDIl, NDMI and
MSI) resulted in RMSE values of about 13% for defoliation using
the NDII index and 14% for the MSI index (Townsend et al. 2012).
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Figure 1. Study area: Biatystok city with location of AISA image (source: Esri, Digital Globe, GeoEye, Earthstar Geographics, CNES/
Airbus DS, USDA, USGS, AeroGRID, IGN, the GIS User Community and own elaboration)

Greater accuracy was achieved using SPOT VEGETATION data,
based on which, defoliation was evaluated with an accuracy
of 97% (Fraser & Latifovic 2005). It was determined that the best
channels for evaluating the changeability of defoliation were NIR
and SWIR.

Aerial and field analyses are similarly effective, although they
require appropriate image correction (Small & Lu 2006; Marcinkowska
et al. 2014). Vegetation analysis of urban areas is difficult because
of the heterogeneity of the area and the problem of different types
of object being combined in the same pixel (Liu et al. 2017).

The aim of the study is to evaluate discolouration and
defoliation of the trees in the Bialystok area, based on
hyperspectral data from an aerial AISA scanner.

Material and method
Material

The research area was a section of Biatystok (Fig. 1). The
zone encompasses parks and squares, as well as domestic and
roadside vegetation. Natural vegetation is to be found in the
eastern part of the city, in some places along the river, and in
the city parks. The park vegetation’s variety is a relic of the past,
having been increased by human intervention.

The studies used aerial hyperspectral images and spectral
reflectance curves from field measurements. Using a Specim
AISA (Airborne Imaging Spectroradiometer for Applications)
EAGLE scanner, one flightline was acquired on 3 August 2013.
The line was approximately 1 km in width, extending from the
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Figure 2. Workflow used in the study
Source: own elaboration

north-west to the south-east. The image had 129 channels in the
400-1,000 nm range (Hanus et al. 2008). The spatial resolution of
the images was 1 m.

For field measurements, spectral reflectance curves were
acquired for an area of five radiometrically stable polygons
using an ASD (Analytical Spectral Devices) FieldSpec 3 field
spectroradiometer (Milton etal. 2009). This was done by employees
of the Faculty of Civil and Environmental Engineering, Warsaw
University of Life Sciences, Dr J. Chormanski and Dr Eng. T.
Berezowski. Additionally, on 5-10 August 2013, commissioned
by MGGP Aero Sp. z 0. 0., Z. Onysko gathered data on 111
trees (location, and visual evaluation of degree of discolouration
and defoliation in 5% bands). Thirty-six species were identified,
including two varieties of oak, five of maple, horse chestnut,
small-leaved lime, and conifers: white fir, European larch and
two varieties each of pine and spruce. The trees had diameters
of 3 metres or more. The variables were estimated visually in
comparison with trees in optimal conditions for their given type at
that stage of their vegetative season. Values were determined in
the range of 0 to 100% for each variable.

Method

The method consisted of a few stages (Fig. 2). The initial
stage of image processing involved radiometric, geometric and
atmospheric correction. Spectral reflectance curves from in-field
measurements for water, beach sand, asphalt, granite cobble
and stone dust were used to perform atmospheric correction.
Each of the polygons was located on the image, and then, using
the Empirical Line method (Karpouzli & Malthus 2003), the influence
of atmospheric scattering on radiation values was removed.

Then, areas without tree cover were masked in the image.
Visually chosen training and validation polygons were delineated
for three classes (trees, other vegetation, and non-vegetative
ground cover). Using training polygons, a classification was
made, overseen by the Support Vector Machine (SVM)
method and polynomial kernel function (Huang & Davis 2002). The
classification accuracy was 95%. In this way, objects other than
trees were excluded from further analyses.

Remote sensing vegetation indices associated with content of
photosynthetically-active pigments, quantity of photosynthesising
material, and plant water content were calculated, namely: NDVI
(Rouseetal. 1973), Enhanced Vegetation Index—EVI (Hueteetal. 1997),
Atmospherically Resistant Vegetation Index — ARVI (Kaufman

Verification

1992), Modified Red Edge Simple Ratio Index — mSR705 (Datt
1999), Red Edge Normalized Difference Vegetation Index —
NDVI705 (Gitelson & Marzlyak 1994), modified Red Edge Normalized
Difference Vegetation Index — mNDVI705 (Datt 1999), Vogelmann
Red Edge Index 1, 2, 3 — VOG1, VOG2, VOG3 (Vogelmann et al.
1993), Photochemical Reflectance Index — PRI (Gamon et al. 1992),
Structural Independent Pigment Index — SIPI (Pefiuelas et al. 1995),
Carotenoid Reflectance Index 1, 2 — CRI1, CRI2 (Gitelson et al.
2002), Anthocyanin Reflectance Index 1, 2 — ARI1, ARI2 (Gitelson et
al. 2002) and Water Band Index — WBI (Pefiuelas et al. 1995).

In order to determine the values of discolouration
and defoliation, the crowns of trees analysed during field
measurements were drawn onto the images, excluding the
shaded part of the crown. The polygons were then subdivided
into training polygons (287 pixels, 30 trees) and testing polygons
(773 pixels, 81 trees). The calculated indices values within
each tree were averaged. The Pearson correlation coefficient
was calculated with significance level of 0.05 between the field-
estimated biophysical variables (discolouration and defoliation)
and the vegetation indices values extracted from the image, in
order to determine the strength of relationship between in-field
and imaging variables. Next, the indices most strongly correlating
with the biophysical variables were selected (correlation
coefficient above 0.5 or below -0.5). The best correlations with
discolouration and defoliation were those of mNDVI705, SIPI
and PSRI. For these indices, the regression equation and the
coefficients of determination R? were calculated (Tab.1.). For
both discolouration and defoliation, the index with the highest
coefficient of determination was identified. In the case of
discolouration, the mNDVI705 index was used and the variable
value was calculated by y=-75In(x)-33.10; for defoliation, the SIPI
index and formula y=511.95In(x)-2.7063 were used. The values
of indices were recalculated to discolouration and defilation
values. The images of biophysical variables were divided into ten
classes with a 10% range for each.

Verification of the remaining maps was conducted on
the basis of the defoliation and discolouration values of the
verification polygons acquired during field measurement. The
values from calculated images were recalculated to fit values
taken in-field — one average value for each tree generalised to
5%. Next, the Mean Square Error (MSE) and Root Mean Square
Error (RMSE) were calculated in order to determine the error
value of the implemented method.



Table 1. Results of the statistical analysis: Pearson’s correlation coefficient, regression equation and coefficients of determination R?
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calculated for values of selected vegetation indices and biophysical parameters acquired during field measurements (N=30, p<0.05)

Variable mNDVI705

SIPI PSRI

Pearson’s correlation

coefficient -0.64

0.64 0.66

Discolouration | regression equation

y =-75 In(x) - 33.101

y =413.95In(x) + 0.7012 y = 422.32x + 1.9608

coefficients of

determination R? 0.5088

0.4020 0.4365

Pearson’s correlation

coefficient -0.56

0.76 0.71

Defoliation regression equation

y =-66.17 In(x) - 29.177

y =511.95 In(x) - 2.7063 y = 475.26x - 0.2346

coefficients of

determination R? 0.3651

0.5666 0.5095

Source: own elaboration

Table 2. Tree damage classes based on discolouration and defoliation
values

Discolouration
Class and values
0-10% | 11-25% | 26-60% | >60%
0-10% 0 0 1 2
11-25% 1 1 2 2
Defoliation
26-60% 2 2 3 3
>60% 3 3 3 3

Source: Wawrzyniak 2014 and own elaboration

The final stage of the analysis was to draw up maps of tree
damage based on the distributions of combined values from both
factors — discolouration and defoliation. The accepted method
for forestry monitoring in Poland was used (Wawrzyniak, 2014).
Based on this method four classes of variable biophysical values
are distinguished on the basis of the divisions shown in Table
2.: class 0 — no damage, 1 — warning, 2 — slight to moderate
damage, 3 — severe damage (Tab. 2.).

Results

The results of the study were values of discolouration and
defoliation and a map of tree damage based on the two variables.
Using equations based on index values, discolouration and
defoliation values were calculated for trees which had been
divided into classes (Fig. 3). The majority of the area (170.6
ha of wooded areas) was occupied by trees of discolouration
between 0.0% (no discolouration) and 9.9%; 45.4 ha of wooded
area belonged to the discolouration class ranging from 10.0
to 19.9%, and 29.1 ha to the range of 20.0 to 39.9%. Trees
of discolouration greater than 40.0% occupied 3.8 ha. The
proportions for defoliation were similar: the greatest share was
of trees with defoliation up to 9.9% (63.2 ha), and the class of
defoliation above 40.0% represented about 22.6 ha.

Results were verified using MSE and RMSE error values for
81 trees observed in the field. The RMSE error was 15.2% for
discolouration and 17.0% for defoliation. Within trees, there were
pixels belonging to a different variable class than the remaining
part of the tree. This phenomenon generally occurred at the edge
of the object, but may also indicate differentiation of the variable
within the tree.

Based on the map of tree damages it was established that
the decided majority of trees belonged to class 0 (no damage)

or 1 (warning) — with a combined total of 207 ha (Fig. 4). Trees
falling into class 3 (severe damage) constituted about 20 ha of the
analysed area. These were frequently close to major transport
routes, and being subjected to greater pollution and damage
affected their condition. Moreover, the severe tree damage class
contained pixels which were victim to erroneous ground-cover
classification, including areas covered with shrubs or areas of
low, road-side growth.

Based on the analysis, it can be stated that the condition
of trees in Bialystok was generally good. Higher values of
discolouration and defoliation occurred more in the city centre
than on the outskirts. The map of tree damage documents the
claim that a significant number of trees are undamaged, although
a large portion of the trees fell into the warning class.

Discussion

Based on the results, it can be stated that the method
developed yielded defoliation and discolouration values of similar
accuracy to those of traditional studies. The developed method’s
error value RMSE for discolouration was 15.2%. The results were
therefore comparable to, or more accurate than, those obtained
by other authors. For example, discolouration was acquired with
an accuracy of 75% (Panigada et al. 2010). The results were similar
to the 85% accuracy of discolouration classification (Leckie et al.
2005).

The accuracy of the obtained defoliation values was quite
high (RMSE=17%); this result approximates to those of other
researchers. In studies of oak forests the RMSE values were
about 13% using the NDII and 14% for the MSI (Townsend et al.
2012).. Better accuracy was obtained using SPOT VEGETATION
data — 97% (Fraser & Latifovic 2005). It is important to note the lower
spatial resolution of Landsat and SPOT data. A similar level of
correlation between biophysical variables and remote sensing
vegetation indices from hyperspectral data was found to exist for
meadows and arable land (Zagajewski & Jarocinska 2009).

The developed method for obtaining discolouration and
defoliation values and quick evaluation of tree damage can be
applied to another area.

Summary and conclusions

Based on the conducted study it can be stated that
hyperspectral data were successfully used to analyse tree
condition. Based on data from the AISA hyperspectral scanner,
remote sensing vegetation indices were calculated and then
correlated with the biophysical variables of discolouration and
defoliation. This method made it possible to create a distribution
of variables for the whole analysed area with an accuracy
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comparable to that of traditional methods — RMSE 15.2% for
discolouration and 17.0% for defoliation. The method can be
used as an alternative to the traditional method. Additionally, it
has been stated that most discolouration occurs in the upper
parts of trees and is often not visible from ground level, making
remote sensing data more objective (Panigada et al. 2010). On
the final map, damaged trees are easily identifiable. The most
severe damage is to those trees which immediately border a
main transport route.
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