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ARTICLE INFO ABSTRACT

Handling Editor: Raffaele Lafortezza In this paper we propose a methodology for combining remotely sensed data with field measurements to assess

selected tree parameters (diameter at breast height (DBH) and tree species) required by the i-Tree Eco model to

Keywords: ) estimate ecosystem services (ES) provided by urban trees. We determined values of ES provided by trees in 2017
Ecosystem services in Racib6rz (a city in South Poland) and estimated the loss of ES from January 1, 2017 to March 5, 2017, a period
GEOBIA f changing legislation that t ily allowed 1 of t i ty without issi

Tree Eco of changing legislation that temporarily allowed removal of trees on private property without any permission
LiD AR from city authorities. We applied Canopy Height Models (CHM; GSD 1.0 m) generated from two sets of ALS

LiDAR point clouds (acquisitions on June 11, 2011 and March 5, 2017) and performed tree crown segmentations
using the GEOBIA approach. Physical attributes were estimated for each tree using predictive models, developed
based on field tree inventory . The reference areas for parameterizing the segmentation algorithm and assessing
tree species composition were established in Racibdrz, while reference data required for assessment of DBH were
obtained from the MONIT-AIR project (from Municipality of Krakéw). We found that in 2017, 988.79 ha of
Racibdrz (13.2 % of city area) was covered by the crowns of 264 471 trees, providing ES structural values worth
over 384 mil €. The structural value of ES lost in the first months of 2017 (during which 5 075 trees were
removed) was about 3.5 mil €. We concluded that in the face of information on tree crown cover that is often
missing from city databases, tree inventories require application of a combination of multi-source and multi-
resolution spatial analyses, including: administrative decisions for tree removal with exact location, predictive
modelling of selected biometrical tree information, automatic crown segmentation on CHM and interpretation of
regularly updated color infrared (CIR) aerial orthophotos.

Predictive models
Urban forests

1. Introduction

Green infrastructure is an increasingly valued and necessary element
for the sustainable functioning of cities, in the face of economic and
social changes and increasing urbanization that often leads to the cre-
ation of megacities. The occurrence of trees (high vegetation) in cities,
which form a main part of urban forests (UF), is key to promoting the
well-being of city residents and are an important element of smart city
infrastructure (Johnston, 1996; Konijnendijk et al., 2006). Trees provide
a number of important ecosystem services (ES), defined as direct bene-
fits that nature provides to city residents (Costanza et al., 1997; Nowak
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et al., 2000a; MEA, 2005; Fisher et al., 2009). These include all main
types of services: provisioning (e.g., wood, nuts and fruits), regulating
(e.g., reducing the extent of the urban heat island effect), supporting (e.
g., hydrological regulation, wildlife habitat) and cultural (e.g., aes-
thetics) (Nowak and Dwyer, 2007; Takacs et al., 2016; Dorst et al.,
2019). Although ES can be identified and quantified, and although there
are social costs to maintain trees, ES are often taken for granted and their
economic value is often not recognized (Kabisch et al., 2016).

Up to now, tree valuation models have mainly been used to assist
local authorities in achieving an appropriate compensation level where
publicly owned trees were damaged or removed without consent. A
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well-known tool for calculating values of ES provided by urban trees is
the i-Tree Eco model (USDA Forest Service). This model quantifies
environmental functions, including air quality improvement, storm
water control, carbon sequestration, and carbon storage by trees, as well
as annual and total benefits, using standard ES approaches. Mathemat-
ical models running in i-Tree Eco application use data on air pollution
and local meteorology, along with vegetation inventory data. The
minimum tree attributes required for i-Tree Eco are tree species and
diameter at breast height (DBH). The model quantifies vegetation
structure and the associated annual value of ES in specific locations
(Nowak and Crane, 2000b). For example, in New York City, i-Tree Eco
was applied to calculate the value of ES of city trees, revealing that they
provided $5.60 in benefits for every $1.00 invested in tree planting and
care (Nowak et al., 2007). To carry out comprehensive analyses of ES in
cities, an updated and detailed greenery inventory is needed. Usually,
only public urban forests or parts of them, such as parks or street trees,
are inventoried using a Geographic Information System (GIS) (Klobucar
et al., 2020). An approach that has often been used is the GreenSpaces
(formerly R3 TREES) application (R3 GIS), which has been employed by
129 cities in Europe (www.r3-trees.com) to support the management of
green areas. Urban forest databases are often incomplete or infrequently
updated because traditional ground-based surveys are costly and
labor-intensive (Ziircher, 2017). Notably, due to the lack of urban forest
inventory performed on private land, crucial information about trees in
these areas is missing (Konijnendijk et al., 2006).

Until now, research on ES provided by urban trees has for the most
part been carried out using a sub-section of a city or for a single, specific
ES using data from traditional tree inventories, interviews, surveys or
visual interpretation of aerial orthophotos (Camps-Calvet et al., 2016;
Dennis et al., 2016; Mariani et al., 2016). However, these methods have
difficulty providing comprehensive coverage of relatively large areas,
including both private and public properties at the city-wide level
(Zhang and Qiu, 2012; Randrup and Jansson, 2020). Therefore, there is
a need to develop cost-effective solutions for urban planners to monitor
trees and estimate ES so that effective management can be carried out
with reasonable effort. The increasing availability of different sources of
remotely sensed data, e.g., satellite, hyperspectral, aerial photographs
and LiDAR (Light Detection and Ranging) point clouds, offers a fast and
replicable way to quantify urban forest dynamics that allows monitoring
of private properties and hard-to-reach areas (Alonzo, 2015; Lafortezza
and Giannico, 2019). The spatial (horizontal and vertical) structure of
vegetation can be analyzed using Airborne (ALS) or Mobile (MLS) Laser
Scanning 3-D point clouds, which offers penetration through the canopy
to obtain precise information about tree biometric attributes, such as
height, crown diameter, position (XYZ), volume of trunk or crown and
leaf area (Holopainen et al., 2013; Wezyk et al., 2016). However, in
places with a mosaic of multiple tree and shrubs species and age groups,
the automation of measurements is complicated due to the higher degree
of spatial heterogeneity (Zhang et al., 2015; Sanesi et al., 2019). The
most common method for quantifying urban forest structure and ES in
these cases is to supplement remotely sensed data with ground sampling.
However, taking intensive structural measurements on private property
throughout a city is difficult, and averages results obtained from sample
inventories are not spatially explicit.

Bagstad et al. (2013) indicated that in order to become common
practice, ES assessments should be “quantifiable, replicable, credible,
flexible, and affordable”. The practical use of ES assessments requires
that methods be cost effective and time efficient (Villa et al., 2014).
Alonzo (2015) used fused airborne hyperspectral and LiDAR data to
carry out an analysis of an urban forest ecosystem in i-Tree Eco, and
demonstrated that it is reasonable to use LiDAR to measure LAI in an
urban environment lacking a continuous canopy and characterized by
high tree species diversity. Giannico et al. (2016) assessed forest stand
volume and above-ground biomass in the urban forest using a combi-
nation of LIDAR-derived metrics, which can be used to estimate selected
ES, but they did not identify measurable benefits of urban trees.
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Although ES provided by trees in cities have been actively studied,
LiDAR technology (ALS or MLS) is not at present widely used for urban
tree inventory (tree cadaster). In urban research in New York, the most
relevant ES that played a role in decision-making were rainwater infil-
tration (reduced water runoff), carbon storage, air pollution removal,
local climate amelioration, and recreation (Kremer et al., 2016). How-
ever, many landlords and most residents are not aware of the economic
value of UFs and are even less aware of the loss of value caused when
trees are removed. For remotely sensed urban forest inventory to be
operationalized (Alonzo, 2015), and as numerous cities have gained
access to high-accuracy digital terrain model (DTM), digital surface
model (DSM) and LiDAR data, it is a reasonable next step to implement
simpletree segmentation algorithms to generate serviceable crown ob-
jects for further analysis.

Currently, information concerning the value of ES in cities is missing.
In order to address the absence of such data, robust methods integrating
multi-source, publicly accessible data for monitoring ES provided by
urban trees, as well as its changes, e.g., as a result of urban tree removal,
are highly important to improve environmental awareness of the
importance of the urban forest. In some cities, removing trees from
private property is regulated by laws that specify the conditions neces-
sary to obtain a permit for tree removal. However, many cities still do
not have regulations regarding the protection and felling of urban trees
(Lavy and Hagelman, 2019). In Poland, removing trees or shrubs from
private property may only take place by permit for trees of a specified
diameter (at a height of 5 cm above the ground) (Act on Protection of
Nature, 2004). Penalties for illegally removing a tree depend on its
species and the circumference of the tree trunk at a height of 130 cm
(Regulation of the Poland’s Minister of the Environment, 2017) and
range for 1 cm trees from 3 € (e.g., Acer negundo) to 50 € (e.g. Taxus
baccata). However, on January 1, 2017, the requirement for a permit for
tree removal in Poland was suspended temporarily. The rationale for
suspending the need for a tree removal permit was that it was causing an
increasing administrative burden, even though the vast majority of ap-
plications ended in permits being issued. In any case, the change of law
was controversial and in some cases led to unregulated cutting of large
trees. After half a year, on June 17, 2017, the mandatory permit
requirement was restored. Nevertheless, despite fierce media discussion
about the destructive impact caused by the suspension of permits, the
number of trees felled and the impact on ES have not yet been
investigated.

In our study, we present an approach to improve the measurement of
urban trees and the calculation of ES dynamics that can provide a
feasible approach for city administrators having access to ALS point
clouds, and which can be aligned with cadastre databases of urban trees.
Our method uses automated data processes to establish a relationship
between the measurement of tree characteristics in situ and ALS LiDAR
data. The approach estimates urban tree characteristics based on pre-
dictive models, generated using point clouds and tree inventory from
ground reference plots, which can provide an alternative to large area
field measurement campaigns and also improve the cost-benefit ratios in
assessing ES. The main goal of our research was to estimate ES provided
by trees based on predicted and standardized characteristics of trees
from the city of Racib6rz (Poland) using the i-Tree Eco model. We show
how gaps in tree inventory data can be estimated and added to the i-Tree
Eco model to perform a fast and accurate estimation of ES values pro-
vided by urban trees. We applied the method to estimate the loss of ES
caused by tree removal during the temporary suspension of mandatory
permits for tree removal on private property in Raciborz.

2. Materials
2.1. Study area

The city of Raciborz, Poland was selected as our study area (Fig. 1).
This municipality is a typical urban area, with complex spatial
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Fig. 1. The study area in Racibdrz. Field survey areas (polygons of tree inventory) are shown in yellow on the CIR orthophotomap (2015) (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).

assemblages of vegetation, creeks, buildings, roads, and other man-
made features. The total area of the city of Racibérz is 75 km?2 In
terms of the structure of land use and land cover, agricultural lands
cover 68.9 %, forests 3.7 %, and built-up areas cover 22.9 % of Raciborz.
Protected areas account for approximately 17 % of the city. As of 2019,
the town had a population of approximately 50 000 inhabitants (STAT,
2019).

2.2. Datasets

In this study, we used archival ALS LiDAR 3D point clouds (from
June 2011 and March 2017; density 12 pts/mz), and CIR (color-infrared)
aerial orthophotomaps (2015; GSD 25 cm) available from the Head
Office of Geodesy and Cartography (GUGIK) in Poland. Point cloud
classification was conducted by the surveying companies contracted by
the GUGIK according to the ASPRS standards, i.e., class 2 - ground, 3 -
low vegetation (0.0—0.4 m above ground - AGL), 4 - medium vegetation
(0.4-2.0 m AGL), 5 - high vegetation (2.0-max Z), 6 - buildings (with H >
2.0 m that meets specific surface area and roof planarity parameters).
The database of trees felled in 2017 was supplemented with aerial
orthophotomaps in natural colors (RGB) from September 2016, avail-
able as a base map in Google Earth (Table 1).

Table 1
Details of geospatial data used in this study.
Data type Data acquisition date Resolution
ALS LiDAR point cloud June 11, 2011; March 5, ~ 12 pts/m?
2017
Orthophotomap CIR June 7, 2015 0.25m
Orthophotomap RGB (Google September 1, 2016 0.15m

Earth)

To supplement collected data sets, a field survey in Raciborz was
conducted in June 2019 (Fig. 1), where 41 reference plots, with an
average size of 0.4 ha, were established. A basic inventory has been
made for 1 885 trees, considering the tree species, DBH and determining
the number of visible and invisible trees (those growing under the
canopy of larger trees) on orthophotomap. Data collected in field plots
were used to parameterize and evaluate the accuracy of the algorithm
for tree crown segmentation and to determine tree species in the
analyzed areas. For the test plots (AOIs), areas were selected where tree
removal had not been carried out in recent years (e.g., public parks), so
that the number of trees measured in the field corresponded to the
number of trees identified on the ALS LiDAR point cloud acquired in
March 2017.

Additionally, the tree inventory data obtained in June 2016, shared
by the municipality of Krakéw’s Green Space Authority, collected during
the implementation of the project “Integrated monitoring of spatial data
for improving air quality in Krakéw — MONIT-AIR” (EEA Grants), was
used. This dataset included precise measurements of 3 692 trees per-
formed in selected Krakow parks. For each tree, the DBH, height (H) and
crown diameter (CD) were measured and the tree species was deter-
mined in the database. These reference data were used to develop a
predictive model of DBH prediction, since DBH together with tree spe-
cies is required by i-Tree Eco for calculating ES.

Because i-Tree Eco also requires air pollution and local meteoro-
logical information, the newest data (2015) from the measuring station
located in Katowice, the nearest to Racibérz (NCEI ID: 125600—99999),
was used. A query from the decision database of tree removal in 2017
(with exact locations of trees) was obtained from the offices of Raciborz
County in which it is found. The information in the database included, i.
e., date of issuing the decision, address, parcel ID, number of trees, and
tree species. The data was used to determine the number of trees felled
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in 2017 for which a permit was granted, compared to the period of
changes in the legislation when obtaining a permit was not necessary
from January 1, 2017 to February 28, 2017.

3. Methods

The calculation of ES for urban trees in Racibérz required integration
of multi-source datasets and different methods of data analysis. The
workflow of the analysis is presented in Fig. 2. In the following para-
graphs we present a detailed description of all the steps of the analysis.

3.1. Segmentation of single tree crowns — creating Urban Tree Cover layer
for Raciborz

Based on the ALS LiDAR point clouds, a Digital Terrain Model (DTM),
two variants of normalized Digital Surface Model (nDSM, nDSM _build-
ings) and Canopy Height Model (CHM) were generated (GSD 1.0 m)
using FUSION software (McGaughey, 2015). After creating DTM, the
point clouds were normalized by subtracting the DTM elevation from the
corresponding ALS points. The nDSM was created based on the
following point cloud classes: 2, 3, 4, 5, 6. The nDSM_buildings layer was
created using points from class 2 (ground) and 6 (buildings). For
generating the CHM the points from classes 2, 3, 4 and 5 (low, medium,
and high vegetation) were used. The nDSM, nDSM_buildings, CHM, and
CIR aerial orthophotomaps were used to preliminarily classify city areas
with tree crown cover. The segmentation and classification were per-
formed using the Geographic Object Based Image Analysis (GEOBIA)
approach based on the rule-set prepared in eCognition Developer 9.3
(Trimble Geospatial) software. It was assumed that the crown of a single
tree should have an area of at least 3.0 m?, and the minimum crown
height should be at least 3.0 m from the ground. Adopting a minimum
tree height of 3.0 m was intended to eliminate areas covered with
shrubs, for which it was difficult to perform segmentation accurately.
The analyses were performed separately for ALS collected in 2011 and
2017.
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Within areas classified as covered by tree crowns, single tree crown
segmentation was performed based on CHM from 2017. For this pur-
pose, the inverted watershed segmentation algorithm implemented in
eCognition Developer was used (“watershed segmentation”). It is a
segmentation algorithm using the local minima of the indicated raster
layer, which are treated as so-called “seeds” from which segments
expand into adjacent pixels with higher values (Vincent and Soille,
1991). The growth region of segments (tree crowns) occurs until it
comes into contact with the next segment’s border growing from adja-
cent seeds. In this case, the reversed top of the tree, i.e., the lowest point
in the reversed model, sinks. The described segmentation algorithm
defines the minimum height (3.0 m) and size (3.0 m) of created seg-
ments. This algorithm works well in forest conditions, especially in Scots
pine (Pinus sylvestris L.) stands managed by an even-aged logging system,
where adjacent trees have similar size (Wezyk et al., 2016). In the case of
urban green areas, small and big trees often grow next to each other,
making it difficult to parameterize the segmentation algorithm and
correctly separate all trees (Hu et al., 2016). Increasing the minimum
crown area means that the crowns of small trees are attached to adjacent
crowns. On the other hand, using too small a minimum size for segments
can result in the algorithm identifying segments of the same crown
(sub-crowns), as crowns of different trees, while they actually belong to
the same tree.

In order to minimize the occurrence of these crown delineation er-
rors, the segmentation algorithm was parameterized using data
collected on 41 reference plots (averaging 0.4 ha) established in June
2019 in Racibérz. In the first step, segmentation of the crowns was
performed on the CHM model (2017) using the same segmentation pa-
rameters for all tree crowns. Based on the analysis of errors in the next
step, the segmentation was performed in two stages using different pa-
rameters for trees lower- and higher than 16.0 m. The "watershed seg-
mentation" algorithm implemented in eCognition software enables to
define certain criteria under which two initially distinct seeds (initial
tree crows) are merged. The available criteria enable to control over- or
under-segmentation of tree crowns. The selected criterion is evaluated

Fig. 2. Workflow of analyses (ALS - airborne laser scanning; CHM - canopy height model; DBH - diameter at breast height; UTC — urban tree cover; UTCL — urban

tree cover loss).
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when two objects start having a common border during the iterative
segmentation process. In this study, we used the "Ovfl. Volume" criteria
(parameter) to merge the neighbor seeds. For calculating the "Ovfl.
Volume', for each pixel, the difference to the current intensity maximum
is evaluated and the sum of these values corresponds to the “volume”
(amount of “water” in the “valley™). If this volume is below the defined
threshold value, seeds are merged into neighboring initial crowns/seeds.
For the first step of tree crown segmentation, applied to the whole area
previously classified as covered by tree crowns, the Ovfl. Volume
parameter was set to 0.35. Then, the tree crowns with height lower than
16 m (maximum pixel values within the crown segment) were merged
together and then segmented again. For these areas with crowns lower
than 16 m, the Ovfl. Volume parameter was changed to value 0.25.

The segments representing tree crowns obtained by GEOBIA formed
the Urban Tree Cover (UTC) layer for Racib6rz in 2017. This layer was
exported to vector format (ESRI Shapefile) with information on crown
area and tree height.

3.2. Estimate of the number of trees felled during changes in legislation in
2017

Our analysis concerned the period from January 1, 2017 to February
28, 2017, because beginning March 1, felling was limited to those
obtaining a special permit issued by the Regional Directorate for Envi-
ronmental Protection, to protect birds during their breeding period (as
stated in the so-called Birds Directive). The number of trees felled from
January 1 to February 28, 2017, was estimated using remote sensing
data (Table 1).

In the first stage of the analyses, areas covered by vegetation in 2011
were classified. For this purpose, pixels identified by CHM (in 2011)
with a height of at least 1.0 m above ground were distinguished. Then,
the Normalized Differential Vegetation Index (NDVI) was calculated on
the basis of the CIR aerial orthophotomap from 2015; areas with NDVI
values <0.05 were eliminated from further analysis. The application of
NDVI allowed the elimination of areas where tree crowns were absent in
2015. For areas with NDVI values greater than or equal to 0.05, crown
segmentation was performed on the basis of CHM from ALS data (2011),
using an inverse watershed algorithm. Then, segments for visual veri-
fication were identified for which CHM pixels from 2017 of less than 0.5
m occupied at least 40 % of a given segment’s area (i.e., identification of
40 % loss of crown area). This operation was used to initially limit the
number of trees requiring visual verification. These crowns were then
visually verified, during which the operator analyzed each segment on a
screen and decided whether a tree could have been removed in the
analyzed period of January-February 2017. If a verified segment was
located in a place where a tree did not exist on the orthophotomap from
2016, the segment was removed. For the verification process, very high-
resolution RGB aerial orthophotomaps (from Sep. 1, 2016) available
through Google Earth were used.

In order to estimate the number of trees removed during the period
administrative permits were not required for private landowners (Jan.
1-Feb. 28, 2017), the databases were contrasted with information on
tree removal permits issued by the local administrative office. Trees for
which felling permits were issued in the period Sep. 1, 2016-March 5,
2017, were removed from the database. This analysis provided an Urban
Tree Cover Loss (UTCL 2017) map and dataset for Raciborz.

3.3. Estimating diameter at breast height and making species assignments

Tree species (or genus) was assigned and DBH estimated for each tree
in the UTC 2017 and UTCL 2017 layers, which provided essential in-
formation for calculating ecosystem services using i-Tree Eco. Inventory
data from the Municipality Greenspace Authority of Krakéw (totaling 3
692 trees) was used to develop a statistical prediction model, where tree
height and crown area were applied as predictive variables of DBH. We
used the Generalized Additive Models (GAM) method to create the
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prediction model (Hastie and Tibshirani, 1986; Hastie, 2015). Trees
were randomly designated to a species using proportions determined on
the basis of the inventory results on 41 reference plots established in
Racibdrz. Only tree species which accounted for > 10 % of the trees in
the reference plots were taken into account.

3.4. Calculation of ecosystem services provided by trees

The assessment of the structure and value of ES provided by the UF in
2017 and the losses in ES in Raciborz (from Jan. 1, 2017 to Feb. 28,
2017) was conducted using i-Tree Eco. The structural value is the value
of a tree based on the physical resource itself (e.g., the cost of replacing a
tree with a similar tree) according to the Council of Tree and Landscape
Appraisers’ valuation procedures, which uses tree species, diameter,
condition, and location information (Nowak et al., 2002). The model
implemented in the software estimates: 1) forest structural attributes, i.
e., the number of trees, species composition, tree density, leaf area and
biomass; 2) hourly volatile organic compound emissions; 3) carbon
storage and annual carbon sequestration by trees; 4) hourly air pollution
removal by trees (ozone (Os), sulfur dioxide (SO2), nitrogen dioxide
(NOy), carbon monoxide (CO), and particulate matter <10 microns
diameter).

In our study, i-Tree Eco was used to quantify the following main ES:
pollution removal (€/yr); carbon storage (€) and carbon sequestration
(€/yr); oxygen production; avoided runoff (€/yr) and overall structural
value (€). Pollution removal was calculated for O3, SO,, NO, and par-
ticulate matter (PMy s). For this analysis, pollution removal values were
calculated based on prices of 32 255 € per Mg of Og; 4 818 € per Mg of
NOg, 1 755 € per Mg of SO9, and 1 119 615 € per Mg of PMj 5. Estimates
of the value of pollution removal are based on either the European
median externality values or BenMAP regression equations (Nowak
et al., 2014) that incorporate user-defined human population estimates.
To calculate current carbon storage, biomass for each tree was calcu-
lated using equations from the literature and measured tree biometrical
data (iTreeEco, 2020). Financial values of carbon storage and carbon
sequestration are based on an estimated carbon value of 153 € per Mg
(U.S. Environmental Protection Agency, 2015).

According to i-Tree Eco methodology, the amount of oxygen pro-
duced is estimated from carbon sequestration based on atomic weights.
To estimate the net carbon sequestration rate, the amount of carbon
sequestered as a result of tree growth is reduced by the amount lost
resulting from tree mortality. Thus, net carbon sequestration and net
annual oxygen production of the urban forest account for decomposition
(Nowak et al., 2007). Annual avoided surface runoff is calculated based
on rainfall interception by vegetation, specifically the difference be-
tween annual runoff with and without vegetation. Although tree leaves,
branches, and bark may all intercept precipitation and thus mitigate
surface runoff, only the precipitation intercepted by leaves is accounted
for in this analysis (iTreeEco, 2020). The value for avoided runoff was
calculated based on the price of 1.75 € per m®.

4. Results

4.1. Crown area and number of trees identified on the basis of ALS point
clouds

A spatial database of urban tree cover in 2017 (Table 2) and a map
(Fig. 3) containing information on the distribution of trees in 2017 in
Raciborz were developed. For each tree, the XY — coordinates (PL- 1992;
EPSG: 2180), tree height (m), crown projection area (m?) and DBH (cm)
were estimated and tree species assigned. A similar database describing
urban tree cover loss in 2017 with information on trees removed during
the period of suspension of mandatory permits was also created, along
with a map of removed trees (Fig. 4).

The study showed that on March 5, 2017, approximately 989 ha of
Racibérz were covered by the crowns of 264 471 trees (13.2 % of
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Table 2
Spatial databases describing urban trees in Raciborz.
Name Database description Crown Number of
area [ha] trees
Date: March 5, 2017
Urban Tree Tree attributes: XY-coordinates PL-
Cover 2017 1992 CS, height (m), crown area 988.79 264 471
(m2), DBH (cm), species name (Latin)
Period: January 1, 2017 to March 5,
Urban Tree 2017
Cover Loss Tree attributes: XY-coordinates PL- 13.05 5075
2017 1992 CS, height (m), crown area

(m?), DBH (cm), species name (Latin)

Racibérz’s territory). During the two months when mandatory tree
removal permits were suspended we calculated that approximately 5
075 trees (covering 13.05 ha of the total projected crown area) were
felled in Racibérz, constituting about 2% all trees in the city (Fig. 4).

The two-stage crown segmentation procedure resulted in a relatively
high correlation between the number of trees identified as a segment
(GEOBIA) and the number of trees counted in reference plots (R?=0.86;
Mean Absolute Percentage Error = 21.1 %; Fig. 5). Moreover, the
methodology also resulted in a small (0.3 %) mean percentage error of
estimates of the number of trees (Fig. 6).

The predictive model for DBH developed based on field data from
Krakéw had an R? of 0.67. The relationship between DBH and the
explanatory variables (tree height and tree crown area) is presented in
Fig. 7. The mean absolute percentage error (MAPE) was 6.2 %, and the
mean percentage error was 0.0 %. The graph of observed versus pre-
dicted values indicates the adjustment made by the model (Fig. 8). Since
all trees identified in the segmentation step had information on tree
height and crown size, it was possible to estimate DBH using the
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developed statistical model for all trees in the UTC 2017 and UTCL 2017
layers.

The proportions of trees by genus from the field inventory of 41
reference plots in Racibérz showed that of the 3 most common genera,
44 % were Acer, 34 % Tilia and 22 % Fraxinus.

4.2. Ecosystem services provided by trees in Raciborz in 2017

An assessment of vegetation structure and the value of ES in the UF of
Racibérz was conducted based on DBH and tree species, which were
estimated for each tree in 2017 (264 471 trees) and analyzed using i-
Tree Eco. Two important parameters for determining most ES are leaf
biomass and the amount of healthy leaf surface area of a tree. In 2017,
tree crowns in Racibé6rz covered approximately 989 ha, provided 48 km?
of leaf area with leaf biomass of 2 934 Mg (Table 3).

Pollution removal by trees in Racibérz was estimated using UTC
2017 and recent data on pollution and meteorology. Pollution removal
was most significant for ozone (O3). We estimated that trees in Racib6rz
removed a total of 51 Mg of air pollutants per year (ozone (O3), nitrogen
dioxide (NO,), PM,y s, and sulfur dioxide (SO,)), with an associated
value for the removal of these pollutants of 4.4 million €. The gross
yearly carbon sequestration by trees in Raciborz was 1 948 Mg, with a
value of 300 000 €. Trees in Raciborz store 50 775 Mg of carbon (valued
at 7 mil €), with Acer storing and annually sequestering the most carbon
(approximately 53.4 % of the total stored tree carbon and 52.7 % of
annually sequestered carbon). Annual oxygen production by the urban
forest is directly related to the amount of carbon sequestered by the tree,
which is tied to the accumulation of tree biomass. We estimate that trees
in Racibérz produce 5 210 Mg of oxygen per year. Urban trees and
shrubs are beneficial in reducing surface runoff by intercepting precip-
itation, while their root systems promote water infiltration and moisture

Fig. 3. Left: Results of tree crown segmentation in Racib6rz based on CHM from ALS LiDAR (2017); right top: segmentation of tree crowns presented on CIR aerial

orthophotomap; right bottom: classification of tree crowns on CHM.
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Fig. 4. Trees removed in Racib6rz during the suspension of mandatory permits for tree felling (Jan. 1, 2017-Mar. 5, 2017; Urban Tree Cover Loss 2017).

Fig. 5. Comparison of the actual number of trees (Nf) identified on the refer-
ence plots with the number of trees derived from segmentation (Ns).

storage in the soil. Trees in Racibdrz reduced runoff by an estimated 75
738 m> a year estimated based on local meteorological data, which
provides an economic value of 130 000 € (Table 4).

The structural benefits provided by urban trees in Racibérz (UTC
2017) were valued at 384.5 mil € in 2017. On average, one tree provided
ES worth about 1 454 € annually. The functional benefits of carbon
sequestration, avoided runoff, and pollution removal provide a total

Fig. 6. Differences between the number of trees identified in the field (Nf)
during inventory and the number of trees derived from crown segmentation
(Ns) in relation to mean tree height.

value 4.8 mil €/yr, which is 640 € of functional benefits per ha per year
after standardization. Detailed information about structural values
provided by individual trees in Raciborz is presented in Fig. 9.

4.3. Decrease of ecosystem services provided by trees during the
suspension of mandatory tree removal permits in Raciborz

Losses in ES were calculated for the 5 075 trees (with a crown area
covering 13.05 ha) removed in Racibérz (UTCL 2017) during the sus-
pension of mandatory tree removal permits (Jan. 1, 2017 to Mar. 5,
2017). The decrease in pollution removal caused by tree felling in
Racibérz was estimated using a database describing fellings based on
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Fig. 7. Dependence of DBH (diameter at breast height) on tree height (a) and tree crown area (b) for trees measured in Krakéw within the MONIT-AIR (EEA

Grants) project.

Fig. 8. Observed vs. predicted values of DBH (diameter at breast height) for
trees measured in Krakéw within the MONIT-AIR project.

Table 3
Characteristics of the three most common tree genus in Racibérz.
Genus Percentage Number Total Leaf Tree dry
[%] of trees leaf area biomass weight
[km?] [Mg] biomass
[Mg]
Acer sp. 44.0 116 367 24 1362 54 282
Tilia sp. 34.0 89 920 15 699 24 944
Fraxinus 22.0 58 184 9 873 22 324
sp.
Total 100.0 264 471 48 2934 101 550

DBH and tree species along with pollution levels and meteorological
conditions in 2015. Reduced pollution removal was most significant for
ozone. It is estimated that trees that were cut down could have removed

Table 4

Ecosystem services and their financial values provided by trees in Racibérz in 2017.

annually 600 kg of air pollution (ozone (Og3), nitrogen dioxide (NOy),
particulate matter less than 2.5 microns (PMy5), and sulfur dioxide
(SOy)), providing a value of 46 000 €. There was a loss of gross carbon
sequestration by trees that were removed of 19 Mg of carbon per year,
with an associated value 3 000 €. The removed trees were estimated to
have stored 393 Mg of carbon (valued at 60 000 €) and were able to
produce 53 Mg of oxygen annually. Removed trees could also have
reduced runoff by an estimated 776 m® a year, valued at 1 300 €.

Trees that were cut down in Racibdrz had a structural value totaling
3.5 mil € (Fig. 10) and there was a loss in annual functional value of 50
000 €/yr. The estimated loss of ES from felling one tree “cost the public”
an average of 690 € and decreased the value of ES by approximately 1%
of the total structural value provided by all trees in Racibérz in 2017. At
the city level, this constitutes a loss in the millions €. Total losses of ES in
Raciborz caused by tree removal are presented in Table 5.

5. Discussion

Management of urban trees has become increasingly important in
recent years, which is shown by the work of urban planners and green
space managers in protecting and improving city green infrastructure
(EC, 2013). Estimating ES provided by urban trees is useful information
for policy- and decision-makers. Tools, such as i-Tree Eco (USDA) and
GreenSpaces (R3 GIS), based on updated UF inventory, provide impor-
tant analytical approaches for urban forest managers and city in-
habitants. However, updated and precise geodata necessary for
informed and sustainable urban forest management and the determi-
nation of the benefits and spatial distribution of ES in cities is often
lacking for many metropolitan areas.

The traditional workflow of a city green inventory usually includes
collecting information about tree and shrub species, diameter, height
and street name or cadastral parcel number. Usually, such inventories
are limited to accessible public areas (e.g., parks and squares), which
underestimates urban green infrastructure (Ostberg et al., 2018).
Notably, private land often constitutes the majority of a city’s green
space, while city parks and gardens include only a fraction of urban
green infrastructure. Traditional field methods of urban tree inventory
are also highly time consuming and costly (Nielsen et al., 2014). Thus,
there is a need for more effective methods of inventorying and moni-
toring city greenery, including the use of remote sensing (Lee et al.,

Genus Carbon storage Gross carbon sequestration Pollution removal Oxygen production Avoided runoff

[Mg] [€] [Mg/yr] [€/yr] [Mg/yr] [€/yr] [Mg] [m®/yr] (€/yr)
Acer sp. 27 141 4152 414 1028 157 254 26 2191 388 2746 37 974 66 582
Tilia sp. 12 472 1908 139 498 76 233 16 1 361 545 1333 23 589 41 360
Fraxinus sp. 11 162 1707 702 422 64 635 9 818 049 1131 14175 24 854
Total 50 775 7 768 255 1948 298 122 51 4 370 982 5210 75 738 132 796
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Fig. 9. Total annual value of ecosystem services provided by individual trees in Racibérz in 2017.

2016). To date, successful use of remote sensing for inventorying urban
greenery has been based on satellite imagery and ALS point clouds show
significant potential (Zhang et al., 2015). However, few studies have
been carried out using this approach, especially dealing with integrating
ALS point clouds and other remotely sensed data with field measure-
ments and administrative data collected by municipalities.

This study attempts to estimate biophysical parameters for individ-
ual trees in an urban area using semi-automatic crown segmentation and
predictive models based on field measurements of trees and ALS point
clouds. Databases with administrative decisions on tree removal with
precise locations and interpretation of CIR aerial orthophotos were used
to estimate ES losses due to tree removal. Partial tree inventory of
reference plots was necessary for accurate parameterization of the
crown segmentation algorithm and tree species composition. For each
tree, features such as location, tree height, crown projection area and
diameter at breast height were estimated, and tree species assigned. The
impact of imperfect crown segmentation on classification accuracy
appeared minimal. However, mapping tree species is challenging in
urban environments due to the typically fine scale of spatial variation
(Welch, 1982) and potentially very high species diversity. Single,
well-isolated tree crowns and street trees were more straightforward to
delineate using ALS point clouds than heavily overlapping trees on
private property or in parks.

The methodology presented here, which employs ALS point clouds
and predictive models, allows urban forest inventory gaps to be filled in
for an entire city. City-level data generated in this way can be used in i-
Tree Eco to estimate ES at a finer scale than was previously possible. The
combination of LiDAR point clouds, time series of aerial orthophotos
and administrative decisions made it possible to estimate the loss of
ecosystem and economic services that occurred due to temporary
relaxation of tree removal regulations. Using this approach, it was also
possible to identify regions within a city with an insufficient share of

green infrastructure or where significant tree losses occurred over
certain periods.

Management of urban green areas not only requires periodic and
precise inventories, but also increasing community awareness about the
benefits of trees. Inventories are instrumental for this task. In this study
we use ALS LiDAR data to assess ES losses caused by tree felling. In the
case study of Raciborz, the structural financial value of trees cut down in
the first months of 2017 (e.g., the cost of replacing a cut tree with a
similar tree) amounted to 3.5 mil €. This was seven times greater than
the city’s annual 500 000 € budget to maintain green areas (BIP, 2018).
Total urban forest benefits in Racibérz in 2017 amounted to 384.5 mil €.
Our estimate shows that trees provide annually about 7 000 € in services
to each resident of Raciborz. The method applied in this study allowed
that ES loss to be estimated by detecting trees that were removed,
providing a useful proxy for quantifying the effects of city green area
policies.

Despite the use of state-of-the-art technology, our study has some
limitations. First, the total annual ES benefits of urban trees in Raciborz
were underestimated due to the limited number of ES that are evaluated
in i-Tree Eco software (i.e., carbon storage, gross carbon sequestration,
pollution removal, oxygen production and avoided runoff). Secondly,
difficulties in obtaining reference tree inventories on private property in
Racibérz could have resulted in imperfect crown segmentation. Thirdly,
the analyses were performed using the entire city of Raciborz as a test
site and it is uncertain how applicable the model parameterization is for
other municipalities. Analyzing other municipalities with different tree
species composition and geographic/meteorological conditions would
require adjustments of model parameterization. Controlling these fac-
tors in future work would offer validation of the approach and explore
its applicability under other conditions and tree species compositions.

Automatic detection of tree species using advanced aerial hyper-
spectral (HS) imaging would be beneficial. HS imaging may offer, for
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Fig. 10. The structural value of ecosystem services lost due to trees felled during the suspension of mandatory permits in Racibdrz in 2017.

Table 5

Lost ecosystem services and their value attributable to trees felled in Racibérz from January 1 to March 5, 2017.

Genus Carbon storage Gross carbon sequestration Pollution removal Oxygen production Avoided runoff

[Mg] €1 [Mg/yr] [€/yr] [Mg/yr] [(€/yr] [Mg] [m®/yr] [€/yr]
Acer sp. 205 31435 10 1590 0.3 23 298 28 393 688
Tilia sp. 95 14 682 5 763 0.2 13863 13 234 409
Fraxinus sp. 92 14 102 675 0.1 8802 12 148 260
Total 393 60 220 19 3029 0.6 45 964 53 776 1358

example, over 200 spectral bands, thanks to which good accuracy of tree
species identification can be achieved (e.g., 83 % accuracy by Alonzo
et al. (2015) and 88.9 % by Zhang et al. (2016)). Recently, the use of
Unmanned Aerial Vehicles (UAVSs) to obtain high-resolution imagery,
often using multiple spectral channels, is slowly becoming common
practice in urban forest inventory (Nasi et al., 2018). These technologies
require algorithm generation using very accurate data collected tradi-
tionally by arborists, supported by GNSS techniques for determining the
position of trees or their biometric features, using TLS (Terrestrial Laser
Scanning) or the increasingly popular MLS (Mobile Laser Scanning)
(Wezyk et al., 2015; Warchot et al., 2016) and HLS (Hand-held Laser
Scanning). Point clouds obtained in this way offer unprecedented den-
sity, reaching several hundred or even several thousand points per
square meter. For comparison, the ALS point cloud density used for the
Racibérz study was approximately 12 pts/m? (Wezyk et al., 2019;
Vepakomma and Cormier, 2019). These approaches can minimize the
problems of obtaining precise geodata, making it possible to carry out
assessments at any time and in a form adapted to the needs of the
analysis to be performed.

In future, very dense LiDAR may replace fieldwork, especially for
inventory of large cities. So far, 3D point clouds have not been
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implemented on a wide scale in urban management and planning units
because the approach requires a high-level of technical skill and a
change in approach to spatial data management by municipalities.

6. Conclusions

Remote sensing data, particularly airborne laser scanning point
clouds, have great potential to improve urban tree inventory and
monitoring. Remote sensing technologies enable to cope with diffi-
culties of conducting inventories within areas where physical access is
limited, particularly on private property. As demonstrated in this study,
field data collected in city parks and open green areas combined with
ALS data enables wall-to-wall estimation of urban forest ES, including
private properties. While there will always be a need for field-based
urban ecosystem analyses, remote sensing data greatly increase the
breadth of questions that can be asked and the specificity, reliability,
and extensiveness with which those questions can be answered. The
proposed approach showed that change detection and the estimation of
basic tree biometrical attributes using ALS point clouds and aerial, high-
resolution CIR orthophotos significantly supplement information from
tree field surveys and enable accurate assessment of ES losses. This has
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substantial potential to provide information to support urban greenery
inventories and for monitoring selected ES provided by the urban forest.
Our investigation revealed the potential for semi-automation of data
compilation to estimate and detect ES losses caused by tree removal.
Utilizing the proposed approach in different cities will require repar-
ameterization of the algorithms used, to account for differences in
vegetation structure and species composition. Valuable information on
the use of these methodologies can be obtained by testing these or
similar approaches in other cities. The methodologies can lead to the
development of more universally applicable predictive models of future
ES, which can be applied on a larger scale. The integration of various
types of remote sensing and administrative data provides an approach to
assess losses suffered by city residents due to unregulated urban tree
cutting. The fusion of field inventory data and other GIS information
with ALS and aerial digital orthophotos is a viable alternative to large
scale field measurements, allowing assessment of ES for entire cities. We
believe that municipal administrations will be increasingly inclined to
use ALS point clouds to manage urban green areas as access to this type
of spatial geodata increases. A hybrid method involving the use of
advanced algorithms for machine learning fuzzing and ALS LiDAR point
clouds can offer benefits in urban green infrastructure management.

Declaration of Competing Interest
The authors declare no conflict of interest.
Acknowledgments

This research was funded by National Science Centre, Poland, grant
number 2017/25/B/HS6,/00954: “iTre-es — The impact of institutional
framework change on ecosystem services provided by trees/shrubs to
local communities.” Krzysztof Maczka was supported by Foundation for
Polish Science (FNP) - scholarship START edition 2020. We thank the
Krakéw Municipal Greenspace Authority (ZZM) for making available the
data from the MONIT-AIR Project “Integrated monitoring system of
spatial data to improve air quality in Krakéw” (co-financed from the
European Economic Area Financial Mechanism 2009-2014); the Central
Office of Geodesy and Cartography in Poland (GUGIK) for providing
open LiDAR data and aerial orthophotography data; and the City Hall in
Racibdrz for providing the database of permissions granted for tree
felling.

References

Act on Protection of Nature, 2004. Available online (accessed 30 April 2020) http://isap.
sejm.gov.pl/isap.nsf/download.xsp/WDU20040920880,/T/D20040880L.pdf.

Alonzo, M., 2015. Urban forest ecosystem analysis using fused airborne hyperspectral
and LiDAR data. PhD Thesis. ProQuest ID: Alonzo_ucsb_0035D_12717. Merritt ID:
ark:/13030/m5pg6qh3. Academic and Online resources, Retrieved from. University
of California, Santa Barbara. https://escholarship.org/uc/item/5v15w9gc.

Bagstad, K.J., Semmens, D.J., Waage, S., Winthrop, R.A., 2013. Comparative assessment
of decision-support tools for ecosystem services quantification and valuation.
Ecosyst. Serv. 5, 27-39. https://doi.org/10.1016/j.ecoser.2013.07.004.

BIP, 2018 (Accessed 23 July 2020) www.bipRaciborz.pl/res/serwisy/pliki/20734827?ve
rsion=1.0.

Camps-Calvet, M., Langemeyer, J., Calvet-Mir, L., Gomez-Baggethun, E., 2016.
Ecosystem services provided by urban gardens in Barcelona, Spain: insights for
policy and planning. Environ. Sci. Policy 62, 14-23. https://doi.org/10.1016/j.
envsci.2016.01.007.

Costanza, R., d’Arge, R., de Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K.,
Naeem, S., O’Neil, R., Paruelo, J., Raskin, R.G., Sutton, P., den Belt, M., 1997. The
value of the world’s ecosystem services and natural capital. Nature 387 (6630),
253-260. https://doi.org/10.1038/387253a0.

Dennis, M., Armitage, R.P., James, P., 2016. Appraisal of social-ecological innovation as
an adaptive response by stakeholders to local conditions: mapping stakeholder
involvement in horticulture orientated green space management. Urban For. Urban
Green. 18, 86-94. https://doi.org/10.1016/j.ufug.2016.05.010.

Dorst, H., van der Jagt, S., Raven, R., Runhaar, H., 2019. Urban greening through Nature-
Based Solutions — key characteristics of an emerging concept. Sustain. Cities Soc.,
101620 https://doi.org/10.1016/j.5¢s.2019.101620.

11

Urban Forestry & Urban Greening 63 (2021) 127195

EC (European Commission), 2013. Building a Green Infrastructure for Europe. Belgium.
Available online (Accessed 22 July 2020). http://ec.europa.eu/environment/nat
ure/ecosystems/docs/green_infrastructure_broc.pdf.

Fisher, B., Turner, R.K., Morling, P., 2009. Defining and classifying ecosystem services
for decision making. Ecol. Econ. 68 (3), 643-653. https://doi.org/10.1016/j.
ecolecon.2008.09.014.

Giannico, V., Lafortezza, R., John, R., Sanesi, G., Pesola, L., Chen, J., 2016. Estimating
stand volume and above-ground biomass of urban forests using LiDAR. Remote Sens.
8 (4), 339. https://doi.org/10.3390/rs8040339.

Hastie, T., 2015. Gam: Generalized Additive Models R Package Version 1.

Hastie, T., Tibshirani, R., 1986. Generalized additive models. Stat. Sci. 1 (3), 297-310.

Holopainen, M., Kankare, V., Vastaranta, M., Liang, X., Lin, Y., Vaajac, M., Yu, X.,
Hyyppa, J., Hyyppa, H., Kaartinen, H., 2013. Tree mapping using airborne,
terrestrial and mobile laser scanning - A case study in heterogeneous urban forest.
Urban For. Urban Green. 12 (4), 546-553. https://doi.org/10.1016/].
ufug.2013.06.002.

Hu, T., Yang, J., Li, X., Gong, P., 2016. Mapping urban land use by using Landsat images
and open social data. Remote Sens. 8 (2), 151. https://doi.org/10.3390/rs8020151.

iTreeEco, 2020 (accessed 10 May 2020) www.itreetools.org/tools/i-tree-eco/i-tree-eco
-overview.

Johnston, M., 1996. A brief history of urban forestry in the United States. Arboric. J. 20
(3), 257-278. https://doi.org/10.1080/03071375.1996.9747122.

Kabisch, N., Frantzeskaki, N., Pauleit, S., Naumann, S., Davis, M., Artmann, M., Bonn, A.,
2016. Nature-based solutions to climate change mitigation and adaptation in urban
areas: perspectives on indicators, knowledge gaps, barriers, and opportunities for
action. Ecol. Soc. 21 (2) https://doi.org/10.5751/es-08373-210239.

Klobucar, B., Ostberg, J., Jansson, M., Randrup, T.B., 2020. Long-term validation and
governance role in contemporary urban tree monitoring: review. Sustainability 12
(14), 5589. https://doi.org/10.3390/su12145589.

Konijnendijk, C.C., Ricard, R.M., Kenney, A., Randrup, T.B., 2006. Defining urban
forestry - a comparative perspective of North America and Europe. Urban For. Urban
Green. 4 (3-4), 93-103. https://doi.org/10.1016/j.ufug.2005.11.003.

Kremer, P., Hamstead, Z.A., McPhearson, T., 2016. The value of urban ecosystem
services in New York City: A spatially explicit multicriteria analysis of landscape
scale valuation scenarios. Environ. Sci. Policy 62, 57-68. https://doi.org/10.1016/].
envsci.2016.04.012.

Lafortezza, R., Giannico, V., 2019. Combining high-resolution images and LiDAR data to
model ecosystem services perception in compact urban systems. Ecol. Indic. 96 (2),
87-98. https://doi.org/10.1016/j.ecolind.2017.05.014.

Lavy, B.L., Hagelman, R.R., 2019. Protecting the urban forest: variations in standards and
sustainability dimensions of municipal tree preservation ordinances. Urban For.
Urban Green. 44, 126394 https://doi.org/10.1016/j.ufug.2019.126394.

Lee, J.-H., Ko, Y., McPherson, E., 2016. The feasibility of remotely sensed data to
estimate urban tree dimensions and biomass. Urban For. Urban Green. 16, 208-220.
https://doi.org/10.1016/j.ufug.2016.02.010.

Mariani, L., Parisi, S.G., Cola, G., Lafortezza, R., Colangelo, G., Sanesi, G., 2016.
Climatological analysis of the mitigating effect of vegetation on the urban heat island
of Milan, Italy. Sci. Total Environ. 569-570, 762-773. https://doi.org/10.1016/j.
scitotenv.2016.06.111.

McGaughey, R.J., 2015. FUSION/LDV: Software for LIDAR Data Analysis and
Visualization - Version 3.50. US Department of Agriculture, Forest Service, Pacific
Northwest Research Station, Seattle, WA, USA.

MEA, Millennium Ecosystem Assessment, 2005. Ecosystems and Human Well-Being,
Volume I: Current States and Trends. Island Press, Washington, D.C.

Naési, R., Honkavaara, E., Blomgqvist, M., Lyytikdinen-Saarenmaa, P., Hakala, T.,
Viljanen, N., Holopainen, M., 2018. Remote sensing of bark beetle damage in urban
forests at individual tree level using a novel hyperspectral camera from UAV and
aircraft. Urban For. Urban Green. 30, 72-83. https://doi.org/10.1016/j.
ufug.2018.01.010.

Nielsen, A.B., 05tberg, J., Delshammar, T., 2014. Review of urban tree inventory
methods used to collect data at Single-Tree Level. Arboric. Urban For. 40 (2),
96-111.

Nowak, D.J., Crane, D.E., 2000b. The Urban Forest effects (UFORE) model: quantifying
urban forest structure and functions. In: Hansen, M., Burk, T. (Eds.), Integrated Tools
for Natural Resources Inventories in the 21st Century. General Technical Report
(GTR), NC-212. U.S. Dept. of Agriculture, Forest Service, North Central Forest
Experiment Station, St. Paul, MN, pp. 714-720. https://doi.org/10.2737/NC-GTR-
212.

Nowak, D.J., Dwyer, J.F., 2007. Understanding the benefits and costs of urban forest
ecosystems. Urban and Community Forestry in the Northeast 25-46. https://doi.org/
10.1007/978-1-4020-4289-8_2.

Nowak, D.J., Civerolo, K.L., Rao, S.T., Sistla, S., Luley, C.J., Crane, D.E.A., 2000a.
Modeling study of the impact of urban trees on ozone. Atmos. Environ. 34 (10),
1601-1613. https://doi.org/10.1016/51352-2310(99)00394-00395.

Nowak, D.J., Crane, D.E., Dwyer, J.F., 2002. Compensatory value of urban trees in the
United States. J. Arboricult. 28 (4), 194-199.

Nowak, D.J., Hoehn III, R.E., Crane, D., Stevens, J.C., Walton, J.T., 2007. Assessing
Urban Forest Effects and Values. USDA Forest Service, Northern Research Station
Resource Bulletin. https://doi.org/10.2737/NRS-RB-7. NRS-7, 22.

Nowak, D.J., Hirabayashi, S., Bodine, A., Greenfield, E., 2014. Tree and forest effects on
air quality and human health in the United States. Environ. Pollut. 193, 119-129.
https://doi.org/10.1016/j.envpol.2014.05.028.

6stberg, J., Wistrom, B., Randrup, T.B., 2018. The state and use of municipal tree
inventories in Swedish municipalities - results from a national survey. Urban
Ecosyst. 21, 467-477. https://doi.org/10.1007/511252-018-0732-0733.


http://isap.sejm.gov.pl/isap.nsf/download.xsp/WDU20040920880/T/D20040880L.pdf
http://isap.sejm.gov.pl/isap.nsf/download.xsp/WDU20040920880/T/D20040880L.pdf
https://escholarship.org/uc/item/5v15w9gc
https://doi.org/10.1016/j.ecoser.2013.07.004
http://www.bipRacib&oacute;rz.pl/res/serwisy/pliki/20734827?version=1.0
http://www.bipRacib&oacute;rz.pl/res/serwisy/pliki/20734827?version=1.0
https://doi.org/10.1016/j.envsci.2016.01.007
https://doi.org/10.1016/j.envsci.2016.01.007
https://doi.org/10.1038/387253a0
https://doi.org/10.1016/j.ufug.2016.05.010
https://doi.org/10.1016/j.scs.2019.101620
http://ec.europa.eu/environment/nature/ecosystems/docs/green_infrastructure_broc.pdf
http://ec.europa.eu/environment/nature/ecosystems/docs/green_infrastructure_broc.pdf
https://doi.org/10.1016/j.ecolecon.2008.09.014
https://doi.org/10.1016/j.ecolecon.2008.09.014
https://doi.org/10.3390/rs8040339
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0060
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0065
https://doi.org/10.1016/j.ufug.2013.06.002
https://doi.org/10.1016/j.ufug.2013.06.002
https://doi.org/10.3390/rs8020151
http://www.itreetools.org/tools/i-tree-eco/i-tree-eco-overview
http://www.itreetools.org/tools/i-tree-eco/i-tree-eco-overview
https://doi.org/10.1080/03071375.1996.9747122
https://doi.org/10.5751/es-08373-210239
https://doi.org/10.3390/su12145589
https://doi.org/10.1016/j.ufug.2005.11.003
https://doi.org/10.1016/j.envsci.2016.04.012
https://doi.org/10.1016/j.envsci.2016.04.012
https://doi.org/10.1016/j.ecolind.2017.05.014
https://doi.org/10.1016/j.ufug.2019.126394
https://doi.org/10.1016/j.ufug.2016.02.010
https://doi.org/10.1016/j.scitotenv.2016.06.111
https://doi.org/10.1016/j.scitotenv.2016.06.111
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0130
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0130
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0130
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0135
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0135
https://doi.org/10.1016/j.ufug.2018.01.010
https://doi.org/10.1016/j.ufug.2018.01.010
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0145
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0145
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0145
https://doi.org/10.2737/NC-GTR-212
https://doi.org/10.2737/NC-GTR-212
https://doi.org/10.1007/978-1-4020-4289-8_2
https://doi.org/10.1007/978-1-4020-4289-8_2
https://doi.org/10.1016/S1352-2310(99)00394-00395
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0165
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0165
https://doi.org/10.2737/NRS-RB-7
https://doi.org/10.1016/j.envpol.2014.05.028
https://doi.org/10.1007/s11252-018-0732-0733

K. Zigba-Kulawik et al.

Randrup, T.B., Jansson, M., 2020. Introduction: urban open space governance and
management — the long-term perspective. In: Jansson, M., Randrup, T.B. (Eds.),
Urban Open Space Governance and Management. Routledge. ISBN 9780367173036.

Regulation of the Poland’s Minister of the Environment, 2017 (Accessed 30 April 2020):
http://isap.sejm.gov.pl/isap.nsf/download.xsp/WDU20170001330/0/D20171330.
pdf.

Sanesi, G., Giannico, V., Elia, M., Lafortezza, R., 2019. Remote sensing of urban forests.
Remote Sens. 11 (20), 2383. https://doi.org/10.3390/rs11202383.

STAT, 2019 - Statistical Office in Katowice (Accessed 30 April 2020): katowice.stat.gov.
pl/vademecum/vademecum slaskie/portrety_gmin/powiat_raciborski/gmina_Raci
bérz.pdf.

Takdcs, A., Kiss, M., Hof, A., Tanacs, E., Gulyas, A., Kantor, N., 2016. Microclimate
modification by urban shade trees - an integrated approach to aid ecosystem service
based decision-making. Procedia Environ. Sci. 32, 97-109. https://doi.org/10.1016/
j-proenv.2016.03.015.

U.S. Environmental Protection Agency, 2015. Interagency Working Group on Social Cost
of Carbon (Accessed 10 May 2020. www.epa.gov/sites/production/files/2016-12/
documents/sc_co2_tsd_august_2016.pdf.

Vepakomma, U., Cormier, D., 2019. Valuing forest stand at a glance with UAV based
LiDAR. International Archives of the Photogrammetry, Remote Sensing and Spatial
Information Sciences, pp. 643-647. https://doi.org/10.5194/isprs-archives-XLII-2-
W13-643-2019. XLII-2/W13.

Villa, F., Bagstad, K.J., Voigt, B., Johnson, G.W., Portela, R., Honzak, M., Batker, D.,
2014. A methodology for adaptable and robust ecosystem services assessment. PLoS
One 9 (3), €91001. https://doi.org/10.1371/journal.pone.0091001.

Vincent, L., Soille, P., 1991. Watersheds in digital spaces: an efficient algorithm based on
immersion simulations. IEEE Trans. Pattern Anal. Mach. Intell. 13 (6), 583-598.
https://doi.org/10.1109/34.87344.

Warchot, A., Szwed, P., Wezyk, P., 2016. Integracja technologii lotniczego, mobilnego i
naziemnego skanowania laserowego w procesie inwentaryzacji zieleni miejskiej

12

Urban Forestry & Urban Greening 63 (2021) 127195

wybranych fragmentéw Krakowa. Pokrycie terenu i przewietrzanie Krakowa, Urzad
Miasta Krakowa 67-79.

Welch, R., 1982. Spatial resolution requirements for urban studies. Int. J. Remote Sens. 3
(2), 139-146. https://doi.org/10.1080/01431168208948387.

Wezyk, P., Szostak, M., Zigba, K., Rysiak, P., Hawrylo, P., Ratajczak, M., 2015.
Preliminary results of the monumental tree monitoring based on terrestrial laser
scanning - a case study of the Oak Bartek in Zagnarisk (Poland). Archives
Photogrammetry Cartography Remote Sens. 27, 185-199. https://doi.org/
10.14681/afkit.2015.014.

Wezyk, P., Hawrylo, P., Szostak, M., 2016. Determination of the number of trees in the
Bory Tucholskie National Park using crown delineation of the canopy height models
derived from aerial photos matching and airborne laser scanning data. Archives
Photogrammetry Cartography Remote Sens. 28, 137-156. https://doi.org/
10.14681/afkit.2016.011.

Wezyk, P., Hawryto, P., Szostak, M., Zigba-Kulawik, K., Winczek, M., Szparadowska, M.,
Warchot, A., Turowska, A., 2019. Using LiDAR point clouds in determination of the
scots pine stands spatial structure meaning in the conservation of lichen
communities in Bory Tucholskie National Park. Archives Photogrammetry
Cartography Remote Sens. 31, 85-103. https://doi.org/10.2478/apcrs-2019-0007.

Zhang, C., Qiu, F., 2012. Mapping individual tree species for an urban forest using
airborne LiDAR and hyperspectral imagery. Photogramm. Eng. Remote Sensing 78
(10), 1079-1087. https://doi.org/10.14358/PERS.78.10.1079.

Zhang, C., Zhou, Y., Qiu, F., 2015. Individual tree segmentation from LiDAR point clouds
for urban forest inventory. Remote Sens. 7 (6), 7892-7913. https://doi.org/
10.3390/rs70607892.

Zhang, Z., Kazakova, A., Moskal, L.M., Styers, D.M., 2016. Object-based tree species
classification in urban ecosystems using LiDAR and hyperspectral data. Forests 7
(12), 122. https://doi.org/10.3390/f7060122.

Ziircher, N., 2017. Assessing the ecosystem services deliverable: the critical role of the
urban tree inventory. Urban For. Urban Green. 101-110. https://doi.org/10.1007/
978-3-319-50280-9_11.


http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0185
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0185
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0185
http://isap.sejm.gov.pl/isap.nsf/download.xsp/WDU20170001330/O/D20171330.pdf
http://isap.sejm.gov.pl/isap.nsf/download.xsp/WDU20170001330/O/D20171330.pdf
https://doi.org/10.3390/rs11202383
http://katowice.stat.gov.pl/vademecum/vademecum_slaskie/portrety_gmin/powiat_raciborski/gmina_Racib&oacute;rz.pdf
http://katowice.stat.gov.pl/vademecum/vademecum_slaskie/portrety_gmin/powiat_raciborski/gmina_Racib&oacute;rz.pdf
http://katowice.stat.gov.pl/vademecum/vademecum_slaskie/portrety_gmin/powiat_raciborski/gmina_Racib&oacute;rz.pdf
https://doi.org/10.1016/j.proenv.2016.03.015
https://doi.org/10.1016/j.proenv.2016.03.015
https://doi.org/10.5194/isprs-archives-XLII-2-W13-643-2019
https://doi.org/10.5194/isprs-archives-XLII-2-W13-643-2019
https://doi.org/10.1371/journal.pone.0091001
https://doi.org/10.1109/34.87344
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0230
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0230
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0230
http://refhub.elsevier.com/S1618-8667(21)00220-X/sbref0230
https://doi.org/10.1080/01431168208948387
https://doi.org/10.14681/afkit.2015.014
https://doi.org/10.14681/afkit.2015.014
https://doi.org/10.14681/afkit.2016.011
https://doi.org/10.14681/afkit.2016.011
https://doi.org/10.2478/apcrs-2019-0007
https://doi.org/10.14358/PERS.78.10.1079
https://doi.org/10.3390/rs70607892
https://doi.org/10.3390/rs70607892
https://doi.org/10.3390/f7060122
https://doi.org/10.1007/978-3-319-50280-9_11
https://doi.org/10.1007/978-3-319-50280-9_11

	Improving methods to calculate the loss of ecosystem services provided by urban trees using LiDAR and aerial orthophotos
	1 Introduction
	2 Materials
	2.1 Study area
	2.2 Datasets

	3 Methods
	3.1 Segmentation of single tree crowns – creating Urban Tree Cover layer for Racibórz
	3.2 Estimate of the number of trees felled during changes in legislation in 2017
	3.3 Estimating diameter at breast height and making species assignments
	3.4 Calculation of ecosystem services provided by trees

	4 Results
	4.1 Crown area and number of trees identified on the basis of ALS point clouds
	4.2 Ecosystem services provided by trees in Racibórz in 2017
	4.3 Decrease of ecosystem services provided by trees during the suspension of mandatory tree removal permits in Racibórz

	5 Discussion
	6 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	References


