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Abstract

Black locust (Robinia pseudoacacia L.) is a key tree species globally and in Hungary, valued
for its economic benefits, adaptability, and ecosystem services. Despite its invasiveness and
susceptibility to frost damage, its high-quality timber and significant nectar production make
it economically important. This research, conducted as a collaboration between the Hungar-
ian Forest Research Institute and the University of Debrecen, aimed to evaluate the applicabil-
ity of remote sensing technologies in supporting black locust (Robinia pseudoacacia L.) re-
search and monitoring efforts. A clonal trial established in 2020 in eastern Hungary aimed to
assess the performance of newly bred black locust clones. Tree height was measured using both
conventional ground-based methods and photogrammetric analysis of unmanned aerial system
(UAS) data, enabling comparison between the two approaches. Tree vitality was evaluated
through UAS-based multispectral analysis using vegetation indices, including NDVI, GND-
VI, NDRE, and LCI. Our findings revealed no significant differences (p>0.05) between UAS-
based and traditional height measurements, confirming UAS as a reliable tool. Clones »NK2«
and »PL251« showed superior growth (height of 7.6 m and 7.4 m) and health, while »Ullgi«
cultivar performed the weakest (5.3 m). Strong correlations were found between some vegeta-
tion indices (NDRE and LCI) and tree heights (v=0.593 and r=0.587), emphasizing the po-
tential of remote sensing in efficient forest management. This study highlights the value of
integrating UAS technology in forestry, offering cost-effective, accurate and comprehensive

data for improving black locust cultivation practices.
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1. Introduction

Black locust (Robinia pseudoacacia L.) is one of the
most important tree species globally and also in Hun-
gary because of its positive economic impacts, adapt-
ability to many sites and climates, and ecosystem ser-
vices such as landscape reclamation, carbon
sequestration, and fuelwood. Its high-quality timber,
valued for construction due to its durability and resis-
tance to decay, and its production of high-value acacia
honey, which is a significant income source for bee-
keepers, make it economically important. Addition-
ally, its strong root system helps prevent soil erosion,
and its ability to fix atmospheric nitrogen improves
soil fertility, benefiting subsequent plant growth. It
has great importance in China, South Korea, Italy, Ger-
many, Romania, Bulgaria, Poland, and Hungary
(Keresztesi 1988, Nicolescu et al. 2020, Ciuvat et al.
2022, Abri et al. 2023a). It covers 24% of the Hungarian

stock area and it provides 19% of the annual timber
output of the country (NLC 2022). After its introduc-
tion in the early 1700s, this fast-growing, relatively
drought-tolerant, nitrogen-fixing tree species spread
and became widely popular because of its valuable
and resistant wood and its excellent nectar production
(Keresztesi 1988, Nicolescu et al. 2018). However, it
should be noted that Robinia has several disadvan-
tages, both from ecological and growing technological
(wood processing) perspective. Black locust is consid-
ered an invasive tree species, and its negative effects
on the environment — changes in the light regime, mi-
croclimate, and soil conditions — are well known and
can be found in many studies (Vitkova et al. 2015,
Sadlo et al. 2017, Vitkova et al. 2017). Besides its inva-
siveness, it is susceptible to frost damage, and it often
has curved and forked stems, which are disadvanta-
geous for cultivation and the processability of wood
(Nicolescu et al. 2020).
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In Hungary, forestry research to increase the yield
and nectar production of black locust and to improve
its stem quality has been ongoing for decades. The
black locust breeding program was initiated in the
1960s by the researchers of the Hungarian Forest Re-
search Institute (FRI). Béla Keresztesi and his co-work-
ers selected several plus trees and tree groups of the
»ship mast« stem form in local stands. As a result,
several state-approved cultivars with names referring
to their place of selection appeared (e.g. »Ull&ic,
»Nyirségi«, »Kiskunsagi«, »Jaszkiséri«) (Keresztesi
1988, Nicolescu et al. 2018, Abri et al. 2023a). The FRI
recognized the need for new cultivars in the 1990s,
when Kéroly Rédei continued the selection work of
Keresztesi. During this period, attention was focused
not only on good stem form but also on rapid juvenile
growth and drought tolerance. This work resulted in
five new candidate cultivars such as »Vacsi«, »Oszlo-
pos«, »Homoki«, »Bacska«, and »Szalas«. The results
of these research works can be found in several publi-
cations (Rédei et al. 2008 and 2013, Abri et al. 2023a).

Currently, a joint project of the FRI and the Nap-
kori Erd6gazdak Itd. is studying and testing the grow-
ing technology of black locust in industrial tree planta-
tions and new high-performance black locust clones
with high yields of industrial wood. In this project, the
selection of excellent black locust trees with good char-
acteristics and their further propagation under opera-
tional conditions by vegetative propagation is being
developed, and testing of these clones in a clone trial
is being carried out. Thus, industrial tree plantations
are expected to play a key role in future forest manage-
ment strategies. In addition to meeting the demand for
quality timber, particularly for pile wood, black locust
also has a positive environmental impact. It reduces
the ecological pressures of harvesting native forests
and helps the maintenance of natural forest ecosys-
tems (Abri et al. 2023b).

To obtain more information on newly selected
clones, it is essential to establish experimental planta-
tions (clonal trials). These trials should evaluate plant
health and physiological parameters, including as-
similation and transpiration rates, and water use effi-
ciency alongside the traditional field measurements of
height and thickness (Abri et al. 2022, Abri et al. 2023b).
Field surveys are time- and labor-intensive processes.
These measurements and plant health assessments
could be replaced/supplemented by the analysis of
Uncrewed Aerial System (UAS) imagery, which is in-
creasingly used in the forestry and agriculture sectors
(Wallace et al. 2016, Carl et al. 2017, Torresan et al.
2017, Pena et al. 2018, Burkhart et al. 2018, D'Odorico
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et al. 2021, Theofanous et al. 2021, Chandrasekaran et
al. 2022, Ecke et al. 2022).

Tree height can be measured using photogramme-
try, which provides a relatively low-cost alternative to
LiDAR. (Neesset 2002, Lisein et al. 2013, Tang and Shao
2015, Krause et al. 2019, Moe et al. 2020, Guerra-
Hernandez et al. 2018, Guerra-Hernandez et al. 2019,
Tupinamba- Simdes et al. 2022).

Vegetation indices (VIs), such as the Normalized
Difference Vegetation Index (NDVI), Green Normal-
ized Difference Vegetation Index (GNDVI), Normal-
ized Difference Red Edge Index (NDRE), and Leaf
Chlorophyll Index (LCI), have been developed for the
qualitative and quantitative evaluation of vegetation
cover, plant health, and growth dynamics using spec-
tral measurements (Xue and Su 2017).

However, no such studies have yet been conducted
on black locust plantations. Therefore, the examina-
tion of parameters in our research, including the sur-
face area of the experimental site, the height of the
clones, and vegetation indices (such as NDVI, GNDVI,
NDRE, and LCI) reflecting their abiotic stress tolerance
and health status, can be considered as a research gap.

The aim of this joint research project of the Univer-
sity of Debrecen (Institute of Crop Sciences and Insti-
tute of Earth Sciences) and FRI (University of Sopron)
is to develop a method to replace time- and labor-in-
tensive field inventories. In addition, obtaining infor-
mation on tree growth, ecological needs, and health
status (plant physiological parameters and vegetation
indices) will help to select the most suitable tree/spe-
cies for the given ecological conditions.

Our study aims to achieve the following objectives:
= investigate the correlation between photogram-

metric height measurements and traditional
methods (levelling staff, hypsometers)

= compare clone heights and identify significant
differences among them

= determine vegetation indices (NDVI, GNDVI,
NDRE, and LCI) and assess potential differences
among the clones

= explore potential relationships between clone
height and vegetation indices.

2. Methods
2.1 Study Area

The clone trial, which also serves as an experimen-
tal industrial tree plantation, was established in 2020
(Fig. 1). Covering a 2.66 ha site, we planted four vegeta-
tively propagated, newly bred clones (»Piispokladanyi«
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with breeding sign »PL251«, »Farkasszigeti« with
breeding sign »PL040«, »Laposi« with breeding sign
»NK1«, »Napkor« with breeding sign »NK2«); cur-
rently these are candidate cultivars (Abri et al. 2023a).
Additionally, we included a state-approved cultivar,
called »Ull8i« black locust as a control in 3 planting
spacings (2.5%x2.5 m, 3x3 m and 4x4 m). Notably, in
2021, in accordance with new regulations, the 3x3 m,
and 4x4 planting spacings were modified to 3x1 m and
4x1 m (Abri et al. 2023b).

The experimental plantation is located in Eastern
Hungary, in the region called Nyirség (one of the best
sites for growing black locust in the country), near the
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Fig. 1 Orthophoto of the experimental plantation at Napkor (16"
August 2023). Numbers indicate the clones (1: »PL251«, 2: »NK1«,
3: »PL040«, 4: »NK2«, 5: »Ulli«), and the letters indicate the plant-
ing spacings (a: 2.5x2.5m, b:3X3m, c: 4x4 m)
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settlement of Napkor. The 20-year (2002-2021) average
annual temperature is 10.9 °C and the average annual
precipitation is 550.6 mm (the results section details
the meteorological data for the period September 2022
to August 2023).

Based on the results of our soil analysis, the soil of
the site is humus sandy soil with low humus (soil or-
ganic matter) content (SOM %<1) and slightly acidic
conditions (pHyg 5.17-5.34), classified as an arenosol
according to the USDA soil taxonomy (Abri et al. 2022).

From June 2022 to August 2023, soil moisture meas-
urements were carried out using Delta-T PR2/6-SDI-12
profile probe (Delta-T Devices Ltd, UK) with 6 sensors
(10, 20, 30, 40, 60, 100 cm depth) connected to the HH2
Moisture meter.

2.2 Digital Terrain Model and Tree Height
Measurements

An aerial survey of the area was conducted in Feb-
ruary 2022 using a DJI Phantom 4 UAS applying 60 m
flight altitude with a Ground Sampling Distance
(GSD) of 1.6 cm/pixel. During the survey, 248 images
of the area were taken. The images were processed
using Agisoft Metashape 2.0 (Agisoft) software to cre-
ate a point cloud of the surface, which included both
ground points and points representing objects like
trees. Since our focus was the height of the surface, to
produce a Digital Terrain Model (DTM) with resolu-
tion 3.3 cm, we used the automatic point cloud classi-
fier in Metashape to filter out the non-ground points
(e.g., trees). The remaining points represented only the
ground surface, allowing us to generate a DTM of the
area from this data. UTM-34N was selected as the co-
ordinate reference system. For the projection transfor-
mation, 7 Ground Control Points (GCPs) were mea-
sured in the field applying a geodetic RTK GNSS
receiver with +4 cm accuracy.

Next, aerial images were taken during the growing
season (leaf-on status) in June 2022 and August 2023.
Aerial imagery was obtained from a 60 m flight alti-
tude with 1.6 cm GSD, and a total of 882 images were
captured per flight. Compared to the previous flight,
more aerial images were taken because the tree canopy
considerably obscured the surface and came into con-
tact with adjacent foliage. These images were used to
create a Digital Surface Model (DSM), where the tree
canopy was clearly detectable. For georeferencing, the
previously established method was applied. By sub-
tracting the initial state (in February) elevation model
from the later surface model, we obtained a normal-
ized DSM (nDSM), the relative heights of the objects
(i.e., trees) on the surface. The overall georeferencing
error (Root Mean Square Error, RMSE) was approxi-
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mately 1 cm in both cases (0.7 cm in February 2022, 1.3
cm in June 2022).

Using ArcGIS 10.8 (ESRI 2024) software we looked
for the local maxima in the nDSM to automatically
detect each tree (2207). Since the highest point of the
tree canopy was not always exactly in the middle,
these patches were irregular-shaped. The patches
were vectorized, and then a circle of 80 cm diameter
was placed on the centroid of each patch, ensuring that
the highest detail of each tree was within the circle.
The highest values were retrieved from the area of
each circle using zonal statistics, providing the maxi-
mum height of each tree.

As some of the originally planted trees died, the
owner also planted replacement trees. Therefore, trees
with less than 2 m maximum height were excluded
from the final model. In addition, the software was
unable to process the tree canopy properly for several
individuals; therefore, some of the trees were not de-
tected in the nDSM. Further investigations are needed
in this respect, particularly regarding the optimal
resolution of the images of the canopy.

the height of the trees was also measured with a
regular levelling rod, and two hypsometers, the Vertex
IV (Haglof) (Hypsometer 1) and the Forestry Pro 11
(Nikon) (Hypsometer 2) (Laar and Akca 2007) for com-
parison with the nDSM of the UAS survey. For this
comparison, we randomly selected 30 trees and car-
ried out height measurements with the three tools
mentioned above and the nDSM values. After con-
firming (in agreement with previous studies e.g. Moe
et al. 2020) the strong correlation between data from
the field and from UAS models, we compared the
clones by height in August 2023 (Fig. 2).
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2.3 Vegetation Indices

Multispectral orthophotos of the clone trial were
collected using a MicaSense RedEdge-MX RED multi-
spectral sensor mounted on a DJIM200 UAS (Janousek
et al. 2021) on 16™ August 2023. Before and after the
flight, calibrations were performed using a calibration
panel. During the flight, 330 images were taken from a
60 m flight altitude with 6 cm GSD (Table 1).

Table 1 Key parameters of aerial photography

RGB images | MicaSense RedEdge-Mx images
Number of images 248 330
Flight height, m AGL 60 60
GSD, cm 1.6 59
Front overlap, % 80 80
Side overlap, % 70 80

The spectral resolution of the sensor covered the
following five spectral bands (Blue, Green, Red, Red
Edge and Near Infrared). We processed the images us-
ing the Agisoft Metashape 2.0 software, and calculated
NDVI (Eq. 1, Rouse et al. 1974), GNDVI (Eq. 2, Gitelson
etal. 1996), NDRE (Eq. 3, Gitelson and Merzylak 1994)
and LCI (Eq. 4, Datt 1999) vegetation indices from the
spectral bands using the following equations:

NDVI = (NIR - Red) / (NIR + Red) (1)
GNDVI = (NIR — Green) | (NIR + Green) (2)
NDRE = (NIR — Red Edge) / (NIR + Red Edge) (3)
LCI = (NIR — Red Edge) / (NIR + Red) 4)

Fig. 2 Flowchart of image processing
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Where:

NIR near-infrared band
Red Edge  red-edge band

Red red band

Green green band.

2.4 Statistical Analysis

First, we exported the obtained data to MS Excel
2016. For the comparison of the different height mea-
surements conducted on 16™ June 2022, 30 sample
trees were selected. Statistics were performed in pairs,
that is, levelling rod vs. UAS-based height, Hypsom-
eter 1 vs. UAS-based height, and Hypsometer 2 vs.
UAS-based height. We also compared the levelling rod
with Hypsometer 1, levelling rod with Hypsometer 2,
and Hypsometer 1 with Hypsometer 2. Our data were
non-parametric, based on the Shapiro-Wilk test. The
Kruskal-Wallis H test was used for comparison. The
Spearman correlation coefficient (r) was calculated to
assess the degree of association between pairs. Linear
regression data from the levelling rod and UAS data
are also presented.

The clones were compared by height and by the
four vegetation indices. The data were from 30 ran-
domly selected trees per clone per planting spacing,
but in case of the comparison of VIs values, we used
data from planting spacing 2.5x2.5 m (n=30 sample
trees per clones). For statistical analysis, Fisher's Least
Significant Difference (LSD) and Games-Howell post-
hoc tests were used. The correlations between height
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and VIs data (n=450, 30 randomly selected trees per
clones per planting spacing) were also analyzed. For
this purpose, Spearman’s correlation was used. Statis-
tical analysis was carried out using MS Excel 2016 and
IBM SPSS 25.0 statistical software package.

3. Results

3.1 Results of Soil Moisture Measurements
Related to Meteorological Data

Analyzing the data from the Nyiregyhdza-Napkor
meteorological station, it can be stated that the autumn-
winter period 2022-2023 was very variable in terms of
rainfall. There was 88.4 mm more precipitation in Sep-
tember 2022 than the 20-year average. This contributed
to soil water recharge in soils with good water holding
capacity, but on sandy soils with low water holding
capacity in the experimental area, it has infiltrated into
the groundwater. The following month, October, how-
ever, was very dry, with only 8.4 mm of precipitation,
36.3 mm less than the 20-year average. November rain-
fall was around average, followed by December and
January with rainfall well above average (54.7 and 36.6
mm, respectively). February was again dry, with 23
mm below the 20-year average (Fig. 3).

Spring started with slightly above average precip-
itation (March: +13.1, April: +4.3 mm), but May was
dry, with 28.9 mm below the 20-year average, which
was unfavourable for the initial growth of black locust.

30
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Fig. 3 Precipitation and temperature data of the experiment site (September 2022 — August 2023, Napkor)
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June and August were rainy, with 44.1 and 30.5 mm
above 20-year average precipitation, respectively.

An analysis of the temperature data shows that the
average temperature for the period September 2022 to
August 2023 was 0.8 °C above the 20-year average. The
monthly average temperature was below the 20-year
average only in September, April and June, by 1.2, 2.2
and 0.8 °C, respectively.

The results of the soil moisture measurements are
shown in Fig. 4. The figure clearly shows that the soil
moisture data follow the course of precipitation with
a small time lag, which is obviously related to the wa-
ter consumption of the black locust. The temporal shift
helped the plants during the shorter dry periods, al-
though the soil in the experiment cannot be classified
as a soil with good water management and good wa-
ter-holding capacity.

3.2 DTM of the Experimental Field

As shown in Fig. 5, the study area shows different
elevations of the sand dunes found here. The differ-
ence between the lowest and highest points is 4 m.

Fig. 6 shows the heights of the trees calculated by
photogrammetry. The 5 different clones in 3 planting
spacings (in total 15 plots) already show characteristic
differences in height. This is most visible for the 3
southernmost planting spaces. The tallest trees reached
approximately 8 m at the time of measurement.

563150 563200 563250

5307900

5307850

5307800

Fig. 4 Soil moisture content and precipitation data between June
2022 and August 2023 (Napkor)
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Fig. 5 Digital Terrain Model of the study area

3.3 Comparison of Height Measurement Tools

The observed tree heights of the 30 sample trees are
shown in Table 2. The minimum heights were mea-
sured using a UAV and Hypsometer 2. The maximum
value was measured with Hypsometer 1. The ranges
are 1.55 m (levelling rod), 1.50 m (Hypsometer 1 and
Hypsometer 2), 1.20 m (UAV).
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Fig. 6 Normalized Digital Surface Model of the study area with
sample trees (n=450), 16" August 2023, Napkor

As aresult of the Kruskal-Wallis test, significant dif-
ferences were found only between Hypsometer 1
(4.40+0.38 m) and Hypsometer 2 (4.13+0.37 m), and
UAV (4.03+0.35 m) and Hypsometer 1. Therefore, there
is no significant difference between the UAV and level-
ling rod (4.28+0.34 m), and the UAV and Hypsometer 2.

We found a strong correlation between the UAV-
based height result and levelling rod measurements

T. Abri et al.

Table 2 Observed tree height from field (levelling rod, Hypsometer
1, Hypsometer 2) and from UAS. Result of Kruskal-Wallis H test.
Results are significant at p=0.05 (30" June 2022)

0 Mean height D Min. height | Max. height
m m m
Levelling rod | 30 4.28° +0.34 3.40 4.95
Hypsometer 1 | 30 4.40° +0.38 3.60 5.10
Hypsometer 2 | 30 413 +0.37 3.20 4.70
UAS 30 4.03* +0.35 3.20 4.40

n—number of samples, SD — Standard Deviation, small letters indicate significant differen-
ces between the measurements

Table 3 Correlation of tree height derived from field (levelling rod,
Hypsometer 1-2) and UAV data for 30 sample trees. The correlation
is significant at p=0.01 level

Levelling rod | Hypsometer 1 | Hypsometer 2 | UAV
Levelling rod 1.000 0.821° 0.811° 0.758°
Hypsometer 1 - 1.000 0.876° 0.619°
Hypsometer 2 - - 1.000 0.629"
UAV - - - 1.000

a— indicates strong correlation, b — indicates medium correlation

(r=0.758) and medium correlation between the UAV-
based height result and hypsometers (r>0.619), which
was significant at p=0.01 (Table 3). Furthermore, the
linear regression function fitted well with the mea-
sured data points, with an R® value of 0.7436 (Fig. 7).

Leveling staff, m
E=S

—0— y=0.8341x+0.9158
R =0.7436
n=30

3 4 5

UAS, m

Fig. 7 Linear regression between data from levelling rod and UAS
measurements
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3.4 Comparison of Clones by UAS Height
Measurements

We compared the clones (1=30 per clones per plant-
ing spacings, 16™ August 2023) based on their height
values applying Fisher's Least Significant Difference
(LSD) test. As shown in Table 4, there were significant

Table 4 Comparison of clones by UAV height measurement (Re-
sults of Fisher's Least Significant Difference test), p=0.05, 16"
August 2023, Napkor

Planting spacings
Clones n 25%x25m 3x3m 4x4m
Mean height (m) (=SD)

NK1 30 | 69(x0.37)° | 7.0(=0.29) 6.8 (=0.48)°
NK2 30 7.6 (0.44)° 7.5 (+0.45)° 7.1 (+0.44)°
PL040 30 | 6.6(*0.34)° | 6.4(+050) 6.0 (+0.52)°
PL251 30 | 7.4(=x0.24) | 7.6(=0.40) 7.1(=0.52)°
Ullgi 30 | 53(+034)° | 5.2(=0.48) 4.9 (+0.43)

SD — Standard Deviation, n — number of sample trees, small letters indicate significant
differences between the clones

UAS-Based Analysis of a Black Locust Clone Trial: Early Evaluation (xxx—xxx)

wise comparisons (Games-Howell test) showed sig-
nificant (p=0.05) differences between the clones. The
clones showed very high NDVI values. For all VIs,
»PL251« was the best performing clone (NDVI:
0.9360+0.0050, GNDVI: 0.8027+0.0091, NDRE:
0.5530+0.0134 and LCI: 0.6889+0.0117), but was not sig-
nificantly different from »NKl« based on the NDVI
(0.9347+0.0051) and »NK2« based on the GNDVI
(0.7964+0.0106) at the 5% significance level. »PL040«
was the weakest among all tested indicators, with an
NDVI of 0.9260+0.0050, GNDVI of 0.7849+0.0064,
NDRE of 0.5137+0.0110 and LCI of 0.6536+0.0091. Only
the clone »PL251« significantly (p=0.05) outperformed
the NDRE and LCI index values of the control cultivar
»UllSi« (NDRE: 0.5140+0.0214, LCI: 0.6566+0.0180).
The last two VIs are more sensitive to photosynthetic
activity and chlorophyll content because of the use of
the Red Edge wavelength (Table 5).

Correlations between the height and VIs of the
clones were tested using Spearman's correlation. As
shown in Table 6, strong correlations (significant at
p=0.01 level) were found between GNDVI and NDRE
(r=0.900), GNDVI and LCI (r=0.908), as well as between

Table 5 Comparison of clones by vegetation indices in planting space 2.5x 2.5 m. Results of the Games-Howell test (p = 0.05), 16" August

2023, Napkor

NDVI GNDVI NDRE LCI
Clones n
Mean (=SD)

NK1 30 0.9347 (+0.0051)® 0.7888 (+0.0134) 0.5243 (+0.0205)™ 0.6644 (+0.0174)

NK2 30 0.9280 (+0.0041)° 0.7964 (=0.0106)® 0.5297 (=0.0169)° 0.6682 (=0.0151)°
PL040 30 0.9260 (+0.0050)° 0.7849 (+0.0064)> 0.5137 (+0.0110)° 0.6536 (+0.0091)°
PL251 30 0.9360 (+0.0050)° 0.8027 (=0.0091)° 0.5530 (+0.0134)° 0.6889 (+0.0117)°

Uli 30 0.9323 (+0.0050)° 0.7911 (+0.0154)° 0.5140 (+0.0214)° 0.6566 (+0.0180)°

Small letters indicate significant differences between the clones

differences between the clones tested. The best clones
were »NK2« (7.1-7.6 m) and »PL251« (7.1-7.6 m),
while the »Ull6i« black locust cultivar was the weakest
(4.9-5.3 m). However, there were no significant differ-
ences between clones »NK1«, »NK2« and »PL251« in
planting spacing 4x4 m. Additionally, »NK1« was the
third highest clone after »NK2« and »PL251«.

3.5 Vegetation Index Assessment

Vegetation indices provide an overview of the cur-
rent state of the clones. From the obtained values, we
inferred the biomass yield, nutrient supply, and health
status of the trees. NDVI, GNDVI, NDRE, and LCI were
calculated from the multispectral UAS survey. Pair-

Table 6 Correlation of tree height and vegetation indices (NDV/,
GNDVI, NDRE and LCI) data for 450 sample trees (30 per clones
per planting spacings). 16" August 2023, Napkor. Based on mea-
sured data from 450 sample trees (n=450). The correlation is
significant at p=0.01 level

Height NDVI GNDVI NDRE LCI
Height 1.000 0.232° 0.406° 0.593 0.587°

NDVI - 1.000 0.512° 0.562" 0.613"
GNDVI - - 1.000 0.900° 0.908°
NDRE - - - 1.000 0.988°

LCI - - - - 1.000

a —indicates strong correlation, b — indicates medium correlation
¢ —indicates weak correlation
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LCI and NDRE (r=0.988). There were medium correla-
tions between NDVI and GNDVI (r=0.512), NDVI and
NDRE (r=0.562), as well as between NDVI and LCI
(r=0.613). In addition, medium correlations were
found between height and NDRE (r=0.593) as well as
between height and LCI (r=0.587) values. Weak rela-
tionships were found between height and GNDVI
(r=0.406), and height and NDVI (r=0.232).

4. Discussion

4.1 UAS-based Tree Height Measurement

Tree height is a fundamental measure in forestry
and tree plantations, related to above-ground dendro-
mass and the vertical structure of the tree canopy. It is
widely used to assess site productivity, timber quality,
and forest ecosystem services, including protection
against natural hazards and biodiversity (De Petris et
al. 2022). Several studies have demonstrated the ap-
plicability of UAS-based height measurements (Wal-
lace et al. 2016, Krause et al. 2019, Moe et al. 2020). Our
comparison of field survey data (using levelling rods
and hypsometers) with UAS-based imagery showed
no significant differences, with a high R? value of
0.7436. Additionally, UAS-measured heights revealed
significant differences among clones, with clones
»NK2« and »PL251« showing the best results (7.1-7.6
m), while the state-approved cultivar »Ull8i« had the
lowest values (4.9-5.3 m) across three planting spac-
ings. These trends align with previous field surveys
(Abri et al. 2022, Abri et al. 2023b).

4.2 Vegetation Indices — Importance, Use,
Spectral Sensitivity, Correlations

VIs are crucial for monitoring vegetation cover,
growth dynamics, and tree health (Xue and Su 2017,
Dash et al. 2018, Guerra-Hernandez et al. 2021, Duarte
et al. 2022, Ecke et al. 2022). The NDVI, ranging from
-1 to 1, is the most widely used VI, indicating the
health and photosynthetic activity of vegetation, with
values between 0.66 and 1 considered very good
(Rouse et al. 1974). The GNDVI, an alternative to
NDVI, uses the green band instead of the red band,
providing a wider dynamic range and more sensitive
chlorophyll content recording (Gitelson et al. 1996).
NDRE and LClI are also alternatives to NDVI, offering
more accurate chlorophyll content estimates (Gitelson
et al. 2005, Jorge et al. 2019, Vivar-Vivar et al. 2022).
Our study found significant differences in the four
VIs among the clones. Clone »PL251« had the highest
NDVI (0.9360) and clone »PL040« the lowest (0.9260),
indicating that all clones were in very good health.

T. Abri et al.

GNDVI results were similar, with the highest value
for »PL251« (0.8027) and the lowest for »PL040«
(0.7849). NDVI and GNDVI values suggested excellent
conditions for all clones. »PL251« also had the best
NDRE (0.5530) and LCI (0.6889) values. The general
differences between the values (NDVI-NDRE, NDVI-
LCI) were caused by the higher reflectance in the in-
frared range (Jurado et al. 2020). The study of Huete
et al. (1997) concluded that vegetation indices with
higher weighting coefficients in the near-infrared
range are the most effective for enhancing perfor-
mance over forested and densely vegetated canopies.
Zhang et al. (2022) also highlight that next to regular
spectral indices, other parameters have to be used to
obtain a more complex view. In agreement with these
studies, we involved several additional spectral indi-
ces, such as GNDVI, NDRE, LCI and also tree height
parameter. NDVI values correlate with rainfall (Liu et
al. 2019, Mangewa et al. 2022), suggesting good
drought tolerance and recovery capability of clones
after the dry year of 2022 (Abri et al. 2023b). The high-
est clone, »PL251«, also had the highest VI values,
particularly NDRE and LCI, related to the other
clones, indicating higher chlorophyll content, possi-
bly in response to heat stress (Li et al. 2018, Hudokova
et al. 2022). We agree that NDVI is one of the most
important VI by its potential to qualify different veg-
etation types, along with the study of Ye et al. (2021),
where NDVI was the second most important variable
in estimating aboveground biomass. The versatility
and potential of VIs remain evident. The broad range
of applications emphasizes the vast potential of these
indices to contribute to our understanding and man-
agement of agricultural and forestry systems. Moving
forward, continued exploration and adaptation of VIs
will undoubtedly yield even more profound insights
and practical applications (Vélez et al. 2023).

Jorge et al. (2019) found a strong relationship be-
tween NDVI and GNDVI but a poor relationship be-
tween NDVI and NDRE, and GNDVI and NDRE. Our
study confirmed strong correlations between GNDVI
and NDRE (=0.900), GNDVI and LCI (r=0.908), and
NDRE and LCI (r=0.988). We also observed a moderate
correlation between height and NDRE (r=0.593) and
height and LCI (r=0.587). These findings highlight the
efficiency of measuring red edge and near-infrared
wavelengths in juvenile black locust plantations to es-
timate quality parameters and compare different
clones. However, this requires a more expensive sen-
sor compared to a simple RGB camera, which is suf-
ficient for cost-effective tree height measurement, re-
ducing remote sensing inventory analysis costs.
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4.3 Economic and Practical Importance of
UAS-based Surveys

In the face of climate change, the economic impor-
tance of remote sensing methods, such as UAS-based
surveys, for monitoring forests and tree plantations is
imperative for the development of agroforestry sys-
tems (Guimaraes et al. 2020). Studies have shown that
user uptake of remote sensing approaches can be slow
or absent even when suitable technological solutions
exist (Fassnacht et al. 2024). According to Matese et al.
(2015), multicopter UASs such as DJI Phantom 4 and
DJI M200, which were used in our study, proved to be
the most cost-effective solution for monitoring small
fields (<5 ha) up to 50-60 ha or larger areas. Further-
more, UASs can host a wide range of task-oriented
sensors, provide on-demand data availability, enable
planning data acquisition campaigns to avoid poor
weather conditions, and can be used in real-time op-
erations (Guimaraes et al. 2020). Zhao et al. (2020) also
highlighted the potential of using UASs for forest
quality assessment.

4.4 Limitations and Challenges

Despite promising results, there were some limit-
ing factors, such as leaf optical properties, soil reflec-
tance, canopy structure, sun direction, and sensor ef-
fects, all of which are important factors governing
spectral accuracy (Asner 1998, Vivar-Vivar et al. 2020).
In recent decades, spectral analysis has undergone
significant advancements, allowing for much more ac-
curate stand surveys with the aid of newly developed
vegetation indices (VIs). We are now able to correct
many previously limiting factors. However, there is
still a lack of precise rule frameworks that contributes
to tedious requests for flight permissions. One of the
most severe limitations associated with the use of
UASs is that it is difficult to fully cover forests on a
large scale (Guimaraes et al. 2020).

5. Conclusions

Black locust is a fast-growing, relatively drought-
tolerant, and multipurpose tree species. Its economic
potential is mainly in Central-Eastern European coun-
tries such as Hungary, Romania, and Poland. In some
Asian countries (China and South Korea), it plays a
crucial role in the afforestation of marginal sites (erod-
ed sites and denuded mountains) (Nicolescu et al.
2020).

The ongoing breeding and research efforts by the
Hungarian Forest Research Institute (University of
Sopron) have aimed to enhance its stem quality,
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drought tolerance, and rapid juvenile growth, result-
ing in several promising clones and cultivars. Some of
these clones are being studied in a joint project with
the University of Debrecen.

The application of Uncrewed Aerial Systems (UAS)
in this research has proven to be a valuable tool for
assessing tree height and vegetation indices, offering
a cost-effective and efficient alternative to traditional
field measurements. The study found strong correla-
tions between UAS-based height measurements and
conventional methods, indicating the reliability of this
technology.

In a clone trial, near the settlement of Napkor,
among the tested clones, »NK2« and »PL251« exhib-
ited the best growth and health metrics, including
significant differences in tree height and vegetation
indices such as NDVI, GNDVI, NDRE, and LCI. These
indices provide crucial insights into the biomass
yield, nutrient supply, and overall health of the trees
(Ecke et al. 2022), with clone »PL251« consistently
performing the best. Due to the characteristic foliage-
development of black locust, automatic and semi-
automatic testing methods are often not optimal, so
the testing of this species is of great importance in the
future.

Overall, the integration of advanced remote sens-
ing technologies with traditional forestry practices of-
fers a promising pathway for improving black locust
cultivation and management, ultimately supporting
both economic and environmental goals in the face of
climate change and other challenges.
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