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Editorial Note and Book Review

Natural Hazards

and the Mitigation of their Impact

Gyorgy Sipos*, Lazar Lazic®

Under a changing climate and an intensifying human
impact on the environment, managing and mitigat-
ing natural hazards are increasingly important for our
society to tackle the serious challenges of the future
concerning population and economic growth, food
safety, preservation of ecosystem services and biodi-
versity; moreover, this task should be accomplished in
a sustainable and eco-friendly way.
Therefore, it is not enough to real-
ise natural hazards and study their
geographical aspects, but we need
to learn and share the multitude of
practices applied worldwide among
specific conditions.

There have been numerous books
dealing with the issue of natural
hazards and risks from a wide vari-
ety of perspectives; thus, the reader
might ask what novelty this compi-
lation can add to the discourse. One
answer is partly hidden in the first
paragraph of this review; namely,
the book contains not only the de-
scription of different types of natu-
ral hazards and information on their
spatial occurrence, but just as indi-
cated in the title, it attempts to outline the set of po-
tential actions by which hazards can be managed, and
their impact can be reduced. Another major strength
of the book is that it describes hazards and mitigation
strategies by bringing examples not only from devel-
oped countries with high prevention and recovery po-
tential but also from less developed regions, such as
Eastern Europe or Eastern and Central Asia. This way,

the reader gets information on problems and solutions
undercited in the international literature.

The book is comprised of 7 Chapters. The first is

a general introduction to the definition, typification,

and human and economic aspects of natural hazards

but also touching some practical management issues

using a rather global perspective. In the following

chapters, different classes of haz-

ards are discussed in the following

order: geophysical hazards, meteor-

ological hazards, hydrological haz-

ards, biosphere-related natural haz-

ards, extraterrestrial hazards and

finally, climate change and its im-

pacts. Within the main chapters,

several subchapters detail individ-

ual hazards; thus, for example, the

chapter on geophysical hazards in-

cludes volcanic, earthquake, tsuna-

miand landslide hazards. The chap-

ters’ and subchapters’ structure is

similar, providing a coherent im-

age for the book. Necessarily, each

chapter starts by explaining the for-

mation and physical background of

the hazard, followed by an assess-

ment of associated damages and risks and their geo-

graphical occurrence. Subsequently, where relevant,

the reader gets an overview of existing forecast sys-

tems; finally, potential actions for management and

mitigation are introduced. The two strongest chap-

ters, covering more than 40% of the 260-page book,

are geophysical and hydrological hazards. The dom-

inance of the later is understandable due to the high

A University of Szeged, Department of Geoinformatics, Physical and Environmental Geography, 6722 Szeged, Egyetem u. 2-6,

Hungary, gysipos@geo.u-szeged.hu,
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Professor Gabor Mezdsi,
former head of the Department of Geoinformatics, Physical and Environmental Geography,
and former dean of the Faculty of Sciences and Informatics, University of Szeged

relevance of hydrological hazards in the geographi-
cal regions covered by the book and due to the diverse
background of the author in this field.

In summary, the book provides a systematic syn-
thesis of natural hazards from both physical and hu-
man geographical aspects and, therefore, can serve as
a reference textbook for students in geography, envi-
ronmental sciences and related disciplines. By includ-
ing a wide collection of hazard-related digitally ac-
cessible information, the book can also be a useful
resource for professionals and decision-makers.

Finally, a few words on the author himself: Pro-
fessor Gabor Mez6si, 70, former head of the Depart-
ment of Geoinformatics, Physical and Environmental
Geography, and former dean of the Faculty of Scienc-
es and Informatics, University of Szeged, devoted his
life and career to finding and initiating new and rel-
evant directions within Hungarian geographical re-
search. Starting with geomorphology and landscape
ecology, he was among the first to apply computer-
aided quantitative methods in physical geography in
the mid-1980s. As he recognised the growing poten-
tial in spatial data analysis, he became one of the pi-

Geographica Pannonica * Volume 26, Issue 3, 165-318 (September 2022) | VII

oneers in introducing GIS techniques in Hungary as
early as the beginning of the 1990s. Later, he turned to
the development and application of complex environ-
mental models to reveal processes in landscape evo-
lution and already emphasised the significance of cli-
mate change. From the mid-2000s, he has focused on
environmental hazards, conflicts and risks, with spe-
cial respect to landscape sensitivity and hydrological
hazards, such as inland excess water inundations and
droughts. More recently, he has dealt with forecasting
changes in different elements of the environment at
different climate scenarios. The present book, there-
fore, fits very well to the oeuvre of Professor Mezési,
since it synthetises his broad knowledge and experi-
ence in many of his previous research topics. More-
over, this compilation, just as numerous of his previ-
ous works, can also be a trend-setting publication for
geographical research in the region. Nothing proves
this better than the present special issue of Geograph-
ica Pannonica, which is, on the one hand, dedicated
to him and, on the other hand, attempts to provide a
cross-section of the versatile work his colleagues do
concerning the assessment of natural hazards.
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Abstract

The large-scale pixel-based land use/land cover classification is a challenging task, which depends on
many circumstances. This study aims to create LULC maps with the nomenclature of Coordination of
Information on the Environment (CORINE) Land Cover (CLC) for years when the CLC databases are not
available. Furthermore, testing the predicted maps for land use changes in the last 30 years in Hunga-
ry. Histogram-based gradient boosting classification tree (HGBCT) classifier was tested at classification.
According to the results, the classifier, with the use of texture variance and landscape metrics is capable
to generate accurate predicted maps, and the comparison of the predicted maps provides a detailed im-

age of the land use changes.

Keywords: land use; land cover; image classification; change detection; gradient boosting

Introduction

Land use and land cover (LULC) changes can alter the
ecosystem and its services, and they can indicate so-
cio-economic changes that have occurred in a par-
ticular area (Wulder et al., 2018). By analyzing the
LULC changes in detail, we can estimate their com-
plex effects on the environment (impact on landscape
structure, biodiversity) and agricultural complexes.
With the acceleration of LULC changes that occurred
with urban expansion, economic growth, and explic-
itly/implicitly increasing human needs, the monitor-
ing of LULC changes became a key tool that could be
used in work associated with environmental protec-
tion and sustainable development. LULC maps are of-
ten used as base data in environmental studies con-
ducted in fields such as agriculture (Bezdan et al,,
2019), hydrology (Tobak et al., 2019), ecology (Csikos

& Szilassi, 2021), urbanization (Steurer & Bayr, 2020),
and change detection (Szilassi, 2017). LULC mapping
is a widely discussed topic in the field of remote sens-
ing because remote sensing can provide tools, and re-
liable and extensive data with a high temporal and
spatial resolution for LULC mapping (Townshend et
al,, 1991). It is a challenging classification task, be-
cause land use and its categories (nomenclature) de-
pend on the socio-economic environment, thus each
country or region will have its own set of land use
classes (Choudhury & Jansen, 1999). Thus, the num-
ber of land use classes has become large and interclass
separability small, which makes training data unbal-
anced and difficult to classify. Moreover, in most cas-
es, the efficiencies of the spectral values obtained from
satellite images are small. Thus, new variables have to

A Department of Geoinformatics, Physical and Environmental Geography, University of Szeged, Egyetem utca 2, 6722 Szeged,
Hungary; mucsi@geo.u-szeged.hu, gudmandras@geo.u-szeged.hu
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Pixel and Object-based Land Cover Mapping and Change Detection from 1986 to 2020
for Hungary Using Histogram-based Gradient Boosting Classification Tree Classifier

be incorporated into land use classification, which is
computationally challenging.

The dataset dimensions (size and number of varia-
bles) greatly depend on the scale of mapping and the
amount of data used. In large-scale land use mapping,
we need to consider the spectral differences among
the satellite images and the exponential growth of the
dataset as new variables are added, which causes the
modeling and prediction times to increase. Therefore,
the selection of new data required for land use classi-
fication through the application of different sensors in
combination (Zhou et al., 2018), use of multitemporal
images (Bui & Mucsi, 2021), or extraction of new fea-
tures (indices, textures, and metrics) from the original
image is important (Gudmann et al., 2020; Zhou et al,,
2018). In land use change mapping, the use of different
sensor data or multitemporal images is not possible in
most cases because of the limitations of old datasets.
Thus, the only option available is to extract new fea-
tures, such as spectral indices, texture data, and seg-
mentation from the original satellite images.

Data and methods

In this study, large-scale LULC maps were creat-
ed on four dates between 1986 and 2020 based on
Landsat images, their derivates, and CLC databases.
Using these maps, pixel-based change analyses were
performed to estimate a detailed picture of the envi-
ronmental changes that had occurred. Two research
questions were tested: first, can we generate LULC
maps with CLC nomenclature, accurate enough to
use them as a base for a pixel-scale change analy-
sis? Second, if the pixel-scale change analysis is per-
formed based on the generated maps, would the re-
sults provide more details than the CLC change
layers?

To answer these questions, first, with the use of
a histogram-based gradient boosting classification
tree, LULC maps were generated. Second, the im-
provement in land use classification was estimated
using pixel-based comparison. Furthermore, pix-
el-based change detection was performed using the
classified maps and the results were compared with
the CLC datasets.

Study area

The study area selected was the entire territory of
Hungary, located in the Carpathian Basin (Figure
1), with an area of 93 023 km® Most of the land area
of this east-central European country is occupied by
lowlands (more than 80% of the land area is at an el-
evation between 75 and 200 m above sea level) and
only 0.6% of its land area is at an elevation more than
500 m above sea level. The soil in most areas of the
country has high organic content, which favors agri-

culture (Mezdsi, 2017). Most of the land area of the
country (78.7%) is productive because of its specific
soil type and favorable climate, and more than half of
the land area (57.1%) is used for agriculture (Hungar-
ian Central Statistical Office, 2020). The agricultur-
al land has a one-sided structure dominated by small
holdings (<5 ha in size), which account for more than
80% of the agricultural holdings in the area (Europe-
an Commission - DG Agriculture and Rural Devel-
opment, 2020). Most of the landscape of the country

Figure 1. Study area: Hungary in East-Central Europe
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Figure 2. Distribution of CLC categories in Hungary in thousand hectares

is fragmented, with low patch sizes, because of its ag-
ricultural land structure. According to the CLC data-
bases (Buttner & Kosztra, 2017), more than half of the
area of Hungary was covered by arable lands (Figure
2). Besides, the main land cover categories are the for-
ests (~18%), pastures (7%), scrub and/or herbaceous
associations (~5-7%), heterogeneous agricultural area
(~5%), and urban fabric (~4%).

Data

The reference data of our study was the CORINE Land
Cover datasets. These databases were created using a
1:100 000 scale, a minimum mapping unit (MMU) of
25 ha, and a minimum width of 100 m for the linear
elements (Mari & Mattanyi, 2002). The nomenclature
of CLC data is hierarchically structured, with three
levels: 5 classes at level 1, 15 classes at level 2, and 44
classes at level 3. Thanks to the detailed nomencla-
ture, spatial (CLC90: 27 countries; CLC18: 39 coun-
tries) and temporal coverage (from 1990, five times),
and thematic accuracy (>85%), the CLC database is
the basis of various research activities. To provide fur-
ther support to these studies, change layers were cre-
ated and the changes exceeding 5 ha were mapped.
Even with a small MMU, the change layers could not
display most of the changes that had occurred at the
parcel level because the average size of those chang-
es was below 5 ha (Volker et al., 1998) (Figure 3). In
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this study, the CLC datasets CLC90, CLC00, CLCO06,
CLC12, and CLC18 were used as reference datasets
in land use classification. The CLC change layer was
used as the reference in the change analysis. The CLC
databases were downloaded from the website of the
Copernicus Land Monitoring Service at https:/land.
copernicus.eu/pan-european/corine-land-cover.

For the study, Landsat satellite images were select-
ed, because of the similarity of their spatial and spec-
tral resolutions. The data acquisition devices provided
in the satellites are designed to take images, compa-
rable to one another, to facilitate data continuity and
time-series analyses (Wulder et al., 2016). The Land-
sat images have a medium spatial resolution (30, 60,
and 80 m), multispectral resolution (4-11 bands), and
a 16-day temporal resolution (U.S.Geological Survey,
2012). The image archive has global coverage and is
freely available to any user (Wulder et al., 2019). Ten
Landsat images were required to cover the study area,
with low cloud cover and low temporal differences,
which reduced the spectral image differences. Accord-
ing to these conditions, 4 dates were selected, with a
large time interval: 1986, 2003, 2015, and 2020. The
atmospherically corrected Landsat images with sur-
face reflectance were ordered and downloaded from
the USGS Earth Resources Observation and Science
Center Science Processing Architecture system on-

demand interface, available at https://espa.cr.usgs.gov/.
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Figure 3. Parcel-level changes in an agricultural area, near Nagyszénas village.
Based on the CLC polygons (yellow lines), no change occurred

Derivatives describing the pixel neighborhood were
calculated using the satellite images to provide the in-
formation required by the classification model. Two
types of derivatives were generated: variance texture
information with different kernel sizes (7x7, 17x17)
and landscape metrics (the mean patch size, the total
edge, mean shape index, and mean fractal dimension).

Methods

Data processing was conducted using ERDAS Imag-
ine 2020, QGIS 3.4.4, and ArcMap 10.3 software, and
the classifications were performed in a Python 3.7 pro-
gramming environment (Figure 5). To reduce the loss

of accuracy due to spectral differences, the Landsat im-
ages (10 images per date) were mosaicked along the
same path (according to the WRS-2 catalogue, 4 paths:
189, 188, 187, 186). The images along the paths (i.e.,
zones) were put together using manually drawn seam-
line polygons (Figure 4). These zones were the base ar-
eas of the classification. The created mosaics were used
for texture and landscape metric calculations. For each
band, texture images were generated using variance
metric and two different kernel sizes: 7 x 7 (210 x 210
m) and 17 x 17 (510 x 510 m) with ERDAS built-in tex-
ture calculator. For the landscape metrics, each satellite
mosaics were segmented at a minimal size of 25 ha, and

Figure 4. The four zone and the changed/non-changed areas
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the metrics were calculated using the V-Late 2 ArcGIS
tool (Comber et al., 2000). The six spectral bands (B, G,
R, NIR, SWIR 1, and SWIR 2), texture bands, and land-
scape metrics of the satellite images were stacked to-
gether to generate images with 22 layers.

The CLC datasets were processed to identify the ar-
eas that have not changed over the last 30 years, in or-
der to reduce the uncertainty (<=15%) of the points
from the CLC reference data. To this end, all CLC
datasets were intersected with one another, and the
polygons with the same CLC code were selected.
These unchanged areas are 81.1% of the whole area,
thus they are capable to represent the whole study
area (Figure 4). The selected polygons were exported
and were split into four parts like the stacked imag-
es (Figure 4). For each part, training and validation
point sets were generated inside the selected polygons.
The validation points were generated around the poly-
gons’ centroids, while the training points are random-
ly inside the polygons. The number of training points
is less than 2% of the whole area.

From the training and validation points, 20 points
per class per set were randomly selected and visually
checked based on medium- and high-resolution sat-
ellite images and high-resolution aerial images at all
dates. The result of the points verification showed all
CLC categories reached the CLC base thematic accu-

Andras Gudmann,
Laszlé Mucsi

racy, thanks to the use of the non-changed areas. The
mean accuracy of the training points, on one date is
greater than 93% (lowest, 2020: 93.7%, highest, 1986:
95.18%), while the validation points’ mean accuracy is
greater than 97% (lowest, 2020: 97.59%, highest, 1986:
98.89%).

Using the point sets created the values of each band
of the stacked images and the codes of the CLC data-
bases were extracted and exported to the csv files. For
each date and each part of the study area, one train-
ing and one validation file was created. These csv files
were used in the HGBCT classification python script.
The HGBCT is a type of gradient boosting machine
(GBM) (Friedman, 2001). It is an ensemble machine
learning method, which can use different base learn-
ers (decision trees and neural networks) for classifica-
tion or regression tasks. The GBM builds the model in
a forward stage-wise mode, which allows for the op-
timization of an arbitrary differentiable loss function
(Friedman, 2002). The HGBCT displays high accura-
cy when used with big datasets, is robust in handling
missing values and unbalanced datasets, and has a low
model building and prediction times. The classifica-
tion method was implemented using the grid-search
parameter estimation (or hypertuning) method to es-
timate the best parameters that can be used in mod-
el building. For each zone, different models were built.

Figure 5. Data processing workflow
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Results

Modeling and mapping

During the modeling and mapping stage, the HGBCT
classification method was applied and tested. The test
model building, and predictions were made using the
training and validation sets of the datasets collected
on different date’s datasets. As a result of hypertuning,
the following hyperparameters of HGBCT enabled
its highest accuracy: maximum number of iterations:
1200 with early stopping applied, learning rate: 0.01,
maximum depth of each tree: 20; minimum num-
ber of samples per leaf: 75, and maximum number of
leaves allowed for each tree: 256. During model build-
ing, different values were observed, like overall accu-
racy (OVRA), kappa, and logarithmic loss. The overall
accuracies of the gradient boosting models were be-
tween 83.35% (2015: Zone I1.) - 92.63% (1986: Zone
I.). The User’s accuracies (UAs) of the classifier were
varied between 61.79% and 100%, 60.30% and 100%,

60.61% and 100%, and 62.30% and 100% in 1986, 2003,
2015, and 2020, respectively. More than half the class-
es (15 of 27) had UAs exceeding 90% and none of the
classes had UAs below 60%. Only one class, the orig-
inally mixed, 242-Complex cultivation patterns, had
a UA near 60%. The PAs were in the 56.49%-99.69%,
56.34%-99.85%, 53.86%-100%, and 51.19%-100%
ranges in 1986, 2003, 2015, and 2020, respectively.
Most of the Producer’s accuracies (PAs) had high ac-
curacies as the UAs, with 17 of the 27 classes recording
accuracies higher than 90%. Only the “Non-irrigated
arable land” class has alow accuracy (51.19%-56.49%),
it deserves to be highlighted because it has the largest
extent in the study area thus, it has a huge impact on
change mapping. The average overall accuracy of the
models per date was between a small range of 85.99%
- 87.33%. The kappa values of the models varied be-
tween 0.83 and 0.92, while the log loss values were be-

Figure 6. Classified maps of Budapest, the capital of Hungary, at different date
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tween 0.26 and 0.56. The appearances of the classified
maps are compact and smooth (Figure 6). The differ-
ent values of the model building indicate that all mod-
els were suitable for accurate land use classification.

Land use change analysis
Land use change mapping was performed using a pix-
el-based comparison of the predicted maps of the HG-
BCT models. The maps were compared, and three
land use change maps were generated (1986-2003,
2003-2015, and 2015-2020). Using these maps, land
use change matrixes were created and the changes
were categorized into six groups based on the work of
Feranec (Feranec et al., 2010). The six groups are ur-
banization, agricultural intensification, agricultural
extensification, afforestation, deforestation, and water
body construction. This categorization includes per-
manent and temporary land use changes, thereby en-
abling short- and long-time series analyses. However,
the magnitude of the detected changes could be large.
The first period of the changes is between 1986-2003.
During this period, the socialist system has replaced,
and the economy drastically changed. The most spec-
tacular sign of these changes was the fragmentation of
agricultural land, due to compensations and privati-
zation. According to the CLC change layer, the mag-
nitude of the mean yearly area transformation was
0.497% (1990-2000) (Table 1).

The biggest mean yearly changes were afforestation
and deforestation, where the afforestation had a bigger
magnitude, thus the proportion of the forest increased.

Andras Gudmann,
Laszlé Mucsi

Besides, the intensification and extensification of ag-
riculture had a similar value, with notable magnitude.
According to the comparison of the predicted maps,
the magnitude of changes was apparently larger than
what the CLC change layer displayed (Table 2).

Unlike, the CLC change layers, the biggest change
was in agriculture (intensification and extensification),
where intensification had a clearly bigger role. Like at
CLC change layers, the afforestation and deforesta-
tion had a big magnitude, but the difference between
the two opposite processes was much bigger. Further-
more, the urbanization process was clearly more se-
rious, than the values of the CLC. The second period
was between 2003-2015. During this period, the driv-
ing force of the changes was Hungary’s accession to
the EU, the responsibilities associated with it, and the
significant subsidies for different projects. Due to this,
the image of the production of Hungary had changed,
which brought with it a change in land use/land cover.
In the middle of the period, because of the econom-
ic crisis, the changes slowed down. However, after the
recovery, large-scale industrial and public investment
began. In this period, financially supported afforesta-
tion began. Despite this, the CLC change layers show
only a slight change in the magnitude of the afforesta-
tion and a strong decrease in deforestation, while the
agricultural changes remained significant, and accel-
erated. Besides, the rate of urbanization was slightly
increased, and the water body construction was de-
creased. According to the predicted maps, the mag-
nitude of the agriculture (intensification and exten-

Table 1. Mean yearly categorized land use changes, based on CLC change maps

Date 1990-2000 2006-2012 2012-2018
Urbanization 0.0112% 0.0176% 0.0151%
Intensification of agriculture 0.0804% 0.1305% 0.042%
Extensification of agriculture 0.0728% 0.0865% 0.0215%
Afforestation 0.1815% 0.1831% 0.0938%
Deforestation 0.1465% 0.0948% 0.0848%
Water body construction 0.0052% 0.0035% 0.0023%
Total change 0.497% 0.516% 0.259%

Table 2. Mean yearly categorized land use changes, based on the predicted change

maps

Date 1986-2003 2003-2015 2015-2020
Urbanization 0.184% 0.323% 0.71%
Intensification of agriculture 0.632% 0.866% 2.162%
Extensification of agriculture 0.428% 0.609% 1.424%
Afforestation 0.345% 0.538% 1.264%
Deforestation 0.178% 0.247% 0.726%
Water body construction 0.035% 0.061% 0.128 %
Total change 1.802% 2.643% 6.414%

Geographica Pannonica * Volume 26, Issue 3, 165-175 (September 2022) | 171



Pixel and Object-based Land Cover Mapping and Change Detection from 1986 to 2020
for Hungary Using Histogram-based Gradient Boosting Classification Tree Classifier

sification) changes was increased, compared to the
previous period. Furthermore, the rate of affores-
tation had increased, and thus twice as much as de-
forestation. In addition, the rate of urbanization in-
creased by 0.134%/year. These results are in line with
the economic measures introduced. The last period
was only 5 years, between 2015-2020. During these
5 years, the large public investments continued and
began the growth of the housing sector. Further-
more, the financially supported afforestation contin-
ued with greater magnitude. These events are well dis-
cernible from the predicted map values. In this short
time range, the urbanization, the afforestation, the de-
forestation, and the water body construction process-
es were accelerated, and thus their values were dou-
bled. While, agricultural changes remained the causes
of the biggest impact, with a significant increase. On
contrary to that, the CLC change layers show slowing
changes. The rate of afforestation was halved, while
the rate of the intensification of agriculture showed a
bigger decrease. Besides, the extensification of agri-
culture decreased substantially. In the other catego-
ries, the magnitude of the slowing was small. In con-
clusion, at the CORINE Land Cover change layers, the
magnitude of the area transformation can be between
0.497%/year (1990-2000), 0.516%/year (2006-2012),
and 0.259%/year (2012-2018) of the total area, with a
decreasing rate. The main change flows are afforesta-
tion and deforestation and the transition of agricul-
tural lands. Considering deforestation, afforestation
would have the largest impact on an area. The transi-
tions of the agricultural lands had a big impact in the
first and second periods, while in the third period it
had a small impact. Urbanization had a moderate im-
pact on the changes in every period. The water body
construction had the smallest volume, with a contin-
uous decrease. While, according to the results of pix-
el-based analysis of the predicted maps, the magni-
tude of changes was apparently larger than what the
CLC change layer displayed (1.802%/year — 6.414%/
year). The urbanization was between 0.184%/year and
0.71%/year, which is significantly bigger, than the
CLC values. The transformation of the agricultural

Discussion

lands dominates agricultural intensification, which is
approximately one and half times the magnitude of
extensification. These values are more than hundred
times bigger than the values of the CLC change lay-
ers. The afforestation is almost twice deforestation,
and thus, the size of the forests is on the increase, in
the same way as the CLC layers, but the magnitude of
these changes is bigger. The rate of water body con-
struction is low and is the smallest of all, but with con-
tinuous increase. Apart from these change categories,
some uncategorized changes also exist, but their mag-
nitudes are low. Thus, they were not included in this
study. The magnitude of the changes detected is large,
because of the pixel level scale used. Using pixel-based
categorization, permanent and temporary chang-
es can be predicted. Most of these changes are tem-
porary, and they appear in turns in a particular area,
such as agricultural intensification and extensification
or afforestation and deforestation. Further informa-
tion can be obtained by visually analyzing the maps.
The visual analysis of the maps helps determine the lo-
calization and the level of permanency of the chang-
es. According to the analysis results, most changes
were not permanent and were due to the behavior of
the economy (cutting and replanting artificial forests,
setting aside arable land, and crop rotation). Urbani-
zation and afforestation are two permanent changes.
Urbanization is a one-way change (as mentioned ear-
lier) and thus, it is permanent. It appears mainly in
and around the main cities of Hungary. Afforestation
is not a permanent transformation, but if afforestation
is higher than deforestation in magnitude, a perma-
nent change has occurred. According to the results of
the visual analysis, permanent afforestation is concen-
trated mainly in agricultural areas in the Great Hun-
garian and Little Hungarian Plains. These permanent
changes reduce the size of agricultural land, and ex-
plains the rate of agricultural intensification. Overall,
the land use change maps created provide detailed in-
formation about land use transformations in Hungary
that have occurred over the last 30 years, which were
dominated by agricultural intensification, afforesta-
tion, and gradual and slow urbanization.

This study aimed to test a possible classification meth-
od, to create large-scale LULC maps on 4 dates. Fur-
thermore, we tested these predicted maps in a large-
scale, pixel-based change analysis. In the presented
method, we used the HGBCT classifier to create maps,
based on Landsat imagery with landscape metrics and
texture data. By considering the predicted map, land
use change analysis was performed, which matched

the CLC change layers. The land use change mapping
method presented meets the preliminary expecta-
tions.

Many studies have focused on land use/land cov-
er classification in different scenarios. McCarty et al.
compared three different algorithms (random forest,
SVM, and light GBM) for large-scale land use map-
ping (McCarty et al., 2020). In their classification sce-
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nario, seven classes were targeted, and the light GBM
had the highest overall accuracy (65.3%) and random
forest had the lowest overall efficiency (59.4%). Ma-
linowski et al. created an automated CLC mapping
method using the random forest classifier and a mod-
ified nomenclature, which had only 13 classes (Ma-
linowski et al., 2020). Using this method, they could
successfully create land use maps for the whole area of
Europe, with an overall accuracy of 86.1% at the conti-
nental level. A very similar study to our research was-
made by Marco Calder 'on-Loor et al. (Calderén-Loor
et al,, 2021). They made a land cover/use mapping and
change analysis for Australia from 1985 to 2015, with
5-year steps. They used Google Earth Engine to pro-
cess a high amount of Landsat images (>200 000) to
create composite images. They classified the preproc-
essed images into six land cover classes with a random
forest model. With this high number of images and
a low number of classes they reach a very high accu-
racy (<93%) and made a satisfactory change analysis.
A global land cover map made by Karra et al. (Karra
et al., 2021). They created land use maps with the use
of Sentinel-2 images and hand-labeled reference data-
sets, which contains 10 classes. For classification pur-
poses, they utilized a UNet neural network for image
segmentation and to classify the segments. The results
showed, the usefulness of the UNet network at land
cover classification, where every class reached >85%
accuracy. These surveys are showing very good results
at large-scale classification, but the applied nomencla-
tures were mainly limited to land cover classes.

The results of our presented method show a sig-
nificant progress. In our classification scenarios, we
used more than 20 classes with low separability val-
ues and big monotemporal datasets. Despite the use of
this difficult scenario, the HGBCT classifier achieved
satisfactory results (83.35%-92.63%). The other mod-
el-performance metrics, such as log loss and kappa,
show corresponding results. Furthermore, the UAs

Conclusion

Andras Gudmann,
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and PAs of the models were high, only the class 211-
Non-irrigated arable land, which has the largest ex-
tent, obtains a low PA. This low PA can occur for rea-
sons such as training point randomness, class mixture
caused by the CLC’s MMU, and combination of the
pixel-based mapping unit and an accurate model. As
most of these reasons cannot be eliminated, the prob-
lem could occur in every setting of the method. Ac-
cording to these results, our predicted map was suit-
able for change mapping. Land use change mapping
is difficult to evaluate because the relevant databas-
es would have been created using different method-
ologies (nomenclatures, MMUs, and reference data).
In this study, land use change maps were created at
the pixel level (900 m?) using the CLC nomenclature.
The CLC change layers and the predicted change maps
were comparable. However, the two datasets have dif-
ferent time-range, which slightly distorts the compar-
ison. Besides, the MMUss of the two datasets were dif-
ferent (CLC change layers had 5-ha changes). Thus,
the predicted maps had more details and larger val-
ues in certain categories than the CLC change layers,
and their range of statistics was much larger. This dif-
ference could be attributed to the magnitudes of the
changes, which were much bigger in the predicted
maps (1.802%/year — 6.414%/year) than in the CLC
change layers (0.259%/year — 0.516%/year). The MMU
had a large impact on the analysis because the major-
ity of the changes occurred in small and separate ar-
eas; thus, they are not shown in CLC change layers
and may not be permanent, which is true especially
in agriculture in which are many small parcels. These
temporary, likely parcel-level, agricultural changes
are responsible for approximately half of the changes.
Overall, the predicted maps contain both permanent
and temporary changes and thus provide a detailed
picture of the land use changes in the country. Thus,
the maps can be used in detailed surveys.

The large-scale land use mapping contains several
difficulties: available data sources, size of the data,
nomenclature, etc. Our study demonstrated a pos-
sible solution, where we created LULC maps with
the combined use of spectral bands, and variance
texture data landscape metrics. According to the
study findings, with the aforementioned informa-
tion, when used as input layers in classification, we
predicted maps with high accuracy (83.35%-92.63%).
Land use change maps were created by comparing
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the land use maps at pixel-level, that were created.
The created maps contain details of permanent and
temporary changes, and are, therefore, adequate for
the various types of analyses. The results revealed
that more studies using carefully chosen training
points are required to examine the impact of train-
ing point selection, and the importance of the MMU
of the reference data. Moreover, using different
change categorizations, detailed change flows would
become observable.
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Abstract

Biological invasion is a worldwide phenomenon that can be considered a natural hazard. Protection
against invasive plant species can only be successful if we know the anthropogenic factors that influ-
ence their occurrence, such as changes in land cover. In our study, we investigated the LUCAS based
spatial distribution of five common invasive plant species (2015) and its connections with the recent
(2012-2018) land CORINE based cover changes. The LUCAS points infected with this species are much
closer to the CORINE land cover change polygons than the non-infected points. Our results suggest
that the occurrence of Asclepias syriaca, Solidago spp, Ailanthus altissima and Robinia pseudoacacia is
significantly dependent on whether land use has changed in the vicinity of LUCAS points infected with
these species. Only the occurrence of Elaeagnus angustifolia does not show any correlation with chang-

es in land cover.

Keywords: land use change; biological invasion; natural risk; vegetation naturalness; anthropogenic pro-

cesses

Introduction

Biological invasion is one of the greatest environmental
challenges of our days and a geographical hazard with
significant health and economic impacts (Kleinbauer et
al., 2010; Genovesi & Monaco, 2014; Kézdy et al., 2018).
Biological invasion is an environmental risk that has
been accelerating in recent decades. Globalisation pro-
cesses (e.g. international trade and transport of goods)
allow plant and animal species to move easily from
one continent to another. These moving species can be
more successful than the native vegetation in the new
geographical context. In addition to global market pro-

cesses, climate change may also accelerate the spread
of certain invasive plant species and the decline of bi-
odiversity (Hulme, 2021; Manzoor et al., 2021). Biolog-
ical invasion is therefore a spatial process that poses a
significant environmental risk, and only a holistic ap-
proach, which is offered by geography can be success-
ful to understand its consequences (Kitka & Szilassi,
2016; Szilassi et al., 2019; Szilassi et al., 2021). Exploring
the causes of biological invasion using spatial methods
(e.g. GIS-based spatial statistical analyses) can bring
us closer to understanding the natural and anthropo-
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genic processes that drive the spread of invasive species
worldwide (Mez6si et al., 2014; Mezdsi, 2022).

The five invasive plant species- tree of heaven (Ai-
lanthus altissima), common milkweed (Asclepias syr-
iaca), Russian olive (Elaeagnus angustifolia), black lo-
cust (Robinia pseudoacacia), Goldenrods (Solidago
spp.)- we have studied are spread extensively across
the Eurasian continent (Pysek et al., 2009).

Ailanthus altissima has been popularly planted in
cities, but in addition to completely infesting cities
and other degraded areas, it also infests natural com-
munities. Many parts of Ailanthus altissima contain
allelopathic substances that inhibit the growth of oth-
er plants (Mihaly & Botta-Dukat, 2004).

Asclepias syriaca is a plant of disturbed habitats and
can prevent the regeneration of semi-natural commu-
nities in the areas it occupies. The spread of Asclepias
syriaca in sandy grasslands has resulted in a significant
reduction in the cover of native species, especially those
with low competitive ability (Kelemen et al., 2016).

Elaeagnus angustifolia prefers saline soils, so it was
planted in Hungary to bind sandy areas and to cover
saline soils. In addition, it was also planted along mo-
torways and at the edge of forests (Bartha & Csiszar
2012; Lundgren et al., 2004). In the case of infestation
of open habitats, it crowds out light-demanding spe-
cies, thereby reducing species richness (Csiszar, 2012).

Robinia pseudoacacia has been planted for a long
time in Hungary for a wide range of purposes almost
everywhere. Where it has been planted or spontane-
ously established, it is quite difficult to remove, as it
spreads well from rootstocks and its seeds germinate
for a very long time. Robinia pseudoacacia induces ni-
trogen enrichment in the soil (as does Elaecagnus an-
gustifolia), thus facilitating the establishment of nitro-
gen-favouring weeds, in addition, similar to Ailanthus
angustifolia, it releases allelopathic substances (Klein-
bauer et al., 2010).

Solidago spp. also spreads rapidly and aggressively
and they produce pollen which is harmful to human
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health (Csiszar et al.,, 2020; Mihaly & Botta-Dukat,
2004).

About 3% of the Hungarian flora (approximately 70
species) are invasive weed species (Mihdly & Botta-
Dukat, 2004). The European Union’s list of the most
dangerous invasive species with the highest risk of
spreading includes 24 terrestrial plant species (DA-
ISE, 2009).

Some of the geographic factors determining the
occurrence of invasive plants are related to physical
geography, while others are related to human activ-
ities. In our previous publications, we have shown
that anthropogenic factors such as linear transport
infrastructure (road and rail networks), surface wa-
ter courses and ecological networks can facilitate
the migration of some invasive plant species (Szilas-
si et al., 2021). In this paper, we investigate the re-
lationship between the distribution data of five in-
vasive plant species - widespread in Hungary and
throughout the Eurasian continent - and changes
in land cover within the whole territory of Hunga-
ry (another process of typically anthropogenic or-
igin) (Csiszar et al., 2020). Our basic hypothesis is
that land cover changes may facilitate the spread of
many invasive plant species. In many cases, chang-
es in land cover (e.g. deforestation, road construc-
tion) disturb natural and semi-natural ecosystems,
and these disturbed - often barren - areas are more
successfully and rapidly invaded by invasive species
than by native plant species (Kalman, 2014). In addi-
tion, changes in land cover are often associated with
changes in soil characteristics, light conditions and
microclimate (Csontos et al., 2009; DAISE, 2009;
Dukes, 2004; Follak et al. 2021; Py$ek et al., 2009).

Here we compared the Euclidean distances be-
tween the invaded and uninvaded points of the five
invasive plants and the nearest polygons of the land
cover on a national-scale in Hungary. The aim of our
research is to answer, how changes in land cover influ-
ence the occurrence of the five invasive species?

Study area

Our investigations were conducted in Hungary. The
country has a humid continental climate in Central
Europe. The average annual temperature is 10.5 °C
and the average annual precipitation is 550 mm. Cli-
mate change increases weather extremes, with a high
probability of summer drought. The lowland areas of
the Carpathian Basin are characterised by high soil fer-
tility (mainly chernozem soils) (D6vényi et al., 2008).
Arable land is the dominant land use type (about 50%).
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The proportion of the forested areas is 21% in Hungary,
however, Robinia pseudoacacia has a considerable pro-
portion, accounting for about 5% of the total area of the
country. Biological invasions have severely damaged
natural or semi-natural habitats about 13.1% of these
habitats being invaded by alien species (Csiszar et al.,
2020). In Hungary, the main types of land cover change
are the loss of grassland due to the increase in artifical
surfaces and forest cover, and the land abandonment in
areas of lower soil fertility (Bird et al., 2013,a,b).
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Digital databases
Based on the 2015 field survey points for Hungary
from the EUROSTAT Land Use and Coverage Area
frame Survey (LUCAS) database, we produced a list of
five invasive plant species -Ailanthus altissima, Ascle-
pias syriaca, Elaeagnus angustifolia, Robinia pseudoa-
cacia and Solidago spp. that are widespread in Europe
and in Hungary (Figl).

The spatial distribution of these invasive species
shows large variation in Hungary, and the relation-
ship of this spatial pattern with recent (2012-2018)

tify at least one of the plant species we surveyed in
one of the photographs taken at the points, we con-
sidered that LUCAS point is infected with that species
(Szilassi et al., 2019). Solidago canadensis and Solidago
gigantea were identified only at genus level as Solidago
spp. (Szilassi et al., 2021).

The spatial patterns of land cover change between
2012-2018 were analysed using the CORINE digital
map database. The CORINE Land Cover (CLC) da-
tabase is a regional scale (1:100 0000) land cover da-
tabase for the European Union, using a uniform

Figure 1. The areas with changed land cover, and the country-scale distribution of the investigated five invasive plants

land cover changes is not yet sufficiently clear (Figl).
The above species were mapped based on visual inter-
pretation of more than 25 000 ground photographic
images taken at 5169 field sites in about 5000 LUCAS
surveys in Hungary. During the 2015 LUCAS sur-
vey, the predefined network of designated field survey
points was surveyed based on visual interpretation of
more than 25 000 ground photographs taken at 5169
field sites in about 5000 Hungarian LUCAS 2015 lo-
cations (Gallego et al., 2015; Szilassi et al., 2021). Dur-
ing the 2015 LUCAS survey, the predefined network
of designated field survey points was located on av-
erage 3 km from each other. If we were able to iden-

mapping methodology, which describes land cover
changes, including between 2012 and 2015, based on a
consistent nomenclature (Biittner & Koszta, 2011).

2.3 GIS and statistical analysis

Using the spatial analysis tool of ArcGIS 10.7 soft-
ware, we calculated the Euclidean distances between
the LUCAS points of the five plant species (both in-
fected and uninfected) and the nearest land cover
change polygons. The resulting distance values were
compared with each other using boxplot diagrams
for each invasive plant, divided into infected and un-
infected LUCAS point groups, using R-software. The
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average, median, and standard deviation of the dis-
tances of LUCAS points from CLC change polygons of
LUCAS points for each investigated plant species were
calculated separately for those infected by the plant
(where the plant occurs) and those not infected by the
plant (where the plant does not occur). We also cal-
culated, for each of the five studied plants, how much
closer the LUCAS points infected with a given spe-
cies are to the CLC land cover change polygons than
the LUCAS points not infected with a given species.
We subtracted the mean distances, standard devia-
tion and median values of the distances of the non-
infected points to the CLC change polygons from the
mean distances, standard deviation and median val-

Results

ues of the infected LUCAS points. If the value of the
difference thus obtained has a positive sign, it means
that individuals of the species are located closer to the
CLC change polygons than to the uninfected points,
i.e. the occurrence of the species is dependent on the
change in the surface cover.

Statistical analyses were carried out using R studio
software. For statistical analysis, we used the one-way
ANOVA model with the function aov() (Fisher, 1925).
In the model, distances of infected LUCAS points
was the dependent variable and species was the inde-
pendent variable. The pairwise comparison of LUCAS
points infected with each species was performed with
a Tukey post-hoc test with the function TukeyHSD().

In the distribution map produced from the 2015
LUCAS survey, there were significantly fewer LU-
CAS points infected with the species than uninfect-
ed points. Robinia pseudoacacia has the highest and
Ailanthus altissima the lowest proportion of infected
points. An intermediate value was obtained for Ascle-
pias syriaca, Elaeagnus angustifolia, Solidago spp. (Ta-
ble 1).

The means and medians of the Euclidean distances
of non-invaded LUCAS points from areas of changed
land cover show similar values for all plants. However,

there is significant variation among the invasive spe-
cies when comparing the means and medians of the
distances of infected points from CLC change poly-
gons (Table 1).

The most significant relationship between land use
change and the presence or spread of the species was
found for Asclepias syriaca (1214.5 m) and the LUCAS
points infected with it were spatially closest on aver-
age to the land cover change polygons. The distribu-
tion of the other investigated invasive plant species
(Ailanthus altissima, Robinia pseudoacacia, and Soli-

Table 1. Summary statistics of the Euclidean distances between the LUCAS survey (2015)
points and the nearest CLC (2012-2018) polygons

Distance between the LUCAS survey
Species LUCAS point Number (2015) points and the nearest CLC (2012-
name type Ofpl;l:rsc':‘s 2018) polygons
Average (m) | Median (m) SD
) Uninfected 5098 22573 1747.5 1976.3
Ailanthus Infected 71 1594.7 1155.4 1473.0
altissima
Difference* - 662.7 592.2 503.2
) Uninfected 4974 2298.4 1793.8 1979.8
Asclepias Infected 195 1083.9 634.7 1305.3
syriaca
Difference* - 1214.5 1159.1 674.4
Uninfected 5001 2248.2 1739.1 1967.6
Elaeagnus e o 168 22203 1661.2 2063.0
angustifolia
Difference* - 279 779 -95.3
Uninfected 4538 23429 1852.7 1995.9
Robinia
.| Infected 630 1639.7 1105.9 1684.6
pseudoacacia
Difference* - 703.2 746.8 311.2
_ Uninfected 4844 2290.8 1768.6 2005.2
fsgdago Infected 324 1670.2 1364.3 13215
Difference* - 620.6 404.3 683.7

*Distance of uninfected points: Euclidean distance from the land cover changed areas minus Euclidean
distance of infected points from the land cover changed areas
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Figure 2. The distribution of Euclidean distances between the uninfected LUCAS points and the changed land cover
areas. The distribution of Euclidean distances between the infected points and the changed land cover areas of the
investigated invasive plants in a boxplot diagram

dago spp.) was also connected with land cover change.
However, no relationship between landscape change
and the distribution of the species was found for Elae-
agnus angustifolia, as infected points were only mar-
ginally closer to CLC polygons, averaging only 27.90
m, compared to the average distances of LUCAS
points uninfected with this species to CLC polygons
(Table 1).

The distances of non-infected and infected LUCAS
points from CLC polygons of the species studied dif-
fered in their median values to a similar extent as was
seen for the mean values. Thus, it is clear from the dif-
ferences in median values that while there is a signif-
icant difference in the Euclidean distances of infect-
ed and non-infected points from CLC polygons for
the common milkweed (Asclepias syriaca), goldenrod
(Solidago spp.), black locust (Robinia pseudoacacia),
and tree of heaven (Ailanthus altissima). Neverthe-
less, the difference in both median and mean values
for Russian olive (Elaeagnus angustifolia) is negligible,
it is below 100 m (Table 1).

The fact that occurrence of Elaeagnus angustifolia
is not related to changes in land use can also be con-
cluded from the fact that the distance values of LU-
CAS points not infected with Elaeagnus angustifolia
in 2015 show a much smaller spatial variance (spatial
diversity) than those of the infected points compared
to the areas with a change in land cover between 2012

and 2018. Therefore, the standard deviations of these
distances is only negative for this species (Table 1, Fig

2).

Pairwise comparison of distances between infect-
ed LUCAS points show, a significant difference was
obtained when Elaeagnus angustifolia and Asclepias
syriaca (p< 0,001), Robinia pseudoacacia and Asclepi-
as syriaca (p< 0,001), Solidago spp. and Asclepias syr-
iaca (p<0,001), Robinia pseudoacacia and Elaeagnus
angustifolia (p< 0,001) and Solidago spp. and Elae-
agnus angustifolia (p= 0,003) pairs were compared
(Table 2).

Table 2. Statistical analysis of the distances between

LUCAS points infected with each species

Pairwise comparison of distances between

infected LUCAS points for each species p-value
Asclepias syriaca - Ailanthus altissima 0.146
Elaeagnus angustifolia - Ailanthus altissima 0.047
Robinia pseudoacacia - Ailanthus altissima 0.999
Solidago spp. - Ailanthus altissima 0.996
Elaeagnus angustifolia - Asclepias syriaca < 0,001
Robinia pseudoacacia - Asclepias syriaca < 0,001
Solidago spp. - Asclepias syriaca < 0,001
Robinia pseudoacacia - Elaeagnus angustifolia < 0,001
Solidago spp. - Elaeagnus angustifolia 0.003
Solidago spp. - Robinia pseudoacacia 0.999
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Discussion

There is considerable variation between all investigat-
ed invasive species in relation to the type and weight
of geographical factors influencing their occurrence.
The presence or absence of a given invasive plant spe-
cies is strongly related to different environmental (soil,
climatic etc.) factors. One of these geographic and en-
vironmental factors is land cover, which is most often
the result of anthropogenic processes. In our research,
we found that changes in land cover may play differ-
ent roles and have different importance in the distri-
bution of the five studied invasive plant species.

The variation in adaptability of invasive plants may
be related to the fact that the species studied are all
broadly tolerant, occupying similar yet slightly dif-
ferent ecological niches in many aspects. For exam-
ple, the tree of heaven is more commonly found in the
urban environment around landfills and construction
sites. The connection of the tree of heaven with land
cover change, supported by our research results, is
well explained, as its occurrence is linked to urbanisa-
tion and land cover changes in suburban areas (Knapp
et al., 2000; Kowarik & Saumel, 2007; Kowarik, 2011).

The fact that Elaeagnus angustifolia does not show
any relationship with land cover change has been con-
firmed in previous studies. The spread of Elaeagnus an-
gustifolia is closely linked to urbanisation, water and
cannel networks, and it prefers soils with salt accumu-
lation. (Kitka & Szilassi, 2016; Szilassi et al., 2021).

Our results show that Asclepias syriaca is the most
successful of the five invasive plants studied in colo-
nising new habitats, such as open spaces, which are
transformed by land cover change (Kitka & Szilassi,
2016; Bakacsy & Bagi, 2020). The occurrence of Ascle-
pias syriaca mainly in disturbed habitats where natu-
ral competitors are absent. In these habitats, distur-
bance is a more important environmental factor than
soil conditions (Mihédly & Botta-Dukat, 2004). How-
ever, Robinia pseudoacacia, Ailanthus altissima, and
Solidago spp. have the potential to easily conquer
these new habitats as well (Torok et al., 2003). The
seeds of Robinia pseudoacacia can remain germinat-
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ing for a very long time, for several decades. The initi-
ation of germination is often triggered by human ac-
tivities such as ploughing, burning or trampling, i.e.
activities that lead to tangle. Land-use change is often
accompanied by habitat disturbance, which favours
the germination and spread of Robinia pseudoacacia
(Csiszar, 2012).

As a result of land use change in many cases the ag-
ricultural fields turns into fallows. The best conditions
for Solidago spp. and Asclepias syriaca seed germina-
tion are in abandoned agricultural fields, and it readi-
ly appears in fallow or neglected areas (Kitka & Szilas-
si, 2016; Szilassi et al., 2019).

The occurrence hotspots of Ailanthus altissima are
located in cities, dumpsites, railway embankments
and other devastated surfaces from here it spreads
along road networks (Szilassi et al., 2019; Szilassi et
al., 2021). To be able to settle, it needs soil disturbance
and this often occurs as a result of land use change
(Mihaly & Botta-Dukat, 2004).

The barren surfaces created by construction sites
are potential habitat for many pioneer weed species
which are highly adapted to extreme environmental
conditions (e.g. compact soil, drought, intense light).
The impact of deforestation and plantations on bio-
logical invasion has been shown by several authors
(Huebner, 2009; Warren et al., 2011). Our research
has also shown that, in addition to common milk-
weed (Asclepias syriaca), the goldenrod (Solidago spp.)
and black locust (Robinia pseudoacacia) also prefer
spontaneously shrubby areas with changing land use
(Csontos et al., 2009; Kelemen et al., 2016).

Deforestation and logging can also alter light, tem-
perature and humidity conditions (Call and Nilsen,
2003), but can also significantly change the thickness
of the topsoil layer. All of these factors result in chang-
es in forest land cover that favour the occurrence of
many invasive plant species (Webb et al., 2001). Our
research supports Knapp & Canham’s (2000) findings
that clearcutting promotes the emergence and expan-
sion of the tree of heaven.
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Conclusions

For four of the five invasive plants studied in our re-
search, we were able to show a strong correlation be-
tween changes in land cover and the distribution of
the species. We have shown that land cover is one of
the anthropogenic drivers of invasion and should be
considered when invasion hazard maps are construct-
ed. Our results can be used as input for land-use plan-
ning in protected areas, for the construction of distri-
bution models for different invasive plants, and for a
better understanding of the geographical background
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Abstract

Climate change is an essential environmental challenge nowadays. Its effects are already being felt in
multiple ways. In the future, we will also have to adapt to its effects because of our farming and our
daily lives. In our research, we assessed the climate sensitivity of the lowland areas of Hungary through
the changes in landscapes and the changes in groundwater resources that have the greatest impact on
agriculture, using data from more than half of a century. We have quantified that at the mid-territo-

ry level (5-10 thousand km?) the groundwater resources show up to 3-5 km3/year changes in both pos-
itive and negative directions due to climatic effects. This significantly exceeds the anthropogenic water
uses (the total water use of Hungary is about 5 km3 per year), so the effect of climate is the determin-
ing factor in the changes of regional water resources. Future changes in water circulation were modelled
using the MIKE-SHE model in two micro-regions in Hungary. We have found that already at the level of
the small catchments presented in our study, the water shortage increases by hundreds of millions of
m3 per year due to the expected increase in temperature (mainly due to the increase in evapotranspi-
ration), which cannot be compensated by current water supply solutions. Model simulations have con-
firmed previous results showing that groundwater movements play a very important role even in low-
land landscapes. Based on our research, we would like to draw the attention of decision-makers and
agricultural experts to the fact that current methods (irrigation, regional water transfers) are not suf-
ficient for successful adaptation to climate change. So, it is not the limited precipitation but the inap-
propriate agricultural practices that cause a real threat in a changing climate. Based on our research, we
have made a proposal for the adaptation of agriculture to climate change.

Keywords: landscape sensitivity; shallow groundwater storage; GIS; modelling; MIKE-SHE

Introduction

Nowadays, we are increasingly confronted with the  recent decades (Intergovernmental Panel on Climate
fact that climate change is one of the greatest chal- Change - IPCC, 1990-2022), and climate change is
lenges of our time. Scientists have been endorsing  considered by renowned economists to be one of the
this more and more frequently and convincingly in ~ most important threats (eg. World Economic Forum,
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2020, 2021"). Global environmental policy has been
in place since the 1990s (Rio Conference in 1992; Kyo-
to Protocol in 1997) to halt adverse change, but the
reached agreements are weak and hardly implemented
in practice. That is why the “Green Paper” of the Euro-
pean Union (EC, 2007) states that it is not enough to
protect against the harmful effects of climate change
(for example, by reducing greenhouse gas emissions),
but that adaptation to inevitable changes is crucial.

In different parts of the world, the adverse effects
of climate change can be experienced to very different
degrees and at different rates. The global warming of
the atmosphere and the change in precipitation pat-
terns and annual distribution will affect the lives of
most of humanity before long. The short-term effects
of more extreme rainfall distribution appear more lo-
cally in nature. Furthermore, the effects of droughts
tend to last longer, and could threaten the lives of hun-
dred million (IPCC, 2021).

Climate change already has several consequences
in the Carpathian Basin. The measured meteorolog-
ical data (OMSZ, 2021), the evaluation of the histori-
cal data (Szalai, 2011; Sabitz et al., 2014) and the future
forecasts made with different models (eg. Bartholy
et al., 2008; Blanka et al., 2012; Csorvasi et al., 2016;
Pieczka et al., 2019) indicate increasing average tem-
peratures, and more extreme precipitation with larg-

Data and methods
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er variation within a year (Bartholy & Pongracz, 2017).
Rising average temperatures are accompanied by in-
creasing urban temperatures (eg. Unger et al., 2010;
Gal et al., 2021; Fricke et al., 2022), increasing sum-
mer energy demand, spreading many invasive pests
(eg. Szép, 2010; Janik et al., 2016), significant changes
in forest water use (Tolgyesi et al., 2020), and increas-
ing water demand in general. Precipitation, which is
becoming more extreme, poses the greatest threat to
agriculture with the formation of inland excess waters
and droughts (Palfai, 2004; Szatmari & van Leeuwen,
2013; van Leeuwen et al., 2019).

The current study attempts to present the main
changes in the water circulation of the lowland are-
as of the Carpathian Basin in the context of climate
change. Based on detailed monthly data of more than
fifty years, the changes in groundwater resources were
evaluated, which are of decisive importance for veg-
etation. Furthermore, using an integrated hydrolog-
ical model (MIKE SHE), we forecast the changes in
the water balance due to the expected climate change
on two micro- regions on the plains. Unfortunately,
farmers or decision-makers are not fully aware or un-
derestimate of the magnitude of changes in water re-
sources. Based on the research results, a proposal for
adaptation to climate change in the context of agricul-
ture is presented.

In previous studies by the contributing authors (Ra-
konczai, 2011; Rakonczai & Ladanyi, 2012; Farkas et
al.,, 2017), numerous comprehensive assessments of
the most important consequences of climate change
on the landscape of the Carpathian Basin have been
already introduced. The study showed how changes
in rainfall conditions affect, for example, the trans-
formation of some soils and the complex consequenc-
es they can have for vegetation (Rakonczai & Ladanyi,
2012; Ladanyi et al., 2016;). Furthermore, the authors
showed that the transformation of the water circu-
lation of the landscape is the most important factor
in the changes. In addition, the key role of shallow
groundwater in assessing changes in water circula-
tion has also been presented before (Fehér & Rakonc-
zai, 2019). Shallow groundwater resources, for exam-
ple, reflect the spatial and temporal variability of the
precipitation (Garamhegyi et al., 2018) and reduce the
impact of extremes.

Official temperature and precipitation series for
more than a century are available nationwide for
nearly eighty gauges in Hungary. In the current re-

search, the monthly and annual precipitation data of
the National Meteorological Service has been consid-
ered. The regional-scale systematic and scientific ob-
servation of shallow groundwater depth began in the
early 1930s. After the Second World War, the number
of measuring wells increased significantly. Nowadays,
the data are collected and organised by the 12 regional
water directorates and compiled by the National Wa-
ter Administration. Based on more than 2 000 availa-
ble data series, approximately 1 300 wells were consid-
ered reliable for our research in monthly detail.
Determination of the causes of groundwater chang-
es is complicated because in addition to dynamic nat-
ural effects, they are also affected by several human
activities. Assessment of the extent of environmen-
tal and anthropogenic impacts has long been the sub-
ject of professional debate. For example, when a sig-
nificant decrease in the groundwater level on the
sand ridge of the Danube-Tisza Interfluve was ob-
served from the 1980s onwards, attempts were made
through a multidisciplinary approach by several sci-
ences to find an explanation for the process (Pélfai,

Although the Covid and the war between Russia and Ukraine has changed the order of the threat to humanity in recent years.
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1994). At the time, 50% of the reasons for groundwa-
ter discharge were attributed to the weather (scientists
did not yet talk about climate change but rather about
some unidentified shorter-term phenomena). Among
the anthropogenic effects, the role of water extraction
was estimated at 31% (25% for confined water, 6% for
shallow groundwater). The role of land-use change
(e.g. afforestation) has been estimated at 10%, and
the effects of water management (sewerage, drainage)
have been estimated at 7%. Another study by Szilagyi
& Vorosmarty (1993) suggested that the extraction of
confined groundwater might be the cause of the de-
cline in water resources. The current research’s first,
most important goal was to find a measurable indica-
tor that makes the different effects comparable.

From the beginning of the 2000s, the develop-
ment of computers and GIS provided an opportu-
nity for a new research direction (Geiger & Mucsi,
2005). Laborczi et al. (2020) found that the move-
ment of groundwater cannot be studied itself, thus,
the distinction between charge and discharge zones
is proposed. We realised that instead of the tradition-
al map-based assessment of groundwater changes
(which did not allow for the examination of many es-
sential elements of the changes), it is practical to ex-
amine the volumetric and spatial behaviour of water

resources. To achieve this, the digital elevation model
of the monthly groundwater level has shown the evo-
lution of the water supply over time and was calculat-
ed based on the spatial differences of the successive
periods. Monthly volumetric changes were corrected
for an estimated average effective porosity of 30% in
the sediments. Based on the analysis in the study ar-
eas, we found that traditional interpolation methods
result in significant errors due to the greater distance
between the wells measuring groundwater changes
and the variability of the surface topography. There-
fore, after comparing various geostatistical methods,
we developed several advanced approaches (sequen-
tial Gaussian simulations in a space-time domain)
(Fehér, 2015, 2019; Fehér & Rakonczai, 2019). In the
first phase of these studies, to assess the effects of cli-
mate change more accurately, the boundaries of the
sample areas were designed, taking into account the
typical high-water levels of the larger rivers. These
investigations were first carried out in the sub-areas
of the Great Hungarian Plain, but in recent years the
analysis was extended to the entire territory of Hun-
gary, where the significant spatial extent of shallow
groundwater can be found (Figure 1).

To investigate future impacts of climate change on
water resources, two small catchments were modelled

Figure 1. Areas included in the shallow groundwater resource assessment in Hungary
Regions and micro-regions: 1: Danube-Tisza Interfluve; 2: Nyirség; 3: Maros—Koros Interfluve; 4: North Periphery of Great Hungarian
Plain; 5: Central Tisza Plain; 6: Hajdusag; 7: Upper Tisza Plain; 8: Tisza Valley; 9: Berettyé—Kords Plain; 10: Danubian Plain; 11: Mez6fold;
12: Dréva Plain; 13: Somogy Hills, 14: West Hungary; 15: Little Hungarian Plain; 16: Szigetkoz. (For practical reasons, the boundaries of
the assessed regions do not exactly match the natural geographical boundaries)
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using the MIKE-SHE hydrological framework. This
model includes a comprehensive, integrated water bal-
ance tool capable of completing local and entire catch-
ment water balance calculations at any time interval,
thus enabling the integration, mapping, and visuali-
sation of water flow processes of the catchment com-
ponents over the entire watershed (DHI Group, 2017;
Graham & Butts, 2005). Two catchments were chosen
for the current study, where sufficient spatial data was
available to enable the calibration of a proper model
(Nagy et al., 2019). The calibration was performed by
the sensitivity analysis of the changing input parame-
ters of the model (Tran, 2021). By considering the fu-
ture climatic scenarios and past extreme precipitation
conditions, future trends of water balances were sim-
ulated. Since such detailed spatial studies are very da-

Results
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ta-intensive (which can hardly be provided in sufhi-
cient detail in practice), methodologically significant
analyses of the sensitivity of both spatial data require-
ments and some landscape features were also per-
formed. The simplest methodology of sensitivity anal-
ysis (Hamby, 1994), the one-at-time method was used
for the studies. This essentially means that the degree
of sensitivity is determined by changing each param-
eter independently, while not changing any of the oth-
er parameters. The one-at-time methodology was ap-
plied with a comprehensive, spatially, and temporally
integrated hydrological model, MIKE SHE, which can
calculate each hydrological parameter and the water
balance of the local or the entire catchment, and for
any time interval.

Groundwater resources

as an indicator of climate change

A significant change can be observed when assess-
ing climate change through the national rainfall con-
ditions of the last 120 years. Based on the whole pe-
riod, a decreasing trend can be observed; however, if
we look only at the past 50 years, the trend is exactly
the opposite. In addition, increasing precipitation ex-
tremes have developed over the last two decades (Fig-
ure 2). The changes are even more significant when

looking at different parts of the country. A decreas-
ing precipitation trend can be observed in the more
humid Transdanubia while slightly increasing precip-
itation occurs in the eastern part of Hungary. The fact
that annual rainfall is not the best climate indicator is
reflected by the seemingly uncertain connection with
the drought occurrence (Figure 3). It is not surpris-
ing that there is no significant drought in rainy years
is. However, it is already more difficult to understand
that in years of equal annual precipitation sum, some-

Figure 2. Annual rainfall (mm) in Hungary in 1901-2021 and its 120-year and 50-year trends (based on data of the
Hungarian Meteorological Service)
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Figure 3. The relationship between the amount of annual precipitation and drought-affected areas
in Hungary in the period 2000-2020 (based on the Hungarian Central Statistical Office)

times the area affected by drought is large, while other
times it is much smaller. Examining the background
of the phenomena, we can suppose that the water sup-
ply of the preceding period largely determines the in-
tensity of drought of the given year. The best example
of this is the rainy year of 2010, followed by one of the
driest years of the century, yet only 1/3 of the country
was under drought conditions in 2011. The next year
was wetter than average, but at least 4/5 of the country
was affected by drought in 2012. This can be explained
by the decreased amount of water stored in the soils
and the shallow groundwater in the previous year.
Based on the above-observed processes, it was nec-
essary to assess changes of a natural factor (shallow
groundwater), which can express the environmental
changes more accurately in a trend-like manner.

In the first stage of the research, taking advantage
of the potential of geoinformatics, the quantitative
changes in the groundwater supply as an environmen-
tal process were assessed on four regions on the Great
Hungarian Plain (Figure 4) (Fehér & Rakonczai, 2019;
Rakonczai & Fehér, 2015). These studies have clari-
fied several essential questions. We have demonstrat-
ed that, at the landscape level, climatic effects are the
decisive factors in the quantitative change of ground-
water resources. For example, on the sand ridge of the
Danube - Tisza Interfluve, the groundwater supply
can change by as much as 3-4 km’ in both positive
and negative directions in just 1-2 years, depending
on the amount of precipitation. Furthermore, during
a 40-year period (between 1960 and 2000) only 2 km®
of confined water was extracted. Consequently, the
change in water resources is undoubtedly closely re-
lated to the amount of precipitation. Thus, the main

reason for the decline in groundwater levels was not
drinking water extraction.

We also succeeded to show that in Nyirség (the NE
of the Great Hungarian Plain), which has similar geo-
morphological and hydrogeological characteristics to
the ridge between the Danube and the Tisza (high-
er than its surroundings, and groundwater can only
be replaced by precipitation), a similar decrease in
groundwater resources has developed. The only dif-
ference in the water resources change in the two land-
scapes is that a lack of rainfall developed later in Nyir-
ség and its volume was also slightly less. In these two
landscapes, it was well demonstrated that due to the
longer period of rainfall shortage, there is a significant
runoff of the groundwater resources from the higher
altitude areas to the lower ones. Thus, the decrease in
groundwater levels is greater in higher altitudes, and
even in very rainy years, the water shortage cannot be
fully compensated.

The changes in the water resources of two addition-
al landscapes (Maros-Koros Interfluve, and the North
Periphery of the Great Hungarian Plain) were exam-
ined. Due to hydrogeological conditions, subsurface
recharge from other (higher) landscapes is possible in
these areas. During drier years, a slow decline in wa-
ter supplies has been observed. Water scarcity could
be quickly replaced during periods of high rainfall,
so even in case of more extreme rainfall distribution,
there is no permanent shortage of groundwater, if
there are periods of high precipitation.

In the second phase of the research, the investiga-
tions have been extended to most of Hungary. The as-
sessment of the landscapes mostly affected by ground-
water depletion (Danube-Tisza Interfluve, Nyirség)
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Figure 4. Precipitation and groundwater resources in four regions of the Great Plain 1960-2017*
* The volume of precipitation was displayed as the 24 months moving average of the annual precipitation. The reference, 0" value of the
shallow groundwater resources was determined as the mean of the estimated values for the period of 1950-2010

has been further separated into sub-regions. The re-
sults highlight well that the landscape’s geomorpho-
logical features and hydrogeological situation funda-
mentally determine the relationship between climate
change and groundwater resources. In the Danube-
Tisza Interfluve, shown as an example, the higher al-
titude landscapes reflect changes in precipitation well.
Meanwhile, water level changes can hardly be ob-
served on the Danubian Plain (Figure 5).

The analysis of the central, lower areas of the Great
Hungarian Plain (Central Tisza Plain and Beretty6-
Koros Plain) revealed a significant relationship be-
tween the change in water resources and the precip-
itation conditions. The magnitude of the changes is
similar to that of the higher areas; meanwhile, no
long-term trends could be identified. There might be
several reasons for this. The eastern part of the area
is hydrogeologically connected to the higher part of
the basins through the river network. Thus, the re-
gion receives water replenishment by surface runoff
and subsurface flow. There are remnants of the for-
mer riverbeds (paleo riverbeds) and many artificial
canals in the landscape, allowing for more perma-
nent surface infiltration. Agricultural production is
assisted by irrigation with water supplies from near-
by areas (mainly from the Tisza River). In addition,

underground inflow is also coming from the direc-
tion of Nyirség.

The analysis of the areas west of the Danube (Fig-
ure 6) revealed several important findings. Similarly,
to the Great Hungarian Plain, a close relationship be-
tween precipitation and groundwater resources can
be observed. Still, the volume of the changes is small-
er and regionally heterogeneous. The changes in the
Mez6fold and Somogy hills show many similarities to
those in the Danube-Tisza Interfluve and Nyirség, but
they react to the extreme meteorological conditions
abruptly. In some periods, groundwater resources of
the western part of the country show striking changes
that differ from the typical national trends and other
Transdanubian areas. Examined in more detail, this
may also be due to differences in precipitation distri-
bution. For example, in 2010, when precipitation was
1.5 times higher than the long-term average in Hun-
gary, only slightly above the long-term average precip-
itation was measured in the western part of the coun-
try. Still, the effects of the drought period in the early
2000s were also more pronounced.

In addition to the climatic effects, the dams of the
Dréva River cause persistent low water levels in the
Drava Plain. Supposedly this may play a role in reduc-
ing water resources. Due to the closeness of the Dan-

Figure 5. Changes in specific water resources in five sub-regions of the Danube-Tisza Interfluve 1950-2017
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Figure 6. Changes in water resources in the areas west of the Danube 1970-2017

ube River in Szigetkdz, the climatic effects can hard-
ly be detected. However, the diversion of the Danube
(due to the Gabcikovo hydroelectric power plant)
caused a 0.3-0.4 km® discharge in the water resources.

Solutions to extreme climate events

after World War Il

The river regulations and water management inter-
ventions carried out in the second half of the 19th cen-
tury fundamentally changed the hydrological condi-
tions of the Carpathian Basin. After the drainage of
the excess waters from the former floodplain areas,
agricultural cultivation of more than ten thousand
square kilometres of arable land began. Groundwater
levels decreased in a large area over the summer sea-
son compared to the previous period. As a result, ag-
riculture was more dependent on weather variability.
To compensate for the water shortage in agriculture,
several large-scale irrigation development programs
were launched after World War II based on the water
resources of the Tisza River. In contrast, inland excess
water generated during hydrologically wet periods
was discharged by surface or subsurface water man-
agement methods. Following the establishment of the
large-scale agricultural farming structure of the so-
cialist period, subsurface drainage programs came to
the forefront in the early 1970s.

Subsurface drainage interventions were imple-
mented as part of financial support by the State for
agriculture and consisted mainly of field-level wa-
ter management. By using tile drains, the goal was
to achieve a balance in terms of water management
in the areas to be treated. As a connecting link, the
subsurface drains simultaneously serve the acceler-
ated discharge of excess water from the soil into the
recipient channel. Furthermore, it also regulated the
groundwater level locally. In case of proper operation,
the groundwater level could not rise above the instal-
lation depth of the drains within the treated agricul-
tural plot. The implementation of the subsurface water

management works already raised several problems
during the construction. Due to the change of land
ownership after the change of regime in the late 1980s,
the subsurface drain networks were almost forgotten.

As one of our research objectives, we also surveyed
the condition of the subsurface drained areas in the
SE part of the Great Hungarian Plain and we also de-
veloped a complex methodology to analyse the de-
tailed field-level studies along the River Harmas-
Koros (Turi et al.,, 2021). Basically, our research results
are quite unfavourable. The existence of subsurface
drainage networks, once implemented with signifi-
cant financial resources, has been almost forgotten
over the decades. Often the networks are not properly
maintained by the owner or operator. In many cases,
they do not even know about their existence below the
surface (Turi, 2021). Our detailed soil investigations
have also revealed that the utilisation of tile drains on
heavy texture soils is very limited. The main limiting
factors for the operation of the tile drains are the lack
of proper agrotechnics applied, the loss of the connec-
tion between the tile drains and the open recipient
channel, and the insufficient water carrying capac-
ity of the receiving channel system. The limited op-
eration of tile drains installed decades ago has been
found by researchers in other European countries
as well (Tlapakova, 2017; Matcic & Steinman, 2007).
Based on their experience Djurovi¢ & Stricevi¢ (2004),
also pointed out that the functionality of an improp-
erly maintained subsurface drain system deteriorated
significantly in just over a decade.

Drought periods, which are becoming more fre-
quent, regularly demonstrate the need to improve ir-
rigation. Currently, irrigation is mostly possible from
water resources taken from the Danube and the Tisza
rivers. The extent of irrigated areas was the largest in
the period of large-scale farming under the socialist
era in the early 1970s (exceeding 300,000 hectares in
some years) but barely exceeded 100,000 hectares in
recent decades (Figure 7).
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Figure 7. The extent of irrigated areas and the volume of irrigated water in Hungary between 2000 and 2020
(based on the Hungarian Central Statistical Office)

Assessment of impacts of future climate change
on the water balance of micro-regions using the
MIKE-SHE hydrological modelling framework

As previously introduced, diverse climatic effects may
cause different effects on various landscapes due to
their geographical location, and geomorphological
and hydrogeological differences. The water balances
of two micro-regions in one dry and one rainier year
were selected to assess the future effects of climate
change. Subsequently, the impact of the expected fu-
ture temperature rise was also modelled. The spatial

extensibility of our studies was also examined based
on the extent to which reducing the data density of da-
ta-intensive models affects the accuracy of the water
balance estimations.

Dong-ér catchment

The inland excess water protection management sys-
tem of the Dong-ér main brook is located in the cen-
tral-eastern part of the sand ridge of the Danube-Tisza
Interfluve, about 50 km from the southern border of
Hungary (Figure 8). The total area of the catchment is

Figure 8. Location of the study areas
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2127 km? and it is characterised by a small relative re-
lief (<2 m/km?) - the area slopes from west to east. The
western, higher altitude area consists mainly of highly
permeable sandy sediments. The eastern part is main-
ly covered by river sediments with minimal slope and
lower hydraulic conductivity.

The effects of climate change on the water balance
of the Dong-ér watershed were investigated by the fol-
lowing simulations:

o The simulations of the hydrological processes and
water balance for 2018. The results of these simula-
tions are considered a reference value for the com-
parison with further scenarios of extremely dry
and extreme wet hydroclimatic conditions.

 Simulations of the unusually rainy year of 2014.

o Simulations of the effects of +1.5°C temperature
rise, according to the forecasted IPCC scenarios
(IPCC, 2018).

The comparison of simulation results performed for
the years 2000 and 2014 with the results of the refer-
ence model of 2018, enabled us to examine the changes
in hydrological parameters and water balance compo-
nents in the context of the main characteristics of cli-
mate change. The results show that the deficit values of
the unsaturated zone are much higher than the values
of the other parameters (Figure 9). This means that the
area is suffering from severe drought. A direct correla-
tion can be found between the precipitation events and
infiltration; nevertheless, the amount of water in the
root zone and the unsaturated zone is negligible.

In addition, the actual evapotranspiration is high-
er than the amount of precipitation. The high sand
content of the soil makes it highly permeable; mean-
while, the leakage coeflicient of the sand is minimal,

about 10-5 m/s. Consequently, during long periods
of drought, most characteristically very intense, but
short-term rain showers can hardly reach the deep-
er unsaturated zone. The results show that, besides
evapotranspiration and precipitation, the subsurface
inflows and surface runoff also have a high impact
on the water balance of the entire catchment (Figure
10). This confirms our results obtained in the study of
groundwater resources.

Based on the results, precipitation and infiltration
are directly proportional (from 32 mm in 2000 to 138
mm in 2014). The water lost through evapotranspira-
tion was more than precipitation in the studied years.
It can be stated that the source of surface runoff in
the Dong-ér catchment is primarily not precipitation
or surface inflows. The question is, from where does
the surface runoft get its water? The surface runoff is
minimal due to the sandy surface, thus, infiltration of
settlement’s treated wastewater and groundwater re-
sources into canals can be a source.

According to the results, it can be confirmed that
there is a close relationship between the subsurface
inflows and surface runoff components for the en-
tire water balance of the catchment. Subsurface wa-
ter flowing from the outside into the Dong-ér catch-
ment provides ~90% of the water for the brooks, and
this relationship mostly determines the water balance
of the Dong-ér catchment. This is consistent with the
results of a study by Kozék (2020). A comparison of
the water balance results of extreme hydroclimatic
conditions in 2000 and 2014 shows that the sensitiv-
ity in descending order to the following components
is: infiltration (331%), overland flow to brooks (100%),
subsurface water storage (-95%), evapotranspiration
(75%) and overland water storage (58%) (Figure 10).

Figure 9. Average of simulated hydrological parameters from 1 March to 31 May in the drought year 2000,
the rainy year 2014 and the reference year 2018
(ET: Evapotranspiration, UZ: Unsaturated zone, SZ: Saturated zone)
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Figure 10. Water balance of the Dong-ér catchment in the drought year 2000 and rainy year 2014

Berettyod catchment

The Berettyd river originates from Romania. The
current study was carried out for the 2 748.4 km®
Hungarian part of the river basin area (Figure 8).
Based on the topographical features, the catchment
can be divided into two main parts. One-third of the
basin in the NE is a sandy cone plain covered with
wind-blown sand, where the surface is covered with
sand and sandy loam soils. The altitude varies be-
tween 104 m and 159 m above sea level. The rest of
the catchment has small relief intensity (approx. 2 m/
km?) and is located at an altitude between 86 m and
101 m above sea level, sloping towards the SW. The
surface features are predominantly of fluvial origin.
Most of the surface contains clayey loam, clay, and
loamy texture soils with low and extremely low hy-
draulic conductivity; thus, the infiltration properties
of the surface are less favourable than in the Dong-
ér catchment.

The simulated water balance of the catchment
for 2018 has been presented in comparison with the
Dong-ér catchment (Figure 11). In addition, a simu-
lation was performed for a +1.5°C increase in mean
temperature based on the IPCC climate scenario, and
the model’s sensitivity to the spatial density of cross-
sections along the watercourses was investigated.

The analysis of the model outcomes highlights sig-
nificant differences in the estimated water balance
components, depending on the river cross-sections at
every 0.5 km or 5 km. With a density of cross sec-
tions 5 km apart, the overland flow to brooks com-
ponent is less than 98 mm, equivalent to nearly 270
million m® of water. Besides, in the 5 km cross sec-
tion data density model, the surface runoff exceeds
71 mm, and the water balance component shows a 27
mm surplus (80 million m*® water equivalent). Con-
sequently, the selection of proper sampling density of
river cross-sections plays a key role in the reliability of
the hydrological model and thus indirectly on the wa-
ter management strategies for the long-term adapta-
tion to climate change.

The simulation results of the Beretty6 river ba-
sin well reflect the low and extremely low hydraulic
conductivity conditions of the soil. The surface wa-
ter storage, surface runoff, and the water storage of
the unsaturated zone exceed the values estimated for
the Dong-ér catchment, made up of predominant-
ly sandy sediments. The water balance of the Beret-
ty6 catchment - like the Dong-ér catchment - is high-
ly dependent on the influence of subsurface boundary
inflows from the neighbouring areas. Similar to the
Dong-ér, the Berettyo river basin was also under wa-
ter stress in 2018, but to a lesser extent.

Figure 11. The water balance of the Berettyé and Dong-ér catchments in 2018
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Discussion

As we have seen, the process of climate change over
the last few decades has resulted in significantly dif-
ferent changes in water resources important to vege-
tation (and to agriculture in particular) across various
landscapes. In smaller areas, adverse effects can be
mitigated (irrigation, drainage), but long-term chang-
es are determined by natural processes. Our study al-
lowed us to assess the sensitivity of landscapes to cli-
mate change. Our assessment covered approximately
64 000 km? (68% of the territory of Hungary), and we
separated six sensitivity groups (Figure 12).

a) Landscapes at high risk to climate change. These
include the four sub-areas of the Danube-Tisza ridge
and the three sub-areas of the Nyirség as well as the
Hajdusag. Of the two contiguous areas, the longitu-
dinal sand ridge of the Danube-Tisza Interfluve is
more sensitive to drought periods because of its shape
since the subsurface outflow is much more intense.
The main reason for the significant water shortage in
the area is the almost constant below-average rainfall
from the late 1970s to the mid-1990s, when the vol-
ume of the accumulated rainfall deficit exceeded 1100
mm, and the intense rainy years were absent. The re-
sulting water shortage of at least 5-6 km3 in the higher
parts could not be compensated during the extremely

rainy periods. This should be considered a long-term
environmental condition. Water scarcity has been as-
sociated with significant landscape changes. The “res-
toration” of previous conditions is hardly conceivable
and would result in substantial social conflicts since,
although the majority is adversely affected by the
landscape transformation, there are also beneficiar-
ies. The development of irrigation in the region can
only be economically profitable in small areas. On av-
erage, the landscape receives sufficient rainfall over
many years that conscious conservation (especial-
ly in the soil, by increasing infiltration and reducing
evaporation losses) can enable effective management.
The area of Nyirség isdue to its shape better protected
from the subsurface outflow. It is also slightly wetter,
and sometimes it is even possible to regenerate the wa-
ter resources in several heavily rainy years. However, a
moderate depletion is more likely to persist.

b) Regions threatened by climate change. Mez6fold
and Somogy hills were included in this category.
Mez6£old has shown many similarities with the chang-
es in the sand ridge of the Danube-Tisza interfluve
since the 1970s. However, after a significant decline in
resources, water resources appear to be normalising
during the years with high precipitation of the 2000s.

Figure 12. Climate sensitivity of Hungarian landscapes based on their water balance characteristics
a: Particularly vulnerable, b: vulnerable, c: moderately vulnerable, d: partially influenced by large rivers,
e: less vulnerable, f: hardly vulnerable, g: not assessed
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However, a considerable decrease that appears relative-
ly quickly can be observed during dry periods. Several
consecutive wet years would only provide an opportu-
nity for water supplies to rise to a multi-year average. In
the Somogy hills, the network of measuring wells is in-
complete, and its topography is heterogeneous. There-
fore, the classification of this area is somewhat uncer-
tain. However, faster changes in water resources suggest
significant climate sensitivity.

c) Moderately endangered landscapes. Although
the landscapes in this group have been intensely ex-
posed to climatic effects, water management inter-
ventions have significantly reduced this vulnerabili-
ty. The Central Tisza Plain and Beretty6-Ko6ros Plain
classified here are characterized by significant water
resources fluctuations. A period of depletion due to
climatic reasons from the 1980s to the mid-1990s can
be observed, but to a lesser extent than would be jus-
tified by climatic effects due to extensive irrigation in
the area. In the wetter period that followed, there was
a significant increase in the water resources, also due
to substantial inland excess water inundations). Thus,
we experience larger reserves at the end of the peri-
od than 30-40 years earlier. Consequently, due to wa-
ter management interventions, the impact of climate
change is not visible. Thereby, maintaining current
water management practices can largely eliminate the
effects of climate change. It should be noted, howev-
er, that in a landscape divided by canals and smaller
or larger watercourses, interpolation can show signif-
icant uncertainty.

d) Areas partially influenced by large rivers. Four
distant areas were included in this category. They are
characterized by close hydrological links with the
large rivers in their vicinity. The Danube Plain on the
left bank of the Danube can receive significant water
replenishment through the previously deposited grav-
el sediments and riverbed remnants of the river. The
Szigetkoz after the diversion of the Danube receives
water through water replacement systems. In a sig-
nificant part of the Tisza Valley, dams influence the
minimum water level of the river. In the case of the
Upper Tisza Plain, rivers and subsurface flow from
higher areas can provide additional water replenish-
ment. Although previous research has not consid-
ered the impact of rivers larger than a few km signif-
icant, this needs to be reconsidered in recent decades.
The effects of persistently lower water levels and dams
change these views. Except for the Tisza Valley, a slow
to moderate decline in water resources can be ob-
served in all areas. However, reserves are already de-
clining since there has been no significant flooding of
the Lower Tisza in the last 15 years.

e) Areas less vulnerable to climate change, as long as
there are regular periods of heavy rainfall. Despite the
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alluvial plain of the North Periphery of Great Hun-
garian Plain and the flat surface of the Maros-Ko6ros
Interfluve, they are closely linked to the mountainous
areas to the north and south-east of the micro-regions,
from where groundwater recharge is ensured, not only
for the confined groundwater but also for the shallow
groundwater. Based on recent periods, it can be con-
cluded that while extreme rainfall distribution some-
times results in significant precipitation, the amount
of groundwater can be continuously replenished from
neighbouring regions.

f) Landscapes least threatened by climate change.
We classified three regions in Western Hungary into
this category. These were characterized by significant-
ly more precipitation and fewer extremes during the
last half-century than the national average. In the
case of Kisalfold and Western Transdanubia, the lo-
cal rainfall is presumably supplemented by reserves
from the subsurface flow. In the case of the Drava
plain, the role of the river in increasing water resourc-
es is less pronounced due to the topography and the
effect of the dams established on the river and there-
fore, they are not classified in category d. Since the
spatial change in the distribution of precipitation due
to climate change and the increasing evaporation, the
classification of the vulnerability of the landscapes
may even change in the long run. There are two signs
of this process. Based on the observations of the last
80 years a trend in the change of the precipitation dis-
tribution of Hungary can be suspected, with increas-
ing occurrence of extreme hydroclimatic conditions,
the eastern parts are slightly increasing, the western
ones are decreasing. Furthermore, 2010 was the wet-
test year measured so far. This year the Kisalf6ld and
Western Transdanubia received much less rainfall.

Our hydrodynamic models for the two small catch-
ments based on future climate change show that the
1.5 °C temperature rise in the Dong-ér catchment will
probably cause more severe water shortages than what
we experienced as the consequence of the drought con-
ditions of 2000. In the case of the Berettyd catchment,
a 1.5°C temperature rise may reduce the area’s water
resources by 13%, equivalent to almost 80 million m’
of water. According to the results, the water leaves the
hydrological system primarily through evapotranspi-
ration. The topographical setting enables a sufficient
amount of groundwater to flow into the region from
higher altitudes, ensuring to largely compensate for
the water deficit but is insufficient to keep the balance
of the water resources permanently. The models high-
lighted that subsurface inflow and evapotranspiration
are the two main driving forces regulating the catch-
ments’ water balance in the Carpathian Basin. Among
the water balance factors of the two investigated small
catchments, the sensitivity of the components to the
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1.5°C temperature rise is the following (in descending
order): infiltration, water balance change, subsurface

Conclusion

water storage, overland flow to the brook, and evapo-
transpiration.

Both society and agriculture need to adapt to the
changing climatic conditions. In the Carpathian Ba-
sin, the more extreme rain distribution results in less
precipitation remaining in place. Some of the ex-
tremely high rainfall flows in the form of floods out of
the rivers. At the same time, efforts should be made to
keep as much water as possible in the landscape.

The presented results have shown that the most
crucial shallow groundwater resources for vegetation
and thus for crop production in the last fifty years are
generally shaped by precipitation conditions instead
of human activities. Using the presented method, we
show that in the mid-region’s with an extent of 5-10
thousand km?, the climate can change the water re-
sources in both positively and negatively direction by
up to 2-4 km® in 1-2 years of extreme rainfall, while
in the Danube-Tisza Interfluve region with the high-
est groundwater depletion, the extraction of confined
water over the past 40 years has been 2 km”.

Changes in climatic conditions significantly affect
the landscapes to varying degrees due to their natu-
ral environmental conditions. Through social adapta-
tion, we must mitigate this, for which the results of
the current study can provide vital support. Recogniz-
ing this, the presented results were also incorporated
into Hungary’s updated River Basin Management Plan
completed in 2021 (OVF, 2021). Furthermore, our re-
sults have been considered in drafting the Hungari-
an legislation on regulating water abstraction for irri-
gation purposes. The next important step would be to
consider the results for agricultural policy. Unfortu-
nately, the answer to the extreme weather conditions
is still drainage and irrigation. Yet the comparison of
the spatial extent of the irrigated areas and the trends
of irrigation water consumption shows the limitations
undeniably (see Figure 7). In the last twenty years, the
extent of irrigated areas is typically 1 000-1 200 km?,
while the area of arable land is more than 43 000 km”.
Characteristically, the irrigation water usage does not
exceed 0.2 km® in most years. This volume is less than
a tenth of the amount that climatic effects can cause to
subsurface water resources annually.

In addition to irrigation, policymakers are serious-
ly thinking about alleviating the problem of water-
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scarce regions through water replenishment. The oth-
er part of our research draws attention to the fact that
this cannot be a satisfactory solution either. For exam-
ple, 100-200 million m3 of water per year is planned
to replenish the Danube-Tisza Interfluve sand ridge’s
water storages, which is no more than the amount that
the small regions presented in our study lose through
evapotranspiration due to the increasing temperature
caused by climate change.

Considering landscape conditions in water man-
agement, efforts should be made to address water-bal-
ance conditions due to climatic effects. Soil scientists
have long emphasized that soil is the largest natural
reservoir, and that the top one meter can conserve up
to one year of rainfall volume (Varallyay, 2007; Galya
et al., 2018). Therefore, improving soil structure and
soil water balance properties might be the solution to
the successful adaptation to climate change. Soil re-
generation farming without deep plowing has prov-
en that this can be successfully achieved in practice.
Improved soil structure can retain more water in the
soil layer during prolonged rainfall events, allow-
ing for more efficient replenishment of the shallow
groundwater. During drought, vegetation can access
subsurface water resources easier. Unfortunately, yet
only a few farmers are taking advantage of the ver-
satile benefits of environmentally conscious and eco-
nomical soil regeneration farming nowadays (, in ad-
dition to for example better water management, less
fertilizer, and fuel use, less deflation, carbon seques-
tration, and significantly better crop yields). This type
of farming is an essential step toward sustainable ag-
riculture. Agricultural policy-makers should admit
that it is a cheaper and easier solution to deliver the
knowledge to the farmers than the water. Howev-
er, the various compensation programs and financial
support schemes do not encourage farmers to priori-
tise the prevention of drought and inland excess water
damages. Part of agricultural subsidies should be re-
aligned to assist farmers in more effective adaptation
to the challenges of the changing climatic conditions
by teaching them more sustainable agricultural pro-
duction methods.
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Abstract

Over the past decades, in the mountainous, hilly and/or urban areas of Hungary several high-intensi-
ty storms were followed by severe flash flooding and other hydrologic consequences. The overall aim
of this paper was to upgrade the national flash flood susceptibility map of Hungary first published by
Czigany et al. (2011). One elementary watershed level (FFSI,,) and three settlement level flash flood
susceptibility maps (FFSI,) were constructed using 13 environmental factors that influence flash flood
generation. FFSI maps were verified by 2,677 documented flash flood events. In total, 5,458 water-
sheds were delineated. Almost exactly 10% of all delineated watersheds were included into the catego-
ry of extreme susceptibility. While the number of the mean-based FFSI; demonstrated a normal qua-
si-Gaussian distribution with very low percentages in the quintile of low and extreme categories, the
maximum-based FFSI; overemphasized the proportion of settlements of high and extreme susceptibil-
ity. These two categories combined accounted for more than 50% of all settlements. The highest ac-
curacy at 59.02% for class 5 (highest susceptibility) was found for the majority based FFSI.. The current
map has been improved compared to the former one in terms of (i) a higher number of conditional fac-
tors considered, (i) higher resolution, (jii) being settlement-based and (iv) a higher number of events
used for verification.

Keywords: flood potential; flash flood; susceptibility; ArcGIS; FFSI; conditional factors

Introduction

Over the past decades many hydrological and hydrau- A flash flood is commonly caused by heavy or ex-
lic engineering analyses have focused on the assess-  cessive rainfall within a short period of time, gener-
ment of the socio-economic consequences of flash  ally interpreted as less than 6 hours in the US, follow-
floods (Georgakakos, 1986; Loczy et al, 2012). In  ing the onset of the rainfall event (Elkhrachy, 2015;
Hungary these studies have mainly sought to assess ~ Georgakakos, 1987). In the UK, concentration time
flood hazards in the floodplains of large rivers, main-  for flash floods is less than 3 hours which is in the
ly the Danube and its largest left-bank tributary, the = range of the times of nowcasting (Collier, 2007). Flash
Tisza, and less attention has been paid to mountain-  floods are characterized by extreme flow uncertainty
ous and hilly areas by the Hungarian water manage-  which cannot be ignored in a reasonable estimation
ment policy (Léczy, 2010). of flood risk or in the reliable mitigation of the haz-
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ard. However, others, like Schwartz and Dingle (1980)
adopted the term of “hybrid floods” with a lead time
of 12 hours following the causative event. Localiza-
tion of flash flood hot spots is of paramount impor-
tance to prevent or mitigate losses triggered by flash
floods. Today, preliminary rapid screening of flash
flood-prone localities is commonly done by GIS (Al-
Juaidi et al., 2018; Stathopoulos et al., 2017). This ap-
proach is the susceptibility mapping of the parame-
ters that influence the magnitude of runoff, in other
words the partitioning of rainfall into infiltration and
runoff (Czigany et al., 2009; Saleh et al., 2020). Rain-
fall-Runoff models are integrated systems of assessing
possible impacts for severe flood events (Gioti et al.,
2013).

Susceptibility models employed various assess-
ment algorithms, like fuzzy rule algorithm (Bui et al,,
2019), decision tree algorithms (Khosravi et al., 2018),
analytical hierarchy processes (Youssef and Hegab,
2019) and bivariate and multivariate statistical meth-
ods (Youssef et al., 2016). Ngo et al. (2018) evaluated
flash flood susceptibility by using machine learning
techniques such as Firefly algorithm, Levenberg-Mar-
quardt Backpropagation and classification tree.

Susceptibility or flood potential index (FPI) is de-
fined as the probability that a risk occurs in a particu-
lar area and in a not determined date (Santangelo et
al., 2011). Susceptibility mapping (a kind of potential
natural hazard mapping) is usually based on the com-
parison of certain conditioning factors with the dis-
tribution of previous events, the latter used as mod-
el validation. In this sense, it is the degree to which
an area can be affected by future flood hazards, i.e.,
an estimate of the location of future events. On the
other hand, susceptibility does not consider the tem-
poral probability of the event, i.e., when, or how fre-
quently the hazardous events may occur. Nonetheless,
mapping the most susceptible locations helps us un-
derstand flood trends and can aid appropriate plan-
ning and flood prevention (Tehrany, 2014).

In contrast to susceptibility, physical vulnerabil-
ity (flood risk) assessment implies the identification
of the elements at risk and commonly interpreted as
the impact of natural disasters on physical, manmade
structures (Aleotti & Chowdhury, 1999; Arrighi et al.,
2020; Compton et al., 2013; Karagiorgos et al., 2016).
In other words, vulnerability can be defined as a func-
tional relationship between the magnitude of loss and
the corresponding process intensity causing the dam-
age (Fuchs et al., 2007; Fuchs et al., 2011; Khajehei et
al. 2020; Totschnig et al., 2011).

A large number of techniques are available today
for the susceptibility mapping of flash floods: tradi-
tional, empirical methods and various machine learn-
ing based methods. Statistical, rule-based and auto-
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mated modelling approaches commonly outperform
conventional flood models due to their suitability
for hazard analyses (Tehrany et al., 2019). Numerous
methods have coupled empirical models with Geo-
graphical Information Systems (GIS) with the purpose
of flood susceptibility modelling (Saleh et al., 2020).
Several papers focused on the impact of morphomet-
ric properties on flash flood susceptibility (Apaydin
et al., 2006; Biswas, 2016; Fabian et al., 2016). Other
papers quantified the impact of various conditioning
factors, e.g.: topography, land use and soil hydraulic
properties on the partitioning of rainfall into runoff
and infiltration. The conditioning forces which are as-
sumed to explain the flash floods by Abedi et al. (2021)
were slope inclination and aspect, land use/land cover,
hydrological soil type, lithology, topographic wetness
index (TWTI), topographic position index, profile cur-
vature, convergence index and stream power index.
Youssef and Hegab (2019) only used 7 flood factors -
distance from streams, slope, curvature, lithological
units, angle, elevation, and TWI. However, their re-
sults showed that the Analytical Hierarchical Process
(AHP) provided a good estimation for flash flood sus-
ceptibility (83.3%). Tehrany et al. (2013) and Borga et
al. (2014) combined bivariate probability and logistic
regression for flood susceptibility analysis in Kelan-
tan State of Malaysia.

Whereas warning systems for large riverine flood-
ing are well applied all around the world, flash floods
still represent prediction and detection challenges
due to the large spatial heterogeneity of the influenc-
ing factors.

Although flash flood guidance (FFG) systems have
been in operation since the 1970s in the United States
and in many other countries across the globe, still, they
prediction accuracy lags the accurateness of large river-
ine floods (Georgakakos, 2006; Norbiato et al., 2009). In
Europe, where flash floods are also common (Gaume et
al., 2009), there are also numerous efforts implement-
ing FFG (for instance, in the Black Sea and Middle East
regions). Although FFG provides a useful concept that
simplifies communication between hydrologists to me-
teorologists as well as promotes mitigation, it does not
predict flash flood timing (Collier, 2007).

Although the number of studies varies greatly, it
can reflect that the field of flash floods has been wide-
ly studied by researchers in different countries (con-
tinents) to a certain extent. The have been collected
175 documents in the United States had carried out
the most research in this field, followed by India by 77
documents, and then 71 documents Italy (Aronica et
al., 2012; De Marchi et al., 2012; Forte et al., 2005; He-
redia-Calderon et al., 1999, Miglietta et al., 2008). Chi-
na ranked fourth (70 documents), and France ranked
fifth, with 64 published documents (Yang et al., 2022).
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Over the past decades, in the mountainous, hilly
and/or in urban areas of Hungary several high-inten-
sity storms were followed by severe flash flooding and
other remarkable hydrologic consequences (Fabian et
al., 2009; Gyenizse & Vass, 1998; Horvath, 2005, 2007;
Horvath et al., 2007; Kovécs et al., 2015; Vass, 1997).
The highest frequency of occurrence of heavy storms
was documented in the mountainous (Bakony, Mec-
sek, Borzsony, Matra and Biikk) and foothill regions
(Alpokalja) of Hungary (Czigdny et al., 2009, 2010,
2011; Pirkhoffer et al., 2009). Koris et al. (2021) have
been collected and analyzed 28 flash flood events in
Hungary since 1875 until 2020.

To assess the flash flood hazard in Hungary, espe-
cially following the floods in May and June 2010, in
a collaboration between the General Directorate of
Water Management and the University of Pécs a flash
flood susceptibility index (FFSI) map was elaborat-
ed for Hungary (Czigany et al., 2011). However, in the

Methods

wake of climate change and the increasing weather
extremities in the headwaters of the hilly and moun-
tainous areas of Hungary an upgrade of the first na-
tional FFSI map became necessary. With the advent of
available environmental data and the increased GIS
computation capacity an improved version of the FFSI
map could be produced jointly by the two research in-
stitutes in 2021.

The overall aims of this paper were (i) to develop a
national flash flood susceptibility map and (ii) illus-
trate the susceptibility conditions to flash floods in the
hilly and mountainous areas of Hungary. Specifical-
ly, we aimed at evaluating the flash flood susceptibili-
ty of Hungary by evaluating a total of 13 topographi-
cal, hydrological, geological, pedological and land use
parameters by means of GIS. The spatial goodness of
the map was verified with reported and documented
hydrological damages related to intense rainfalls and
flash floods.

Data acquisition and processing
All derived topographic parameters and the deline-
ation of watersheds were based on the 10-meter res-
olution DEM of Hungary. The land use model was
generated using the CLC-50 and CLC-2012 and the
Artificial Surfaces 2012 databases.

The Hungarian Stream network spatial database of
VARGEQO, provided by the Hungarian Water Directo-
rate, was applied for stream network analyses (densi-
ty, bottlenecks and confluences) and the generation of
watersheds.

Lithological data were obtained from the 1:100,000
resolution geological database of the Mining and Ge-
ological Survey of Hungary. Soil data were obtained
from the AGROTOPO (1:100,000 scale) and DoSoRe-
Mi (one-hectare resolution) soil databases, both de-
veloped by the Research Institute of Soil Sciences and
Agricultural Chemistry (TAKI).

For rainfall data two datasets were used. Firstly, the
interpolated and gridded dataset of 0.1° resolution of
the Hungarian Meteorological Service (OMSZ). Sec-
ondly, rainfall data collected by an automated rain
gage network over the period of 2013 to 2020.

All geospatial data were processed in ArcMap 10.7.1,
ArcGIS Pro 2.8.0 and SAGA GIS software environ-
ments.

Delineation of areas of flash flood potential

Hilly and mountainous areas were delineated by calcu-
lating (a) range, (b) slope variety and (c) slope majority.
The three parameters were then clustered to differenti-
ate watersheds of various topographic characters using

the K-means clustering algorithm of the Multivariate
Clustering model of ArcGIS Pro (Figure 1).

The primary delineation was enhanced by defining
valley widths at a height of 5 meters above the center-
line of the channel by using the Vertical Distance to
Channel Network function. The maximum search ra-
dius was set at 5 km. An area was considered a plain
when no valley relief of at least 5 meters was found in
the search radius of 5 km. Areas, prone to inland ex-
cess water were excluded from the delineation of hilly
and mountainous areas.

By unifying methods 1 and 2 polygons of areas of
potentially affected by flash floods were generated
(Figure 1). For the optimization of calculation capaci-
ty, 5 areas were delineated. The total area of the poten-
tially flash flood-prone areas was 32,759 km* covering
35% of the entire land area of Hungary.

Delineation of watersheds

Watersheds were delineated in a cumulative way iden-
tifying watersheds of about 3 to 8 km? with a mean
of 6 km? as a minimum unit, which is a typical size
of supercells of convective events, primarily responsi-
ble for flash flood generation. The number of unit wa-
tersheds and streams totalled 5,458 and 3,103, respec-
tively, while the total length of streams was 18,561 km.

Generation of the watershed based FFSI

Elementary watersheds were delineated using the Hy-
drology tools (extension) of ArcGIS/ArcMAP 10.5.1. A
total of 13 conditional factors, derived from the topo-
graphical, channel and flow properties, land use, ped-
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Figure 1. Flow chart visualization of the FFSIs generation

ological, geological and meteorological datasets were
used for creating a watershed-based flash flood sus-
ceptibility map (FFSI,,) of Hungary (Table 1).

The formation of flash floods is affected by sever-
al active (meteorological) and passive (morphologi-
cal) parameters. These parameters (listed in Table 1)
in the FFSI,,; were selected and analyzed in terms of
their impact on flash flood formation (see Table 1, in-
fluence on susceptibility). In our model only one ac-
tive parameter was included, which is the annual av-
erage number of days with extreme precipitation (=
30 mm).

The passive factors were divided into two catego-
ries: (i) catchment characteristics (such as surface cov-
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er, lithological properties, slope variety and rate of
change in range); (ii) river basin characteristics (e.g.:
river density, confluence zones, bottleneck effect). All
factors were ranked on a scale of 1 to 5 at watershed
level (Fig. 1.), the higher the value, the higher the sus-
ceptibility. To calculate FFSI, all 13 factors at a rank
of 1 to 5 were summarized hence, counting each fac-
tor at an equal weight with a potentially maximum
value of 65. The influence of the non-dynamic factors
on flash flood susceptibility are listed below (Fig. 1
and Table 1):
o Artificial surfaces: Sealed surfaces are acting as
impermeable surfaces, preventing the infiltration
of precipitation and shorten the time of concen-
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Table 1. Watershed scale input parameters for the FFSM.

General input Specific factor Source Influence on

category susceptibility

Topography Specific relief DEM +
Range of slope DEM +
Valley density DEM +

Channel and Stream density VARGEO +

flow parameters Valley confinement VARGEO +
Sinuosity VARGEO +
Number of confluences per watershed DEM +

Land use data Percentage of paved surfaces CLC 2012 +
Percentage of forests CLC 2012 -

Pedology Percentage of sand DoSoReMi -
Percentage of clay DoSoReMi +

Lithology Percentage of limestone and dolomite MGSH* -

Meteorology Number of annual days with a >30 mm daily HMS** +
precipitation total

*Mining and Geology Survey of Hungary
**Hungarian Meteorological Service

tration and increase runoff rate with increased
yield;

« Karstic surfaces: this is the only lithological effect
taken into account in this study. Limestone and e
dolomite surfaces were included in this category.
Limestone areas typically have low surface drain-
age density and high infiltration rates.

« Forest cover: Canopy interception significantly de-
lays and reduces intense runoff and provides time
for early warning. Intensive forest management
made the inclusion of this factor necessary.

o Valley density: from the point of view of the forma-
tion of flash floods the density of valleys, i.e., the
dissection of the catchment area is really important.
Note that valley density is not identical with riv-
er density, as intermittent valleys may act as line-
ar conveyor paths facilitating water accumulation. .

o Soil type: Clay and sand textured areas were cal-
culated in all catchments. Clay and sand control
runoff and infiltration adversely, i.e., clay promotes
runoff, whereas sand enhances infiltration. This
parameter accounts for two conditioning factors,
namely (i) clay and (ii) sand percentage.

o Specific relief: the topographic conditions of the
catchment, e.g., the height differences (relative re-
lief) control the time of concentration and flow ve-
locity. However, catchment areas with large relative
relief are not necessarily hazardous. If the accumu-
lating water does not reach an inflection point in
the area, it cannot be classified as more dangerous
than a catchment of lower relief. Areas that are “only”
steep and have no inflection points will only conduct
water through and this parameter will not indicate

a hazard. In the model, we have calculated the dif-
ference between the highest and lowest points of the
catchment and divided it by the catchment area.
Slope variety: It demonstrates the ruggedness of
the watershed, indicates the number of possible in-
flection points which dissect the terrain, and shows
how many possible locations there are in the catch-
ment where the accumulation process slows down.
Bottleneck effect: in the case of heavy rainfall the
valley bottlenecks impound runoff. On both sides
of the river the valley height (up to 5 m) was exam-
ined to a horizontal distance of 5 km. Sections where
the degree of constriction exceeded 50% in the flow
direction compared to the previous point were sort-
ed, and then their number in each catchment was
counted and normalized to the catchment area.
Confinement: valley morphology and asymme-
try were calculated to account for blocking effect in
the case of flooding. If the deviation from the center
line exceeded the 50% asymmetry value, i.e., swing-
ing left and right towards the valley sides, it was clas-
sified as a risk factor if the watercourse was closer
than fifty meters to the valley edge on either side.
The points in the catchment that meet this criteri-
on were given and normalized to the catchment area.
Drainage density: in connection with the valley
density, the drainage densities of the catchments
were also taken into the analysis. Lowland sections,
artificial water networks, as well as watercours-
es shorter than 1 km have been removed from the
dataset.

Number of confluence points: We determined the
confluence points (at least 2) within 500 meters’
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distance, then we calculated how many confluence
points are found in a given catchment area.

Except for the forested, paved and karstic areas (%)
and the clay and sand percentages, all other eight fac-
tors were normalized and averaged to the catchment
area.

Generation of FFSI, maps

To obtain the settlement level susceptibility indices
(FFSI,), feature polygons (watersheds) of each 13 condi-
tioning factors were rasterized at a resolution of 100 x
100 m. FFSI maps were calculated from the rasterized
grid network by extracting the mean, maximum and
majority raster values using the Zonal Statistics func-
tion of ArcGIS for the overlapping settlements. Each
settlement was underlain by more than one watershed,
hence calculating the majority was also an option for
calculation. FFSI was then calculated by evenly sum-
ming up each of the 13 values ranked on a scale of 1 to
5, having a maximum of 65 points potentially. Ranking
was calculated using the Geometric Intervals extension
of ArcGIS, commonly used for non-normal distribu-
tion datasets and producing results in a visually appeal-
ing and cartographically comprehensive way.

Results and Discussion

Data verification
FFSI, maps were validated using the locations of doc-
umented flash flood inventory data reported to insur-
ance companies (Fig. 6). Database was provided by the
General Directorate of Water Management of Hunga-
ry. Flash flood and intense rainfall related damages
were selected from the database using the keywords
“intense precipitation” and “flash flood”. Accuracy of
the susceptibility map was calculated for each of the
quintiles by dividing the number of settlements with
reported events by the total number of settlements:

Binaccuracy = S—S‘f -100%

where S, is the number of settlements with report-
ed events and S is the total number of settlements in
the given bin.

Principal component analysis in MatLab was em-
ployed to calculate the level of influence of each of the
13 input parameters and assess the correlation of in-
fluence on flash flood generation. PC analysis showed
that 10 components (out of the 13) explained 95% of
all variability of our dataset. The first three compo-
nent only explained 54.9% of all variations.

The watershed based FFS/,,
In total, 5,458 watersheds were delineated. Almost ex-
actly 10% of all delineated watersheds were includ-
ed into the category of extreme susceptibility (Table
2). The highest flash flood susceptibility was found in
the Southern Transdanubian region, along the west-
ern national border (the region of Alpokalja), and in
the Borzsony and the Matra Mountains in the north
central part of Hungary (Figure 2). Mean watershed
area decreased to the direction of higher susceptibil-
ity demonstrating the increasingly headwater char-
acter of the watersheds. Most watersheds belonged to
the category of moderate susceptibility.

In terms of the environmental factors on flash flood
generation, artificial surfaces covered 5.9% of the stud-

Table 2. Watershed statistics of the FFSI,.

ied river basins on average, whereas paved surfaces cover
20% of the area occurred at about 7.5% of the catchments.
In comparison forest coverage was higher than 50% in
25% of the catchments, however, 32% of the studied area
was afforested. The average proportion of carbonate sur-
faces in the studied catchments was 2.99%. 5.71% of
them were covered with carbonate rocks in more than
20% of the total area. Clay and sand as physical soil type
was measured on average 18.5% and 31.7%, respective-
ly. 22.5% of the catchments showed valley density values
higher than 20% (the average was 14.5%).

Settlement based susceptibility map (FFSI,)
The distribution of the five susceptibility classes on
the three FFSI, maps were rather different. While the

Susceptibility Area (km?) Mean area Number of %
class (km2) watersheds

Low 5,606 11.16 502 9.20
Moderate 16,022 8.06 1,987 36.41
Medium 6,226 5.21 1,195 21.89
High 4,039 3.28 1,229 22.52
Extreme 864 1.58 545 9.99
Total 32,757 5,458 100.00
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Figure 2. Elementary FFSI,, map of Hungary

number of the mean-based FFSI, demonstrated a nor-  er of the settlements of extreme susceptibility was

mal quasi-Gaussian distribution with very low per-  found for the mean based FFSIs (Figure 5).

centages in the quintile of low and extreme catego-

ries, the maximum-based FFSI; overemphasized the = Data verification

proportion of settlements of high and extreme sus-  The flash flood inventory data included a total of 2,677

ceptibility, accounting for more than 50% of both cat-  events. On average, 62% of the analysed 1,912 settle-

egories combined (Table 3). The number of the ma- ments did not report any flash flood related losses.

jority-based FFSI, again showed a normal distribution =~ Hence, the average number of reported events per im-

with less extreme values in the low and extreme quin-  pacted settlement was 3.68.

tiles than on the mean-based map. According to the flood inventory, the highest abso-
The maximum based FFSI, hence showed a high-  lute number of flash flood related events were report-

er areal proportion of extreme susceptibility than the  ed from the city of Miskolc (38) and in the north cen-

other two FFSI maps (Figure 3). The lowest areal cov-  tral part of Hungary (Figure 6a). However, when the

Table 3. Statistics of the FFSI; rankings based on the mean, maximum and majority raster value

Mean Maximum Majority

Susceptibility Number of % Number of % Number of %
class settlements settlements settlements

Low 103 5.39 316 16.53 265 13.86
Moderate 344 17.99 395 20.66 467 24.42
Medium 720 37.66 227 11.87 562 29.39
High 542 28.35 433 22.65 374 19.56
Extreme 203 10.61 541 28.29 244 12.76
Total 1912 100 1912 100 1912 100
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Figure 3. FFSI, map of Hungary with the maximum raster value used for susceptibility assignment

Figure 4. FFSI, map of Hungary with the majority raster value used for susceptibility assignment
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Figure 5. FFSI, map of Hungary with the mean raster value used for susceptibility assignment

number of reported events was normalized for the  for quintile 5 (highest susceptibility) was found for
number of residents, the SW part of Hungary demon-  the majority based FFSIs, however for the same map
strated a higher level of risk (Figure 6b). The contrast-  the highest accuracy was also found here for the quin-
ing differences in the distribution of reported events tile of the lowest susceptibility (Table 4). The majori-
is partly due to the different settlement structuresand  ty based FFSIs demonstrated the lowest accuracy for
the higher percentage of settlements of low popula-  the quantile of high susceptibility (quintile 4), while
tion in the SW and NE parts of Hungary. FFSIs was the best at 50.74%. When accuracy of each

The accuracy of the three FFSIs maps was tested  quantile was considered, again the majority-based
using the accuracy of the five susceptibility quintiles. ~ map performed the best at a mean accuracy of 48.41%,
Hence, the highest accuracy was expected for quan-  whereas the mean and maximum based FFSIs maps
tile 5 (highest susceptibility) and lowest for quantile 1 =~ were almost identical at 46.33% and 46.29%, respec-
(lowest susceptibility). The highest accuracy at 59.02% tively.
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Figure 6. Reported flash flood events (a) and population normalized flash flood events (b) of Hungary
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Table 4. Verification statistics for the FFSIs maps

Mean Maximum Majority

Total number of settlements 1912 1912 1912
Total number of events 2677 2677 2677
Low, total number of settlements (S) 103 316 265
Low, settlement w/o reported event 66 202 157
Low, settlement with reported events (Se) 37 14 108
Low, accuracy (%) 35.92 36.08 40.75
Moderate, total number of settlements (S) 344 395 467
Moderate, settlement w/o reported event 205 223 257
Moderate, settlement with reported events (Se) 139 172 210
Moderate, accuracy (%) 40.41 43.54 44.97
Medium, number of settlements 720 227 562
Medium, settlement w/o reported event 368 128 287
Medium, settlement with reported events (Se) 352 99 275
Medium, accuracy (%) 48.89 43.61 48.93
High, total number of settlements (S) 542 433 374
High, settlement w/o reported event 267 215 193
High, settlement with reported events (Se) 275 218 181
High, accuracy (%) 50.74 50.35 484
Extreme, total number of settlements (S) 203 541 244
Extreme, settlement w/o reported event 90 228 100
Extreme, settlement with reported events (Se) 13 313 144
Extreme, accuracy (%) 55.67 57.86 59.02
Mean accuracy (%) 46.326 46.288 48.414

Conclusions

The currently proposed FFSIs maps comprise the sec-
ond-stage development of the flash flood susceptibil-
ity map (flood potential map) of Hungary first gen-
erated and published by Czigany et al. (2011). In the
present study a watershed based FFSI,, and three set-
tlement level FFSI; maps were created. Using the max-
imum susceptibility value for statistical evaluation is
a highly recommended approach, as this susceptibili-
ty level reflects the worst-case scenario for the relevant
community. This approach enables decision makers to
mitigate losses, however it increases the cost of flood
prevention measures.

The current map, however, is a markedly improved
version of the first susceptibility map. Improvements
were done at the following four points:

a) The current map includes a larger number of
conditional factors, specifically integrating mul-
tiple hydraulic factors that may influence chan-
nel flow.

b) The current map has a higher resolution. The
current FFSI map was generated for 5,485 ele-
mentary watersheds in contrast to the 1,093 of
the former FFSI map.

¢) The prediction accuracy of the current map is
verified by a much larger flood inventory dataset.

d) The current map focuses on settlement suscepti-
bility/vulnerability, on the locations where dam-
age happens.

A common number of conditioning factors used
in the development of FFS maps is between 3 and 12
(Saleh et al., 2020; Tincu et al., 2018). As flash floods
are generated by multiple conditioning factors, but
in a site and climate specific manner, a multidiscipli-
nary approach is needed forecasting such extreme hy-
drological phenomena and nowcasting the causative
heavy rainfalls. However, reliable historical records
are often too short. In addition, measuring peak rain-
fall or storm flow is subject to error. Thirdly, rainfall
patterns have also changed over the past decades in
the wake of climate change.

In addition to the above-discussed environmen-
tal factors, it is essential to incorporate and regular-
ly monitor other, dynamic, non-steady environmental
factors, like discharge, antecedent soil moisture con-
tents, groundwater table depths, rainfall pattern and
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canopy cover. The present model included 13 condi-
tioning factors of even weight. A first option to im-
prove the model of the current study is to perform a
linear regression calculation to evaluate the weight
of the conditioning factors, similarly to many previ-
ous studies on flood potential assessment. These pa-
pers used weighted parameters based on preliminary
statistics and regression calculations. Secondly other
classification methods and alternative raster resolu-
tions may also be applied during ArcGIS processing
and analyses. Consequently, a novel spatial statistical
method and higher spatial resolution may be selected
in GIS environment to convert watershed level data to
settlement level data. Thirdly, the current susceptibil-
ity map could also be verified and compared with the
susceptibility map developed for the headwater catch-
ments of the Mecsek Hills by Fabidn et al. (2016) on
the basis of the morpho- and geometric properties of
the studied watersheds.

Combining the current FFSIs maps with the ex-
tent of infrastructural damage the map may be fur-
ther developed into a vulnerability map of advanced
practical application for decision makers and end-us-
ers. For further refinement, other indirect factors may
be included in the model. Khosravi et al. (2018) sug-
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Abstract

Due to extreme weather, occasionally Hungary's main rivers and lakes grow an ice cover causing severe
damage to infrastructure and increased flood hazard. During cold periods in 2017 and 2022, a danger-
ous layer of ice developed on the main rivers in the country. Since river ice is rare in this region, no per-
manent ice monitoring system is in operation. Due to their all weather capabilities, active remote sens-
ing instruments provide a good opportunity to monitor ice coverage. ESA’s Sentinel-1 radar satellites
acquire data with a relatively high spatial and temporal resolution. A method was developed to pro-
vide ice coverage information at a regular interval; depending on the satellite revisit, at least once eve-
ry 5 days, but often also on a daily basis. In 2017, maps were created for sections along the Danube and
in 2022 for another section of the Tisza river. The ice coverage was calculated with a spatial resolution
of 10 metre and visualised with a spatial density of 100 metre along the rivers. The mapping procedure
provides visual information to give a fast overview of the spatial extent of ice coverage and quantita-
tive, tabular information for operational activities to mitigate the damage due to ice packs and ice jams.

Keywords: river ice; classification; Sentinel-1; flood; radar; Danube; Tisza

Introduction

January 2017 was the coldest month in Hungary in
30 years. The extreme temperatures were due to a Ca-
nadian High and Siberian anticyclone resulting in a
large stationary high pressure area over Europe which
caused cold air to flow from Scandinavia and Russia
to Central and Eastern Europe (Horvéth, 2017). The
average daily temperature in Hungary in January was
-5.8 °C, which is 4.5 °C lower than the long term an-
nual mean. Due to a thin layer of snow and clear skies,
the temperature dropped to its lowest point of -28.1
°C in Tésa on January 8. After a short, slightly warmer
period in the middle of the month, a new, extremely
cold period followed with average daily temperatures
well below -6 °C (OMSZ, 2017). Due to the continuous
low temperatures, ice developed on Hungary’s main
rivers and lakes (Gombas & Balatonyi, 2017; Liptay et

al., 2021). From January 6 until February 3, 2017, eve-
rywhere along the Danube large patches and packs of
river ice occurred (Takacs & Kern, 2017). Although in
the winter season of 2021/2022, the average monthly
temperatures were not extreme (2.3 and 1.1°C in De-
cember and January at Szeged), there was a long cold
period with average daily temperatures below 0°C
from January 7 till January 25, 2022. (https://ogimet.
com). The daily maximums were between 0-5°C, but
the daily minimums were below freezing point, some-
times even below -10°C. These meteorological condi-
tions resulted in river ice development on Tisza River.

The presence and frequency of floating or static
ice on the largest rivers in the Carpathian Basin has
changed a lot in the last 120 years (Takacs et al., 2018;
Keve, 2017b). While earlier floods caused by ice were
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River Ice Monitoring of the Danube and Tisza Rivers
using Sentinel-1 Radar Data

a common phenomenon (at the Danube in 1838, 1839,
1850, 1876, 1878, 1883, 1891, 1920, 1923, 1926, 1929,
1940, 1941 and 1956, Keve, 2017b), from the second
half of the 20th century, static ice cover occurred only
sporadically (e.g. in 1962/1963 for a longer period and
last time in 1984/1985, Takacs & Kern, 2017). From
2000 not just static ice formation but also the occur-
rence and duration of ice floe periods decreased (Ioni-
ta et al., 2018). Since 2000, the ice floe period has nev-
er been longer than 20 days. Floating ice could be
observed along the Danube (Budapest and Mohacs)
for more than 10 days in 2005/2006, 2011/2012 and
2016/2017 (Takécs & Kern, 2017).

The development of river ice increases the risk of
flooding, damage to infrastructure and transporta-
tion problems (Highs, 2009; Chu et al.,, 2015; Aga-
fonova et al., 2017). The high pressure of the ice can
cause problems in harbours, docks, buildings, and
other flood defence structures. It can also damage the
river bank and its vegetation. In Hungary, in addi-
tion to local protection measures, an icebreaker fleet
is being deployed to combat river ice (Gombas & Bal-
atonyi, 2017). Icebreakers are used to make rivers ac-
cessible for transport and reduce the pressure on in-
frastructure caused by ice collisions. It is important
to map the ice coverage to optimize protection meas-
ures. However, as river ice does not occur often, no
permanent monitoring system, covering the main
rivers, is installed like in other countries with regu-
lar occurrence of river ice (Keve, 2014). The only at-
tempt to monitor river ice in Hungary known to the
authors is a network of five web cameras (four camer-
as, of which three on the Danube and one on the Tisza,
were still operational in March 2022) on a 130 kilome-

Data and methods

ter long segment of the Danube (Keve, 2017a). Perma-
nent monitoring systems are expensive to maintain,
restricted to a limited number of places and are tech-
nically challenging (Keve, 2017b; Keve 2020).

Active remote sensing data can be acquired at rel-
atively fine spatial resolutions and operate in the mi-
crowave range. This circumvents the effect of haze and
cloud cover and provides potential opportunities for
the development of valuable automatic and periodic
river-ice monitoring tools (Chu et al., 2015). Since 2015,
ESA’s Sentinel-1 radar satellites acquire data with a high
spatial and high temporal resolution (Malenovsky et al.,
2012). This data provides new possibilities for the semi-
permanent monitoring of ice coverage of large rivers
and lakes (Van Leeuwen et al., 2018). Earlier research
demonstrated that remote sensing data can be used
to detect, classify and monitor ice on sea or on large
lakes (Tom et al., 2020; Howell et al., 2021; Zhang et al.,
2021; Lohse et al., 2020; Li et al., 2021). River ice mon-
itoring in Arctic regions has been conducted by sever-
al authors: Weber et al. (2003) used active data, Altena
etal. (2021) applied different optical data sets, Goldberg
et al. (2020) worked with low resolution RS data to pre-
dict ice jams, and Zakharova et al. (2021) used altime-
try to classify river ice. Our research is the first attempt
to monitor river ice coverage in a continental climate
using high resolution radar data. Our aim is to monitor
the development of ice cover on the Danube and Tisza
rivers in Hungary. Here, we present the validation, im-
provements and spatial extension of the algorithm in-
troduced in our preliminary research on the Danube
(Van Leeuwen et al.,, 2018). Other characteristics like
thickness, chemical composition and typisation of the
ice were not the scope of this research.

Study area

The study areas for this research cover a major part
of the Middle Danube in the Carpathian Basin where
most river ice is formed. The Danube study area
stretches from Dunaféldvar in Hungary, via Croa-
tia to Belgrade in Serbia. The Lower Tisza River study
area extends from Algy6é in Hungary to Kanjiza in
Serbia (Figure 1). This section of the Tisza was select-
ed because of the extend of ice coverage in 2022 and
it was operationally easy to validate the ice detection
methods at this location. The Danube is a major river
in Europe with a mean discharge of 2350 m?/s at Bu-
dapest and 5600 ms at Belgrade (Mezdsi, 2016). The
Middle Danube is an alluvial river on the investigated
reach and has a meandering pattern in general. How-
ever, numerous bends were cut-off artificially dur-
ing the regulation works of the 19t century (Somo-

gyi, 2001), and the originally ~540 km long reach was
reduced to 400 km. The most affected sections were
located between Paks and Baja, and between Mohacs
and Apatin (Fig. 1). A major motivation behind river
training at that time was to prevent so called ice jam
floods, developing by the ramping of ice floes at riffles
and in meanders, which blocked river flow and caused
serious upstream impoundment. Flood hazard was
boosted by meteorological reasons as well, since gen-
eral thawing advances from west to east in the region;
thus, meltwater flood waves increased both ice ramp-
ing and inundation. Nevertheless, meander cut-offs
just partly solved the problem, as the river channel is
still shallow and wide, several islands exist, and riffles
do also develop.

The Tisza is the second largest river in the Carpathi-
an Basin and the largest tributary of the Danube. The
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Figure 1. Study areas along the Danube and Tisza/Maros river

river is strongly regulated, i.e. its channel was short-
ened radically, by almost 40 % (Somogyi, 2001). Its
mean discharge is 825 m%s at Szeged (Kiss et al., 2019).
The Tisza is less frequently endangered by ice jam
floods. This is partly because on its catchment general
spring thaw advances from southwest to northeast, i.e.
opposite to its flow direction, and partly because the
width/depth ratio of its channel is significantly lower
than that of the Danube. The analysed river section is
40 km long and located at the Hungarian-Serbian bor-
der. The study area contains a short section of the Ma-
ros, which is the largest tributary of the Tisza.

Data
The identification of ice on the rivers is based on radar
data from the Sentinel-1A and Sentinel-1B satellites.
The satellites are equipped with identical 5.405 GHz
C-band Synthetic Aperture Radar (SAR) instruments.
In the presented workflow, we are using the Level-1
Ground Range Detected (GRD) product. Data is col-
lected in the Interferometric Wide (IW) swath mode
and has a 250 km swath width and a pixel spacing of
10 x 10 metre (Malenovsky et al., 2012). The data prod-
uct comes with VV and VH polarisation over land
masses, but only the VV polarisation was used in our
research. Data for the period from 1 January to 15
February 2017 and 19 January to 29 January 2022 was
downloaded from Copernicus Open Access Hub. The
data is free of charge and without restrictions of use.
The Sentinel-1 satellites form a constellation that
provides an image of the area under investigation
about every third day. The study areas are covered by
three ascending and two descending paths, so the riv-
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er sections are never covered by just one image; for
each day, it is needed to mosaic different images. Since
radar data is more or less independent from weath-
er circumstances, atmospheric conditions do not dis-
turb the data acquisition and every image that is ac-
quired by the satellites can be used for information
extraction. Unfortunately, due to a major anomaly,
Sentinel-1B does not provide data since 23 December
2021, and only data from Sentinel-1A was used during
the cold period in 2022.

Software

All preprocessing is carried out in ESA’s SNAP open-
source image processing software. Further processing
and mapping are executed in ArcGIS Desktop. The
processing is automated with a graph in SNAP and
Python scripting in ArcGIS.

Data processing

Data preprocessing

To be able to extract useful information from the ra-
dar images, the raw radar GRD IW data need to be
geometrically corrected and radiometrically calibrat-
ed. The process is presented in Figure 2. After down-
loading the image, the orbit state vector available from
the metadata can be automatically updated, if a pre-
cise orbit file is available. In the next step, the image is
calibrated to convert the raw pixel values to unbiased
backscatter values. To reduce noise, which is inherent
to radar images, a single image speckle filter is applied.
The image is then geometrically corrected using the
object-sensor geometry and a digital elevation mod-
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Figure 2. Raw data processing in ESA SNAP

el. In this step, also a map is created that stores the lo-
cal incidence angle for each pixel in the image. Using
this map, the backscatter values are normalised. Fi-
nally, the backscatter values are converted to decibel
and stored as a GeoTIFF file for further processing in
a geographic information system.

Creation of river polygons

The base data for the river polygon files was a 1:50,000
vector file acquired from the Hungarian General Di-
rectorate of Water Management. The file was clipped
to both study areas. The resulting files for the Danube
and Tisza areas were then draped over very high reso-
lution GeoEye imagery in Google Earth and manually
edited to reduce errors due to shadows, sandbanks, is-
lands, and man-made structures. For both rivers, the
centreline was extracted and perpendicular intersec-
tions with a spacing of 100 metre were calculated. For
the Danube, the 405 km long polygon was split along
its centreline into 4050 one-hundred-metre sections.
The Tisza polygon map resulted in an approximately
40 km long polygon, with 371 one hundred metre sec-
tions along the Tisza and Maros. In both polygon files,
islands, meanders, splittings and other problems were
manually corrected, and the sectors were adjusted
manually to coincide with the fluvial kilometre (fkm)
markings of the Hungarian water directorate.

Ice detection

The strength of backscattered radar signals is highly
dependent on the dielectric properties of the surface.
The dielectric constant of clear and dry ice is between
2.0 and 3.2, while the dielectric constant of water is
80. Therefore, water results in a lower signal than dry

ice. Ice with a rough surface gives the highest signal,
while smooth non turbid water gives the lowest signal
(Figure 3). A thawing ice layer with a higher dielectric
constant and higher water and moisture content, pro-
duces a higher return signal compared to that of the
layers with low dielectric constant, such as clear and
dry snow/ice layers (Chu et al., 2015). The variation in
ice roughness, water content and smoothness of the
water makes it challenging to determine the bounda-
ry between water and ice.

After normalisation of the local incidence angle,
the backscattered radar signal consists of two compo-
nents: 1) surface scattering and 2) volume scattering.
Smooth surfaces result in lower surface scattering, be-
cause the incoming radar signal is reflected away from
the sensor, while rough surfaces have a higher signal
due to diffuse surface scattering. Volume scattering is
higher for ice surfaces with lots of cracks and impuri-
ties (Chu et al., 2015).

In this study, based on visual identification of the
ice cover, we defined a threshold that - within the area
of the river - separates surfaces below the threshold
as water and above the threshold as ice (Figure 4). In
this way, a binary raster map with ice and no ice pixels
can be created. This raster is then converted to a poly-
gon file and intersected with the river polygon file. For
each of the 100 metre sections of the fkm file, the ratio
between water and ice was calculated.

Mapping

The main goal of the mapping workflow was to create
printed layouts with all information necessary for the
operative decision making process. The image process-
ing steps were conducted on individual satellite scenes.

Figure 3. Relationship between ice surface and strength of the backscatter signal (Based on Unterschultz et al., 2009)
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Figure 4. Processing workflow for determining ice cover from preprocessed satellite images

Therefore, the calculated ice cover maps of the same
satellite path were merged, and the overlapping areas
of ascending and descending satellite paths were mo-
saiced. The continuous ice cover dataset was aggregat-
ed into polygons covering 100 metre sections along the
river. In this way, not only the actual position, but also
the proportion of the ice cover is visualised.

Printable layouts were generated for each day when
satellite data was available of the study area. In the
case of the Danube, the whole 400 km section was di-
vided into 8 smaller parts. This way the layouts could
have better resolution when printed on A3 paper for-
mat. They contain multiple map frames to visualise
the calculated ratio of ice cover in 100 metres sections,
and the exact location of the identified ice blocks as
well. The layers’ symbology was generated based on
the advice of the Hungarian General Directorate of
Water Management to provide easily interpretable in-
formation. Optionally, the layouts can contain alpha-
numeric information in tabular form, presenting the
exact ice cover ratio values in 100 metres sections. The
dynamics of the ice cover can be visualised using the
layouts of a selected river section on different dates.

Validation methods

There are no independent data sets that provide con-
tinuous information on the ice coverage of the Dan-
ube and Tisza, therefore quantitative validation of
our results is problematic. Two methods have been
applied to evaluate the quality of our methods. The
first method is based on observations by inspectors
of the Hungarian General Directorate of Water Man-
agement for the Danube River. The second method is
based on comparison with independent data obtained
from other optical satellites.

Comparison with ice watch data

Daily observations of ice coverage by inspectors of
the Hungarian General Directorate of Water Man-
agement are aggregated to maps and tabular data with
a spatial resolution of about 1 kilometre between the
1850 and 1440 tkm (Rajka, Hungary - Mohdcs, Hun-
gary). This information is published on the hydroin-
fo webpage of the Hungarian General Directorate of
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Water Management (http:/www.hydroinfo.hu/). A
section to the south of Dunaféldvar with a length of
5 kilometres was selected to be compared to the satel-
lite-derived ice coverage. The hydroinfo data is pub-
lished in five ordinal classes: No ice, small ice cover,
medium ice cover, large ice cover, completely covered.
The radar derived ice coverage in percentage was ag-
gregated to the same section as the observation.

Comparison with multispectral imagery

Multispectral data was evaluated as a source for vali-
dation of the presented method. Landsat 8 and Senti-
nel-2 data were considered, because they have similar
resolution as Sentinel-1, they can be acquired free of
charge and Sentinel-2 has a high temporal resolution.
Landsat 8 and Sentinel-2 data are not acquired at the
same time as Sentinel-1 data, but for the research, it
was assumed that if data was acquired on the same day,
the ice coverage should be comparable. Unfortunately,
during the one and a half month long research period
in 2017, only one usable Landsat 8 image was acquired
on the same day as Sentinel-1. All other Landsat 8 or
Sentinel-2 images were cloudy or collected on a differ-
ent day. On January 22, 2017, a Landsat 8 image was
acquired at 09:33 UTC, while a Sentinel-1 image was
acquired at 16:33 UTC. The images overlap each other
in a small area in Hungary. Obviously, the 7-hour dif-
ference between the image acquisitions limits the re-
liability of the validation. The validation at the Tisza
in 2022 was conducted based on comparison between
completely overlapping Sentinel-1 and Sentinel-2 im-
ages of the same day (January 24). The time difference
was 5 hours. To evaluate the calculated ice cover map,
the multispectral dataset was clustered into 15 class-
es using ISODATA algorithm and the corresponding
classes were labelled as ice cover.

Data analysis

Beside developing, testing and validating an ice mon-
itoring algorithm, the data obtained from the 2017
Danube ice survey was analysed in order to assess the
temporal and spatial pattern of ice formation, and to
determine what factors most severely affect the devel-
opment of static ice cover on the river.
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For the analyses the tabular data of those days
were used when satellite coverage was complete for
the entire section. In all, 11 full coverages could be
assessed (314, 9th, 15th, 16th, 22nd, 27th 28th of January
and 3rd4, 8th, 9th, 15th of February). For these days, first
a mean daily ice cover ratio was determined, then a
distance based mean ice cover graph was made, show-
ing representative ice cover values for each 100 m pol-
ygon for the entire period. Daily mean temperature
data were derived from the meteorologic station of
Hoédmezévasarhely, Hungary, being approximately at
the centre of the study area.

Beside temperature, icing is also determined by
channel geometry, reach scale and local changes in flow
conditions, and by obstacles in the channel (Lal & Shen,
1993). As flow conditions could not be reconstructed
for the entire section, we mostly focused on planform
channel geometry data. Accordingly, the spatial distri-
bution of ice cover data was first compared to channel
width, and channel width variation. Width values were

Results and discussion

derived from the 100 m river polygons. Width varia-
tion was determined by subtracting each width data
from the consecutive downstream value. A more neg-
ative value meant a more significant narrowing along
the section and vice versa. Channel roughness can
also be increased by the presence of mid-channel is-
lands, therefore, these were mapped and overlaid on
the ice data as well. Ice coverage was also assessed in
relation with river sinuosity, taken from the arc/chord
length ratio of river bends. Arc length was determined
along the channel centreline in between two inflection
points, while the chord length was taken as the straight-
line distance of the points. Finally, ice cover was also
compared to water surface slope conditions of the in-
vestigated reach, calculated from the absolute height of
gauge stations (Dunafoldvér, Paks, Baja, Dunaszekcsd,
Mohdcs, Apatin, Novi Sad, Pancevo) and flood free low
water data. We chose this approach to be able to deter-
mine which channel sections have below and above av-
erage channel slope.

Ice coverage maps

For the complete ice periods in 2017 and 2022, maps
were generated showing the ice coverage per pixel (at
the resolution of the satellite data) and aggregated to
the 100 metre sections of the rivers. Figure 5 shows a
36 kilometre long example of the ice coverage detec-
tion algorithm. The results show coverage and ratio
of coverage per 100 metre section. The series of cov-
erage maps and the 100 m resolution coverage ratio
data also allowed the identification of reaches most-
ly affected by the formation of complete ice cover and

ice jams and the evaluation of ice formation in rela-
tion with changes in river morphology. In general, ice
packing was detected mostly at sections with fluvi-
al islands or with mature meanders. Figure 6 shows
the same type of result for the Tisza section in 2022.
Here, the ice formed a blockage upstream of a sharp
bend east of Szeged. As a result, a 3.8-kilometre-long
stretch of the river was almost completely covered
with ice.

In total 173 layouts in A3 format, with a scale of
1:100,000 were produced to visualise the ice coverage

Figure 5. Results of the radar based ice coverage calculation of January 10, 2017 for a Danube river subsection
in Croatia (left), the 10 x 10 metre resolution ice coverage (middle) and the polygon map showing the ratio
of the river covered with ice per 100 metre section (right)
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Figure 6. Results of the radar based ice coverage calculation of January 27, 2022 for a Tisza subsection near Szeged
in Hungary (left), the 10 x 10 metre resolution ice coverage (middle) and the polygon map showing
the ratio of the river covered with ice per 100 metre section (right)

on the Danube in 2017. Each layout shows a river sec-
tion of around 50 km. The language of the layout is
Hungarian because they are produced for operation-
al activities of the Hungarian General Directorate of
Water Management water management. An example
of a printable map in Serbia is given in Figure 7.

Validation of results

The Sentinel-1 derived ice coverage maps were com-
pared to the in-situ observations by the Hungari-
an General Directorate of Water Management for
the long ice period in 2017 (Figure 8). The ice cover-
age pattern shown by in-situ observations is an in-

Figure 7. Sample layout of a selected Danube section (1270-1223 river km) on February 2, 2017
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Figure 8. Comparison of satellite derived ice coverage in percentage and in situ observation by the Hungarian General
Directorate of Water Management (https://www.hydroinfo.hu) for a section of the Danube between the cities of

Dunaféldvar and Bélcske in 2017. Only dates when the satellite image was available are shown on the x -axis

terpretation of the amount of ice on the river as seen
from the shore. There is some similarity to the pat-
terns shown by the satellite derived ice cover, but it is
not very strong. The large increase in ice coverage be-
tween the 8t and 10" of January can be clearly ob-
served in both data sets. Also, the ice accretion on the
20t and 28t of January and the 1¢t of February seems
to be detected in both data sets, but the limited num-
ber of observations by the satellite in the third week of
January almost completely missed the small ice cover-
age observed during the in-situ observations.

In 2017, visual inspection of ice coverage on a Land-
sat 8 multispectral image clearly shows white-greyish
areas at the East (left) bank of the river (Figure 9B),
while ice coverage derived from a Sentinel-1 image of
the same day shows ice on the same parts of the riv-
er (Figure 9C). It is not possible to quantify the corre-
lation between the ice coverage, since the images are

not from exactly the same time, but they clearly show
the same pattern.

The amount of ice during the 2017 period on the
Tisza near Szeged shows similarities between the two
data sets as well (Figure 10A and B), although the spa-
tial distribution is not as similar as in the validation
period in 2017.

Temporal development of ice cover

During the study period the most extensive relative
ice cover was experienced on the 9t* of January, when
41% (~7700 ha) of the total 405 km long river reach
was covered by ice. Based on the previous ice cov-
er data (3 of January) and the temperature curve,
this intensive ice cover developed only in about 2-3
days, primarily due to the extreme cold period start-
ing from the 6t of January (Fig. 11). However, by this
time floating ice could develop on the river, as the ra-

Figure 9. Validation of ice coverage derived from Sentinel-1in 2017 on the Danube. Validation satellite image (Landsat
8 RGB432) (A), reference data derived by ISODATA clustering of Landsat 8 image (B), and ice coverage derived from
Sentinel-1 satellite image (C). Sentinel-1 and Landsat 8 images were both acquired on January 22, 2017
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Figure 10. Validation of ice coverage derived from Sentinel-1in 2022 on the Tisza. Validation satellite image (Sentinel-2
RGB843) (A), reference data derived by ISODATA clustering of Sentinel-2 image (B), and ice coverage derived from
Sentinel-1 satellite image (C). Sentinel-1 and Sentinel-2 images were both acquired on January 24, 2022

tio of sections covered by static ice (ice cover ratio over
90%) was 1.1%. Although in the following days some
warming was experienced, but daily means hard-
ly reached 0°C, thus total ice cover did not increase,
but the proportion of 100 m river polygons covered
by static ice steadily increased (Fig. 11), even though,
due to a short warming, the total ice cover decreased.
In the next cold spell, the total ice cover remained 30-
40 %. The maximum extension of static ice was expe-
rienced on the 28" of January. Total ice cover on the
reach decreased by this time due to a slight warming
(Fig. 11). This pattern refers to the pronounced forma-
tion of packed ice developing from an increased vol-
ume of ice floes on the river.

Due to a significant warming experienced from the
beginning of February thawing advanced rapidly, ice
cover halved in 2-3 days, and static ice cover dropped
even more significantly.

Spatial pattern of ice development
Based on the time averaged 100 m ice cover data for
the entire period, three zones of increased ice for-

mation and ice floe congestion can be identified on
the investigated river section. The first ice forma-
tion zone (Zone 1.) is located between Dunafold-
var and Paks. In this zone, the time averaged data
reached a maximum of 40%, except for a short sec-
tion right upstream of the road bridge over the river
at Dunafoldvar (Fig. 12). As on each survey day and
at each bridge, a significant ice cover was detected,
it is assumed that at bridges the designed algorithm
gives false positive results, which is also supported
by the fact that the dielectric constant of ice (e=3-4)
is very close to that of asphalt (e=4-5) as opposed to
that of water (¢=80).

The second ice formation zone (Zone II.) is located
between Apatin and Vukovar on a 70-80 km long sec-
tion of the Danube, where time averaged ice cover val-
ues reached a maximum of 50% on a roughly 10 km
long section (1355-1345 tkm). The third and most ex-
tensive section favouring ice formation and ice pack-
ing (Zone III.) is situated between Novi Sad and Bel-
grade (~90-100 km), where time averaged ice cover
reached up to 60%.

Figure 11. Daily mean air temperature between the period of 1st of January and 20th of February 2017, and the change of
summed relative ice cover on the Dunaféldvar-Beograd section of the Danube River
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Figure 12. The time averaged distribution of ice cover on the investigated river reach, and the longitudinal change
of channel geometric parameters (width, width change, meander arc/chord ratio, water surface slope
at low water, position of islands)

The dynamics of ice transfer is also recognisable if
the distribution of consecutive measurements is com-
pared. On Figure 13, the survey made at the time of
the largest ice cover (9t® of January) is compared to
the following surveys. It is clearly visible how floating
ice moving from upstream is congested in the down-
stream ice zones, where full ice cover developed on
several kilometre sections by this date, even though
that day (15 of January) was right after the previous-
ly mentioned temporary warming (Fig. 11). On the
next day (16t of January), as temperature decreased,
ice formation, especially between Novi Sad and Bel-
grade, increased mostly because of local freezing. Ice
transfer from upstream could have a secondary role

in the increase of ice cover in the lack of time, as at an
average velocity of the river (0.5 m/s) the transfer rate
is 40-50 km/day. It must be also noted, that due to the
temperature decrease, the ice formation started in ice
zone I. as well (Fig. 13.).

Spatial variation of channel geometry

The average width of the river on the investigated sec-
tion is 464 m. Downstream of the confluence with the
Drava and further on with the Tisza, two major trib-
utaries of the Danube, the average channel width in-
creases first by 88 m (from 406 to 494 m) then 136 m
(from 494 to 615 m) (Fig. 12). The upstream part of the
investigated section, till Apatin (1405 fkm) exhibits a
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Figure 13. Changes in ice distribution on the study reach over three consecutive surveys.
Red squares and cyan lines refer to the settlements and tributaries shown on Figure 12

lower variation in width values, being in average 19.5
m in absolute terms, equalling a roughly +4.8% rela-
tive fluctuation. Going downstream, width variation
increases, and a mean variation of 40 m can be ob-
served, which even though the Danube gets wider cor-
responds to a £8.4% mean fluctuation. However, there
are longer sections, such as the one between 140 and
129 fkm, where fluctuation can reach a mean value of
+10% (Fig. 12).

An important feature affecting both width fluctua-
tion and channel geometry in general is the presence
of vegetated islands within the channel. In all 28 is-
lands could be identified on the entire reach, most of
them located on the lower section, between Vukovar
and Belgrade. Their size shows a great variation; 13
out of them have a length below 1000 m, the rest are
larger; their maximum length can reach 3000-4000
m.

Flow conditions are also affected by meanders and
meander geometry. As the river has undergone sig-
nificant regulations, the proportion of meandering
sections is very limited. In total 91 river bends could
be identified, but 70% of them is not a real bend (arc/
chord length ratio < 1.1) (Fig. 12). The number of ma-
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ture bends is only eight. Seven out of these are located
between Apatin and Vukovar, which makes this the
only meandering section of the study reach.

The mean slope of the river between Dunaféld-
var and Belgrade (Pancevo) is 0.000044 m/m. Start-
ing from 0.000079 m/m, between Dunaféldvar and
Paks a generally decreasing trend can be seen in slope
values in the downstream direction. The lowest val-
ue, 0.000014 m/m, was observed on the Novi Sad-Bel-
grade (Pancevo) section, which is under the impound-
ing effect of the Iron Gate dam system (upper dam at
943 fkm).

Discussion

The presented approach based on slicing of radar
backscatter values into water and ice is a straightfor-
ward method that can be applied to large areas, with
high resolution and with reasonable accuracy. The ad-
vantage of the approach is that the freely available sat-
ellite data is processed uniformly with an interval of
about three days. The threshold between ice and water
is determined empirically. The signal of ice is affected
by its structure and water content. The strength of the
signal of water is influenced by the turbulence in wa-
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ter, caused by wind or other factors (Chu et al., 2015).
All factors result in uncertainty of the threshold, but
the validation results provide confidence that the de-
termined threshold gives satisfying results.

River ice does not frequently occur in Hungary;
During the last 6 years, we could only create satellite
based maps for two ice periods. In the latest period, it
was only possible to detect ice on the Tisza River and
not on the Danube. Climate change models predict
an overall rise of temperature for the Carpathian ba-
sin, but also more extreme weather patterns, and pe-
riods with extreme cold are likely to occur more often
(Mez6si et al., 2016). Remote sensing techniques pro-
vide a cost effective solution to monitor river ice and
provide operational information to the authorities for
mitigation of damage due to ice dams and floods.

Beside the potential for development of a basin wide
monitoring activity and decision support system, the
satellite based survey made during the 2017 ice event
also allows to draw some general conclusions in terms
of ice formation and congestion on the study reach.

Not surprisingly, based on the obtained data se-
ries, slope is among the most important determinants

of ice development, since decreasing slope showed an
extension of ice formation zones (Fig. 12). This is be-
cause lower velocity enables more effective freezing
and also the congestion of ice floes. Due to the con-
tinuous downstream increase of width, parallel to
the decrease of slope, a slight positive correlation can
be observed between width and relative ice cover if
the entire period and the entire section is considered
(Fig. 14). However, if sectors, having similar but var-
iable width all along, e.g. the one between 1315 and
1405 tkm (Zone I1.) are analysed, then such a relation-
ship cannot be observed (Fig. 14). This is partly be-
cause both narrowing (by congestion) and widening
(by slower velocity) can contribute to ice cover devel-
opment.

Considering the identified three ice formation
zones, high relative ice cover ratios are the result of
the interplay of several factors. In case of Zone L, ice
jams and static ice cover could appear regularly be-
cause of two mild bends (arc/chord ratio < 1.5), which
exhibit a slightly higher width variation than up-
stream. It must be noted that in a downstream direc-
tion more mature bends are situated, still, at a lower

Figure 14. The relationship of width and ice cover A) on the entire study reach and B) on the reach of Zone II.
with highly variable width conditions
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width variation complete ice cover developed only in
the coldest period.

Zone II. is the only true meandering section of the
study area, besides, channel width variation is also
significant here, and four mid channel islands ob-
struct the flow (Fig. 12). The formation of ice jams can
clearly be related to four-five suddenly narrowing sec-
tions usually located at the apex of meanders, or at the
confluence of anabranches at the downstream end of
islands. Consequently, this was one of the sections
where ice breaker ships had to intervene to avoid im-
poundment caused by piled up ice floes (Babic Mlad-
enovic et al., 2017).

In accordance with Babic Mladenovic et al, (2017),
the largest scale static ice formation occurred in
Zone III., at Novi Sad and Belgrade. Here the most

Conclusion

Boudewijn van Leeuwen, Gydérgy Sipos,
Jen6 Labdy, Marta Baksa, Zalan Tobak

important drivers of static ice development were the
backwater effect of the Iron Gate Dam I. and the re-
sulting decrease of water surface slope and flow ve-
locity (Fig. 12). However, based on Serbian ice cov-
er reports, ice development downstream of Belgrade
was less critical (Babic Mladenocic et al., 2017),
which underlines the role of large tributaries, since
the Sava River joining the Danube at Belgrade was
not carrying much ice, whereas the Tisza, having its
confluence in this zone, was heavily frozen. However,
the impact of channel geometry must also be under-
lined in case of Zone III., since for example the sig-
nificant narrowing at 1196 fkm, accompanied with
the presence of some larger bends and mid-channel
islands made the area ideal for the development of
ice jams (Fig. 12).

Continuous monitoring of river ice is important not
only for preventing and reducing floods, but also to
prevent and decrease the impact of damage in river
infrastructure. The presented method is a cost effec-
tive, remote sensing-based approach that can provide
operational maps over large areas at high spatial (10
m) and relatively high temporal (2-3 days) resolution.
The dataset complemented with field observations can
aid interventions and support operational decision
making.

Although the quantitative validation of ice cover
detection results is problematic, the comparison with
in-situ observations and other optical satellite data
sets shows good comparability. Field observations are
subjective, as they can mostly be made from the riv-
er bank. The radar-based ice coverage algorithm is
objective and uniform over the total length of rivers.
The algorithm is automated, provides robust results as
long as Sentinel-1 data is available and can be applied
in other regions as well. The application of other data
sources, like IP cameras for continuous monitoring
would help to refine and calibrate our satellite-based
ice observation method.
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Abstract

The juxtaposition of natural levees results in alluvial ridges with a unique fluvial record. Our aims were
to (1) identify the alluvial ridges of the Upper Tisza (Hungary); (2) determine their morphological char-
acteristics; and (3) reconstruct the Late Quaternary fluvial history of the region. The oldest paleo-me-
ander was abandoned ca. 29 ka ago; referring to early avulsion of the Tisza. Five alluvial ridges were
identified with intensive fluvial activity at ca. 12-13 ka, 7.7-8.6 ka, 6.1-6.6 ka, 4.8 and 2.9 ka ago. Mod-
erate fluvial activity was indicated by early Atlantic and Subboreal paleosols. The sedimentation rate in
the paleo-channels (0.3-0.5 mm/y) and on the alluvial ridges (0.3-0.5 mm/y) was slow, influenced by
the reactivation of a paleo-channel.

Keywords: natural levee; alluvial ridge; overbank sedimentation; crevasse channel; pollen analysis; OSL

dating

Introduction

Natural levees develop along concave banks (Allen,
1965) or straight reaches (Gabris 2003) during floods,
when the flow velocity entering the floodplain de-
creases (Piégay et al., 2003; Steiger et al., 2005). The
sediments of the natural levees are coarser than flood-
plain deposits, but finer than the bed-load (Cazan-
acli & Smith, 1998). Their material gets finer down-
stream (Kiss et al., 2018) and laterally too (Wolfert et
al., 2002). Farther from the banks their sediment lay-
ers become thinner (Gébris 2016), and their slope be-
comes gentler (Cazanacli & Smith, 1998). The size of
the levees is related to channel and sediment trans-
port characteristics (Hudson & Heitmuller, 2003; Kiss
et al. 2018), slope (Fryirs & Brierley, 2012), channel-
bed material (Ostrowski et al., 2021), flood height and
frequency (Brown, 1983; Adams et al., 2004), flood-
plain characteristics (Pierik et al., 2017), and ripari-
an vegetation (Adams et al., 2004; Steiger et al., 2005).
They control the lateral connectivity (Fryirs & Brier-

ley, 2012) by regulating the inundations (Makaske et
al., 2009).

The natural levees are dissected by crevasses and
crevasse channels, which convey water to the low-ly-
ing floodplain areas, and they regulate the sedimen-
tation processes and avulsions (Hajek & Wolinsky,
2012; Nicholas et al., 2018). When the flood breach-
es the natural levee, a small crevasse channel develops
(Fryirs & Brierley, 2012), and the eroded material cre-
ates a lobe-shaped crevasse splay (Smith et al., 1989).

The juxtaposition of natural levees creates high sur-
faces along the channel, with an increasing elevation
over time due to aggradation during floods (Flor-
sheim & Mount 2002). Their height depends on chan-
nel conditions, sediment transport and flood history
(Florsheim & Mount, 2002; Kiss et al., 2018; Balogh et
al., 2020). During thousands of years, several kilom-
eters-wide and high forms can develop. This complex
form was defined as a “mega-levee” (Gébris, 2016), or
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as an “alluvial ridge” (Pierik et al., 2017). Their height
is controlled by channel bed aggradation rate and sus-
pended load (Nicholas et al., 2018). Conversely, allu-
vial ridges control the water and sediment delivery to
the floodplain and regulate avulsions (Nicholas et al.,
2018).

The modern and Holocene aggradation rates on nat-
ural levees are different. For example, during a flood,
70 cm accumulation was measured along the banks
on the natural levees (Florsheim & Mount, 2002; Oro-
szi et al., 2006). In contrary, the long-term fluvial lev-
ee aggradation rate is just 0.6-2.3 mm/y (Stevaux &
Souza, 2004; Makaske et al., 2009), though back load-
ing through crevasses can increase it to 3.2-4.3 mm/y
(Ishii et al., 2021). The long-term (Holocene) natural
levee evolution is driven by sediment supply chang-
es (Pierik et al., 2017; Ishii et al., 2021). After a lev-
ee reaches a threshold height, lateral growth will be
dominant related to overbank flows and activity of
crevasse splays (Ishii et al., 2021).

The rivers of the Carpathian (Pannonian) Basin
filled up the sinking areas and created large alluvial
fans (Kiss et al., 2014b; Gabris, 2020). The last accu-
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mulation phase was terminated by increased run-oft
and tectonic-driven incision in the Late Glacial (Borsy,
1995, 1998). In this way, for example, the Upper Tisza
River in NE Carpathian Basin incised into its alluvi-
al fan, and by lateral erosion it created floodplain seg-
ments (e.g. Szatmdr Plain, Bereg Plain, Rétkoz and
Bodrogkoz).

There are two unclarified key points in the develop-
ment history of Upper Tisza region. (1) Here some al-
luvial ridges evolved, but their morphology or evolu-
tion history is not known. (2) During the Pleistocene
the Tisza ran to SW (Borsy, 1995, 1998; Gabris, 2020);
however, nowadays, its active course is towards NW,
however the exact time of the avulsion is not known.
We hypothesize that the sedimentary structure of me-
ga-forms is closely related to the prevailing hydrologi-
cal and environmental conditions; thus, they are good
archives of Late Quaternary fluvial activity. The goals
of this study are (1) to identify and characterize allu-
vial ridges in NE Hungary; (2) to investigate the spa-
tial characteristics of their sediments; and (3) to evalu-
ate their role in the fluvial development history of the
region.

The Bereg Plain is located in the NE Carpathian Ba-
sin (Fig. 1), gradually sloping from SE to NW. The sub-
siding area of the Bereg Plain was filled up by ca. 150
m deep fluvial sediments (Gébris, 2020), deposited by

the Tisza and its tributaries, which built a large alluvial
fan. The alluvial fan was dissected by tectonic activity
ca. 25-30 ka ago: the area of the present-day plains (i.e.
Szatmar Plain, Bereg Plain) subsided, while the Nyirség

Figure 1. A) Bereg Plain is situated in NE Hungary. B-C) Its surface is densely covered by paleo-channels.
Three of them (P1-P3) were sampled for pollen analysis. The alluvial ridges (A-F) were studied at mining pits (T1-T5).
D) A cross-sectional elevation profile drawn along the black line on B.
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elevated (Borsy, 1995). The Bereg Plain started to sink
at the end of the Pleistocene (Borsy, 1998), forcing the
avulsion of the Tisza River, which changed its course
from SW to NE ca. 20-22 ka ago (Borsy et al., 1989).

Methods

Subsequently, the Tisza eroded the alluvial fan, and lat-
er, it deposited clayey-silty materials along its courses
and gradually reworked its floodplain (Stimegi, 1999;
Magyari, 2002; Félegyhazi et al., 2004; Vass, 2014).

To identify the forms a DEM (resolution 5 m) was
created based on topographical maps (1:10,000). The
paleo-meanders and alluvial ridges were identified,
and their sizes were measured under ArcGIS 9.2.

Sediment samples were collected from the paleo-
channels and their alluvial ridges (Fig. 1). The large
clay and sand mine pits (T1-T5) provided a unique
opportunity to study the fluvial sequence of alluvial
ridges. At 25 points, we sampled the sediment layers
for grain-size analysis. Paleosols were sampled for ra-
diocarbon dating, and overbank deposits for OSL dat-
ing. Three paleo-channels (P1-P3) were sampled by
drilling down to their coarse bed-load material (4.1-
9.1 m) for grain-size and pollen analysis.

The preparation of samples for OSL dating followed
Mauz et al. (2002), applying both the coarse- and fine-
grain techniques. For the measurements a RIS® DA-
20 TL/OSL luminescence reader and the single-aliquot
regeneration (SAR) protocol was applied (Murray &
Wintle, 2003). Environmental dose rate (D*) was de-
termined by using Canberra XtRa Coaxial Ge detec-
tor, and applying the conversion factors of Liritzis et
al. (2013).

Results

On the organic-rich sediment samples radiocarbon
dating was made. The standard AAA chemical treat-
ment (Tans & Mook, 1980) was performed. The sam-
ples were converted to benzene using an Atomkomplex
Prylad-type benzene synthesis line (Skripkin & Kovali-
ukh, 1998). Radiocarbon (**C) activity was assessed by
Liquid Scintillation Counting (LSC) using a Quantu-
lus 1220 ultralow background LSC instrument (Skrip-
kin & Buzinnyi, 2017). Calibration of conventional **C
ages to calendar dates was performed using OxCal
v.4.4.2 (Bronk Ramsey, 2009) in conjunction with the
IntCal20 dataset (Reimer et al., 2020). The OSL and ra-
diocarbon dating were made at the Geochronological
Laboratory of the University of Szeged.

To provide data on the cut-off of the paleo-chan-
nels and environmental condition of the fluvial ac-
tivity, pollen analysis was performed on 3 drilling
cores. The pollen grains were extracted following the
method of Zélyomi (1952). The identification was per-
formed under 400-600x magnification on species, ge-
nus or family level. The visualization of the results was
made under Tilia and TiliaGraph software.

The grain-size distribution of the dry, pulverized
samples was determined by Fritsch Analysette 22.

Geomorphology of the area

On the Bereg Plain, a dense paleo-channel network
was identified (Figure 1B). In the eastern part of the
study area, 6 paleo-channel courses were identified;
however, in NW they create a net of paleo-channels,
and it was impossible to classify them. The paleo-
channels create 11-49 km long courses (Table 1), run-

ning north of the active channel belt of the Tisza (F
course). Their mean channel width is 30-60 m; the
widest channel (80-150 m) is the active channel of the
Tisza. The sinuosity of most of the paleo-channels (D-
F) is very similar (1.8-1.9); however, the B course has a
very low sinuosity (1.2), whereas the A and C courses
have a highly meandering pattern.

Table 1. Morphometric parameters of the paleo-channels and their alluvial ridges on the Bereg Plain

Channel Paleo-channel course Alluvial ridge
COLESE length mean sinuosity | mean slope length relative width
(km) width (m) (cm/km) (km) height (m) (km)
A 47.2 30-60 2.3 12.7 21 1-2.5 2-3.5
B 19.5 30-60 1.2 10.3 17 0.5-2 0.5-1.6
C 22.2 30-50 2.2 6.6 17.4 1.5-2.5 0.8-2.0
D 23.6 25-60 1.8 85 131 0.5-1 0.8-2.5
E 1M1 20-40 1.8 9 6.1 0.3-0.5 0.3-0.7
F 49.5 80-150 1.9 14 26 2-3.5 2.5-4.0
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The paleo-channels in the SE half of the study area
are situated on elevated alluvial ridges (Figure 1D).
The highest ridge (2-3.5 m) developed along the active
Tisza (F course). Most of the ridges are 1-2.5 m high,
but the E course has almost no alluvial ride. The width
of these ridges is 2-3 km; however, the small E course
is also very narrow (0.3-0.7 km). The ridges are the
most elevated in their middle section, in the north-
west they gradually lower to the floodplain level.

Results of the OSL and radiocarbon dating
Altogether 14 samples were collected for OSL dating
from 6 sediment profiles, representing the sedimenta-
ry body of three alluvial ridges. Most of these samples
were collected from the silty-clayey overbank deposits
of alluvial ridges; however, two samples represent the
first (T5/1) and the last member (T4/1) of a point-bar
sequence. The paleosols between overbank sediments
were dated by radiocarbon dating. The age of the sed-
iments and the paleosols ranges between 2.9 and 24.7
ka, representing Late Pleistocene and Holocene fluvi-
al activity (Table 2-3).

Description of sedimentary bodies
At four sites (T1-3, M1), the sedimentary sequence
of alluvial ridges was revealed. The longest alluvial
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ridge sequence (300 m) was studied at site T1 (Fig. 1-2),
which is ca. 1.5 km far from the paleo-channel C. The
lowermost lacustrine sediments (=1 m) were dated to
24.72+0.65 ka (T1/4). This layer is covered by fine-lay-
ered alluvial deposits (thickness: 200 cm), the topmost
one is 13.23+0.35 ka old (T1/3). The fluvial activity re-
peatedly terminated, as it was reflected by paleosols.
The lowermost paleosol (thickness: 30-40 cm) was
represented all along the pit. It was covered by a silty-
clayey layer (5-20 cm), which got thinner towards the
distal edge of the alluvial ridge. The middle paleosol
(thickness: 10-20 cm) was identifiable just along 260
m, as it was getting thinner towards the edge of the
alluvial ridge, and finally, it terminated. This paleosol
was covered by another silty-clayey layer (15-30 cm)
dated to 8.17+0.20 ka (T1/2). The uppermost paleosol
got thicker towards the distal part of the alluvial ridge
(thickness: 20-60 cm) as it merged with the lowermost
paleosol. The uppermost paleosol was dated to 6880-
7620 cal BP (T1carb). This uppermost paleosol layer
was buried by 90-120 cm thick silty-clayey deposits ca.
7.69+0.19 ka ago. The thickness of this sediment lay-
er, just like the previous ones, got thinner towards the
distal edge of the alluvial ridge.

A point-bar series buried by overbank fine-grained
sediments were presented at the T4-5 sites (C paleo-

Table 2. Results of the OSL dating. W: water content, D*: environmental dose rate, De: equivalent dose.
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Field | Course | LabID | Depth | W (%) U (ppm) Th (ppm) K (%) D* (Gy/ka) De (Gy) Age (ka)
ID (cm)
T1/1 C 1129 60 23.9+2.4 | 3.05+0.02 11.39+0.08 2.62+0.06 3.95+0.09 | 30.33+0.28 7.69+0.19
T1/2 C 1120 100 29.9+3.0 | 2.56+0.02 9.80+0.07 3.00+0.09 3.79+£0.09 | 30.94+0.28 8.17+0.20
T1/3 C 1126 125 23.4+2.3 1.59+0.02 6.86+0.06 1.57+0.04 2.38+0.06 31.52+0.27 13.23+0.35
T1/4 C 1132 345 25.5+2.6 3.24+0.02 11.03+0.08 2.49+0.06 3.81+0.09 94.2+1.04 24.72+0.65
T2/1 F 1334 135 10.4+2.1 3.32+0.02 12.72+0.08 2.73+0.06 4.80+0.11 15.88+0.34 3.31+x0.10
T2/2 F 1128 245 17.3+3.4 3.30+0.02 12.30+£0.09 2.82+0.06 4.48+0.1 21.46+0.20 4.80+0.12
T2/3 F 1331 300 12.8+2.6 | 3.33+x0.02 11.83+0.08 2.63+0.06 4.50+0.11 28.34+0.29 6.30+0.16
T3/1 F 1121 150 10£2.0 2.02+0.02 6.62+0.05 1.67+0.04 2.51+0.04 9.94+0.79 3.96+0.33
T3/2 F 127 215 16.6+3.3 1.80+0.01 5.51+0.04 1.67+0.04 2.24+0.05 9.29+0.66 4.14+0.31
T3/3 F 1124 315 30.0+5.0 | 2.30+0.02 9.04+0.06 1.68+0.04 2.67+0.08 | 32.46+0.29 | 12.15+0.40
T4/1 C 1130 250 16.4+£3.3 1.77+0.01 5.54+0.04 1.39+0.03 2.01+0.05 5.89+0.69 2.93+0.35
T5/1 C 1123 225 17.2+3.4 2.17+0.02 7.15+0.06 1.59+0.04 2.34+0.05 9.88+0.38 4.23+0.19
M1/1 A 1125 65 20.1+2.0 | 3.23+0.02 11.66+0.08 2.60+0.06 4.15+0.09 25.37+0.41 6.11+£0.17
M1/2 A 1122 130 14.0+2.8 2.78+0.02 10.34+0.08 2.34+0.05 3.93+0.10 33.98+0.42 8.65+0.23
Table 3. The radiocarbon age of the dated paleosols.
FieldID | Course |LlabID Depth (cm) | Conventional | Calibrated age (cal
age (BP) BP) (2 sigma, 95.4 %)

Tlcarb C CSZ_45 | 80 6396+180 6880-7620

T2carb F CSZ_46 | 290 6837+140 7460-7950

T3carb F CSZ_47 | 280 4082+370 5492-3690

Hcarb C CSZ_39 |190 5872+180 7158-6385

MTcarb A CSZ_37 |90 6171200 6620-7470
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Figure 2. A) Typical alluvial ridge sequence at the T1 site. B) Grain-size distribution of the layers. C) OSL and radiocarbon
age of the sediments.

Figure 3. A) Point-bar sequence buried by fine-grained overbank material between the T4/1 and T5/1 sites. B)
Within the point-bar sediments sandy and silty (indicated by arrows) alternate.
The younger most point-bar layer was dated by OSL measurement.

channel course). The sandy material of the point-bar
series (Fig. 3) was revealed along 340 m. The mate-
rial of the oldest point-bar (T5) deposited 4.23+0.19

Figure 4. During the activity of the crevasse the overbank
fluvial processes were limited, thus a thick paleosol
developed.

ka ago (T5/1), and the youngest point-bar was active
2.93+0.35 ka ago (T5/1). The point-bar series was cov-
ered by fine overbank deposits (200-220 cm), which
got thinner towards the distal part of the alluvial ridge.
A crevasse channel was visible on alluvial ridge
C. The crevasse started at the apex of the 105 m-wide
paleo-channel. The cohesive material of the paleosol
overhung the bank of the crevasse, referring to their
co-existence at 7158-6385 cal BP (Hcarb) (Fig. 4). The
crevasse was 31 m wide and ca. 4 m deep, and its bot-
tom was filled with 1 m thick fine sand, referring to
active bed-load movement. Later the crevasse channel
and the paleosol were buried by silty-clayey material.

Pollen analytical results

Not all the drillings contained enough pollen for sta-

tistical analysis; thus only 3 drill cores could be used.

Here the deepest (910 cm) Plcore is introduced in detail.
The lowermost samples (860-910 cm) contained

medium sand (70-85%), representing the bedload (Fig.
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Figure 5. Sediment and pollen profile of the P1 paleo-channel, representing a paleo-channel in a back-swamp area
between alluvial ridges

5). Upwards (860-780 cm) the proportion of sand de-
creased (15-30%), and the amount of silt (50-60%) and
clay (10-20%) increased, reflecting a temporal connec-
tion to the main channel during floods. These sedi-
ments were covered by an almost homogenous silty-
clayey layer (520-780 cm) deposited in an almost
uniform sedimentary environment. In the next zone
(0-520 cm), small sand peaks appeared, referring to
sediment transport from a nearby active channel.
Altogether, 12 pollen zones were identified (Fig.
5). In the lowermost zones (I-VIIL: 230-910 cm), Pi-
nus, Betula and Salix dominated the arbor pollen,
and the herbs were mainly represented by Artemi-
sia sp., Chenopodiaceae, Poaceae and Compositae. In
some samples (870-910 cm, 570-610 cm, 430-450 cm
and 350-370 cm) deciduous tree pollen (e.g. Quercus,
and Alnus) also appeared, referring to a milder cli-
mate. The Sphagnum indicates the existence of a peat
(360-750 cm), and the algae refer to a cold lake (e.g.
440-450 cm: Pediastrum kawrayskyi, Mallomonas

Discussion

teilingii). These pollen refer to cold climate with tai-
ga-like vegetation; however, the deciduous trees sug-
gest short, warm periods. The channel was abandoned
in the Stillfried B or Denekamp Interstadial. Similar
pollen profile was found nearby, where the Sphagnum
peat was dated to 29790+870 y BP (Félegyhazi et al,,
2004).

In the upper zones (IX-XII zones: 0-230 cm), the
coniferous plant pollen disappeared, and deciduous
trees became dominant (e.g. Tilia, Quercus, and Cory-
lus). Based on the appearance of Carpinus and Fagus
pollen, the material of the X zone (130-180 cm) depos-
ited during the Atlantic Phase, while the XI zone (80-
130 cm) represents the Subboreal, and the XII zone
(0-80 cm) refers to the Subatlantic Phase. In these
Holocene phases, the sedimentation rate was 0.2-0.3
mm/y, being the highest in the Atlantic and Subatlan-
tic Phases, indicating that the nearby alluvial ridges
were reactivated, and an extra amount of fine mate-
rial was transported into this deep, back-swamp area.

Formation of the Bereg Plain

and the avulsion of the Tisza River

At the bottom of a back-swamp between alluvial ridg-
es the oldest paleo-channel (P1) was identified, be-
longing to large river (ca. 9 m deep). It was already
abandoned ca. 29 thousand years ago. The oldest OSL
age of lacustrine sediments (24.72+0.65 ka) also sup-

ports the idea, that by this time the tectonic depres-
sion of the Bereg Plain already existed. The subsidence
forced the rivers of the NE Carpathians to enter the
area, so the avulsion of the Tisza was probably much
earlier than it was expected (Somogyi, 1967; Borsy et
al., 1989; Borsy, 1995; Timar et al., 2005).
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Temporal development of the alluvial ridges
According to our hypothesis, the paleosols reflect pe-
riods when the fluvial activity was moderate; thus, the
overbank aggradation did not disturb the pedogene-
sis, just like in the case of loess profiles (Markovic et al.
2007). On the other hand, the silty-clayey overbank de-
posits above paleosols refer to an increased fluvial ac-
tivity when the aggradation impeded soil formation
(Fig. 6). The identified paleosols refer to moderate flu-
vial activity in the first half of the Atlantic and in the
Subboreal Phase. The beginning of the Atlantic was hu-
mid (Gébris, 1995), and the entire catchment was for-
ested by closed oak and beech forests (Jarainé-Komlo-
di, 1969, 2000; Siimegi et al., 2008); thus, the run-off
and the sediment discharge decreased. These Atlantic
paleosols were found in all dated alluvial ridges (A, C
and F); thus, the declining fluvial activity was probably
typical for the entire system. On most alluvial ridges,
no younger paleosol was found above the Atlantic one,
so the fluvial aggradation was still intensive; because
the Subboreal Phase was more humid than the Atlantic
Phase (Gébris, 1995, 2003). However, in the southern-
most (F) alluvial ridge a Subboreal paleosol was identi-
fied, referring to a local sediment decline.

In the Late Glacial, ca. 12-13 ka ago, thick overbank
fines deposited in C and F alluvial ridges (at the A ridge
they were not revealed, probably because there the pit
was not deep enough: its bottom sediments are 8.65 ka
old). This increased fluvial activity could be related to
the last deglaciation of the Carpathians (Bartyik et al,,
2021), and the cool and dry climate during the Younger
Dryas when the vegetation became sparse and the run-
off intensified (Jarainé-Komlédi, 1969).

During the next intensive fluvial period at the end
of the Boreal Phase (ca. 7.7-8.6 ka) new overbank de-
posits were accumulated (A and C alluvial ridges), and
one of the dated paleo-meanders (P2) was abandoned.

In the late Atlantic Phase (6.1-6.6 ka), overbank aggra-
dation was detected on the A and F alluvial ridges. The
sandy bedload of the excavated crevasse also suggests
intensive sediment transport. In contrary, on ridge
C the paleosol formation continued. The high flood
magnitudes in the active channels were also support-
ed by the palynological data of the P1 paleo-channel
situated between two alluvial ridges, as its sedimenta-
tion rate increased in the Atlantic Phase.

The next period of intensive fluvial formation (2.9
and 4.8 ka) was verified on all dated alluvial ridges: in
the Subboreal Phase thick overbank sediments were
deposited. The lateral reworking of floodplain sedi-
ments was also intensive, as the dated meander of the
C ridge intensively migrated. It is in accordance with
the cooler and more humid climate of the Subboreal
Phase (Gabris, 1995, 2003; Nador et al., 2007).

In the Subatlantic Phase the former point-bar series
(T4-T5) were covered by fine overbank sediments, re-
ferring to a high (0.5-0.8 mm/y) aggradation rate. The
intensive, general aggradation is also supported by the
high sedimentation rate of the back-swamp area (P1).

Thus, the paleo-channels on the alluvial ridges
drained water almost during the entire Holocene, and
they were active simultaneously. It is a different paleo-
hydrological model than found on other rivers of the
Great Hungarian Plain, as usually, the paleo-channel
courses represent distinct channel generations (Borsy
et al., 1989; Kiss et al., 2014ab; Gébris, 2020). The
paleo-channel courses probably developed via avul-
sions. After the avulsion the channel had low-sinuosity
and slightly developed alluvial ridge. This first devel-
opment stage is represented by paleo-channel course
B. Later the channel started to meandering, gradually
increasing the size of the alluvial ridge (course E). As
the activity of a paleo-channels was longer, its alluvial
ridge progressively grew (course A and F).

Figure 6. Formation of overbank deposits and paleosols compared to climate elements (source: Borsy et al., 1989; Gabris
& Nador, 2007, Hernesz & Kiss, 2013; Simeghy et al., 2013; Kiss et al., 2014ab)
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Architecture of the alluvial ridges
and backswamps
The ridges are gently sloping towards the back-swamps:
near the paleo-channel several overbank sediment lay-
ers were identified between the paleosols. However, the
overbank layers wedge toward the distal areas, and the
number of paleosols decreases as they merge into the
back-swamp. The ridges are built of only fine-grained
material, probably because sandy material was deposit-
ed just in a narrow strip along an active channel (Oroszi
etal., 2006), and our sampling areas located further on.

The sedimentation rate in the paleo-channels and
on the alluvial ridges was quite slow. Since the Late
Pleistocene in the paleo-channels the mean aggrada-
tion rate was 0.3 mm/y. Usually, the paleo-channels
had the highest sedimentation rate (0.5-1.2 mm/y)
right after their cut off. During the Holocene the sed-
imentation rate was uneven, being the highest in the
Atlantic Phase (0.3-0.5 mm/y), then it dropped in the
Subboreal (0.2-0.3 mm/y), and slightly increased in
the Subatlantic Phase (0.3-0.4 mm/y). Similar tempo-
ral pattern was revealed by Siimegi (1999), Magyari
(2002) and Félegyhazi et al. (2004).

The overbank accumulation rate (0.1-0.8 mm/y) on
the alluvial ridges are dependent on the re-activation
of a given paleo-channel and by the location of the

Conclusions
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sampling point relative to the channel. For example,
in the case of the A alluvial ridge, until ca. 6 ka ago
the aggradation rate was 0.27-0.28 mm/y, but then it
decreased to 0.1 mm/y, referring to the Late Holocene
abandonment or very low activity. Similar overbank
accumulation (0.2-0.27 mm/y) was measured along
the C paleo-channel in the first half of the Holocene;
however, at the end of the Holocene, the aggradation
rate increased (0.5-0.8 mm/y) referring to the re-ac-
tivation of the paleo-channel and its alluvial ridge.
Throughout the studied period, the highest aggrada-
tion rates (0.36-0.7 mm/y) were revealed from the F
paleo-channel, suggesting that it served as the main
channel of the Tisza continuously.

The aggradation rate alters laterally too: close to
the former channel it was 0.8 mm/y, whereas 340
m further, it dropped to 0.5 mm/y, referring to rap-
idly declining sedimentation. The spatial pattern of
the aggradation was also influenced by the distance
from crevasses, which conveyed sediment to the dis-
tal floodplain areas. It is well-reflected by the P2 site,
which had a higher sedimentation rate (0.5 mm/y) un-
til the neighboring C paleo-channel actively conveyed
floods. However, as this channel gradually lost its con-
veyance capacity due to its slow aggradation, the sedi-
mentation rate also declined (0.3 mm/y).

The juxtaposition of natural levees results in large, con-
vex forms, defined as alluvial ridges. In the Upper Tisza
region, on the Bereg Plain, 5 alluvial ridges were iden-
tified (max width: 4.0 km, max. height: 3.5 m), provid-
ing detailed sedimentary archive on the fluvial histo-
ry of the area. Based on the sedimentary profiles of the
alluvial ridges, several periods with high fluvial activi-
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Abstract

Agricultural use of sewage sludge is one of the means of sustainable environmental management. In or-
der to monitor the short-term effects of sludge disposal a multi-year, high-resolution data collection
was planned on arable land in south-eastern Hungary. Data acquisition was applied at the highest tem-
poral and spatial resolution using Sentinel-2 and PlanetScope satellite imagery observing the vegeta-
tion period based on vegetation indices (EVI, NDVI) from 2016 to 2021. There were statistical differ-
ences in the case of sunflower and maize biomass productions but the spatial and statistical deviations
between the affected and non-affected areas of sludge disposal were generally not significant. The sen-
sitivity of EVI in the dense vegetation period and its applicability might be emphasized in a comparative

analysis.

Keywords: sewage sludge; agricultural monitoring; Sentinel-2; PlanetScope; spectral index

Introduction

The macronutrient content in the sewage sludge, dis-
posed to the soil and complying with public health and
environmental requirements and legislation (biosol-
id), is similar to that found in animal manure, where
the N, P, and organic nutrient content, can be used
by plants, can reach 50% (Sagasta et al., 2015; Tomoc-
sik et al., 2016). Field disposal also addresses the prob-
lem of disposing of sludge treated as waste, moreover,
results in increased crop yields. The increase in hu-
mus quality and quantity improves soil water holding
capacity and compactness, thus, resulting in a more
balanced, stronger vegetation (Simon & Szente, 2000).
According to Markowicz, et al. (2021), wastewater dis-
posal up to 15 t/ha is the most efficient way to recul-
tivate certain soils having a nutrient deficit. The use
of sewage sludge is encouraged by also the Europe-
an Union and the Hungarian regulations (e.g. 91/271/

EEC, 36/2006 (V.18.)), 40% of the sewage sludge is uti-
lized in agriculture in Hungary (Sewage Sludge Treat-
ment and Utilization Strategy 2014-2023).

On a plot treated with sewage sludge, compared to
the other areas, the development of vegetation is more
dynamic in principle and has a higher biomass pro-
duction. Obtaining data and information on vegeta-
tion development on regional scale is easy owing to
the development of remote sensing in the past 40 years.
Multispectral data content of new sensors, of differ-
ent resolutions which also distinguishes the main cul-
tivated field crops based on the time series, allows the
continuous spatial and temporal evaluation locally too,
which is greatly supported by the increased number of
sensors (Kuenzer et al., 2015; McCabe et al., 2017). The
problem is more complex; the different soil types are
only allowed to filter and transform sewage sludge by
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Plot-level Field Monitoring with Sentinel-2 and PlanetScope Data

for Examination of Sewage Sludge Disposal Impact

biological and chemical processes up to a certain load;
furthermore, it is difficult to analyze the small chang-
es in the quantity and quality of organic matter and the
yield during 1-2 years. Thus, several years or decades of
observation are necessary to assess its effect on soil im-
provement (Banerjee et al., 1997). Moreover, the land
use changes or the climatological parameters influenc-
ing the development of plants can also not be omitted
(Erd6diné & Kovacs, 2021).

Data and methods

In this study, our aim was to observe the effect of
sewage sludge disposal on biomass production on ar-
able land plots with the highest possible temporal and
spatial resolution, which is a continuation of the ear-
lier evaluation process (Kovacs & Ladanyi, 2021). The
original studying period was broadened to 6 years be-
tween 2016 and 2021, and the data of a new sensor was
also applied when observing the extended vegetation
period from March 1 to September 30.

In addition to multispectral monitoring assessments
of land use, damage estimation, and agricultural sci-
ence applications for yield estimation, there are an in-
creasing number of users that collect very high-reso-
lution precision agricultural data to optimize farming
(Kovdcs et al.,, 2019; Segarra et al., 2020; Weiss et al.,
2020). Regular and detailed examination on plot level
requires high- and very high-resolution multispectral
recordings (cell size <= 2 m), where remote sensing —
e.g. WorldView - can only be implemented extreme-
ly costly and in a programmed manner (Kuenzer et
al., 2015). Liu et al. (2018) show that archive data col-

be expected. Monitoring was limited by the higher
cloud cover typical in spring and early summer peri-
ods, thus, only 24-40% of all possible summer semes-
ter recordings could be used in certain years. There
were no satellite images to be evaluated in July 2016
and also for several areas in 2018, and in June 2017.

It is risky to use one single sensor to assess one ge-
ophysical variable, thus, all available Level 3A, surface
reflectance 4 band Planet data for 2020 were evaluat-
ed to monitor vegetation dynamics in more detail, as
well as for the verification and validation of S2-based
results. In addition to the daily time resolution, 64

Table 1. Applied Sentinel-2 and PlanetScope imagery and their parameters

Satellite / sensor | Multispectral imagery Applied spectral bands, Spatial
[ year middle of wavelengths resolution
Sentinel-2A and 20 images / 2016
28 ;j :22222 ﬁ 281; B2: 492.4 / 492.1 nm
. B4:664.6 /665 nm 10 m
29 images / 2019 BS: 832.8 /833 nm
26 images / 2020 ' '
21images / 2021
B1: 485 nm
PlanetScope 64 images / 2020 B3:630 nm 3m
B4: 820 nm

Data: Copernicus Open Access Hub (https://scihub.copernicus.eu/dhus/),

Planet Explorer (https://www.planet.com/explorer/)

lection of high temporal resolution is not feasible with
even more sensors. Dove PlanetScope (Planet) record-
ings, which regularly provide higher temporal resolu-
tion than ever before and are available for free after
registration in Europe from 2017, are currently being
addressed (Roy et al., 2021).

Sentinel-2A and -2B (S2) multispectral satellite im-
ages were used primarily for the entire investigated
period in our study having a spatial resolution of 10 m
and a temporal resolution of 3-5 days (Table 1). A to-
tal of 145 pieces of images were evaluated, that were all
atmospherically corrected, Level-2 processed, cloud-
free recordings. On the Tile 34TDS, all sample areas
are covered. In 2018-2019-2020, and mostly in August
and September, more recordings than average could

pieces of cloud-free satellite images with 3 m resolu-
tion were available, furthermore, data from 21 dates
were available to compare the results of the two sen-
sors between March 1 and September 30.

Less cloudless images were available from LAND-
SAT-8 (L8) database. L8 and S2 were recorded 15 times
on the same days in the summer semesters between
2016 and 2019. The statistical relationship (R2EVI >=
0,8), interpreted by Kovacs and Ladanyi (2021) when
comparing the satellite images, does not allow the val-
ues of the two sensors to be used in one time series,
while the Planet data are more suitable for validation
purposes.

It is advisable to plan the timing of the recording
for months determining the development of the giv-
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en plant (the harvest and 2-3 months before), which is
different for each plant species (winter wheat: III-VI
months, maize: V-VIII months). The plots in our sam-
ple area were usually cultivated with different crops
every year, which, together with the high cloud cov-
er that caused problems in image data collection, in-
creases the limitations of the comparison.

The commonly used Normalized Difference Veg-
etation Index (NDVI) and the improved Enhanced
Vegetation Index (EVI), which reduces the impact
of the soil and the atmosphere, are applied to meas-
ure the photosynthetic activity and the changes in bi-
omass production for decades (Bannari et al., 1995).
These indices (VI) are determined by plant wetness
and chlorophyll content (Equations 1 and 2).

NDVI= M (1)
NIR +Red
EVI=G NIR -Red @)

NIR +C1-Red +C2-Blue+L

where NIR indicates the near-infrared band, Red
indicates the visible red band, Blue indicates visible
blueband, L=1,C1=6,C2=75,and G=2.5.

According to Huete et al. (2002) EVI is more sen-
sitive in areas more densely covered with vegetation.
Differences between plant species, physiological and
leaf structure differences can be better indicated. The
general overview of NDVI values is useful in observ-
ing low vegetation coverage and the temporal dynam-
ics, however, but a value higher than EVI will satu-
rate sooner, and even though phytomass increases,
reflectance no longer increases, underestimating bio-
mass production. This may make it difficult to assess
the response during the developmental phase of max-
imum vegetation coverage. The use of EVI or the Red
Edge (RE) bands with lower chlorophyll absorption
instead of reflectance in the red band is a solution to
the latter problem (Clevers & Gittelson, 2013), howev-
er, such bands are only available at S2 among the sen-
sors applied in this study. Based on the comparison
with reference measurements, the indices made from
S2 spectra are well representative of the areas (Plug
& Louis, 2020). NDVI can not be omitted from the
long-term regional monitoring (Tran et al., 2017), and
the EVI and NDVT index values in small and medi-
um-scale studies are able to show the dates and pe-
riods of agricultural management (Kovacs & Gulacsi,
2019; Szab et al., 2019). Locally, the main cultivated
field crops can be well distinguished, although they
can differ significantly from year to year due to lo-
cal environmental factors (water supply, harvest time,
etc.). The values depend on the vegetation density: on
those plots where plants hatched rarely, the NDVI val-
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ues are lower throughout the developmental period
(Erd6diné & Kovacs, 2021). According to a high-reso-
lution, decades-long multispectral analysis, the short-
term effects observed after sewage sludge treatment
within a few years are variable, while over a longer pe-
riod (about 10 years), the change in plant growth is
positive (Alvarez et al., 2014).

Study area

Data collection based on remote sensing methods

was performed for 14 homogenous quadrates having

a size of 50x50 m2 on three agricultural plots produc-

ing different crops, in parallel with the soil sampling

according to Farsang et al. (2020). Certain quadrates
represent areas treated with sewage sludge and the ad-
jacent quadrates with very similar properties with-
out treatment served as control areas for the study

(Table 2). The sample areas are located in the Great

Plain in Hungary, between the River Kéros and Ma-

ros, near Ujkigyos and Kardos settlements (Figure

1.). The quadrates were placed in pairs named the fol-

lowings: in Ujkigyos 1t-2t, 3t-4t, 6t-7t, 9t-10t (coordi-

nates of the plot center: UTM (Zone 34N) X: 503400,

Y: 5160000), in Kardos: 10t-11t, 12t-13t (X: 479020, Y:

5181700) and 14t-15t (X: 480630, Y: 5180200).

In the study area, which has been cultivated contin-
uously for decades, mainly maize, winter wheat, sun-
flowers, furthermore colza, and oil radish are grown.
Comparative examination of the yearly changing veg-
etation is difficult and uncertain, it seemed better to
show only the significant differences.

In the Ujkigyds study area, 1t-4t quadrates were
sampled as treated areas, where sewage sludge was
disposed in October 2017. 6t-7t were control areas and
partly treated areas, as one year later, in autumn 2018,
sewage sludge was dumped here too. Quadrates 9t-10t
were untreated, in control areas. Between 2016 and
2021, the surface coverage of the 1t-4t samples, situ-
ated on the same agricultural plot in Ujkigyds, was
different every year, only in 2018 and 2020 the pro-
duced crop was the same: winter wheat. In the 6t-7t
and 9t-10t quadrates, located on different plots, the
same crop, corn, was found in 2017, 2018, and 2020
to facilitate our comparative study, and winter wheat
occurred in 2019 and 2021. In the knowledge of the
autumn sewage sludge disposal in 2017 and 2018 and
the management, the following comparisons were
planned in Ujkigyés sample areas:

« maize: observation of 6t-10t quadrates as control
areas between 2017 and 2018, followed by measures
on the 6t-7t in 2020 after sludge disposal and their
comparison

o winter wheat: observation of 1t-4t quadrates be-
tween 2018 and 2020 show the vegetation devel-
opment after the sewage sludge disposal in 2017.
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Table 2. Crops produced in quadrates of Kardos and Ujkigy6s parcels between 2016-2021

Ujkigyés / quadrates | 2016 2017 2018 2019 2020 2021
1t maize oil radish’ winter wheat | colza winter wheat | sunflower
2t maize oil radish’ winter wheat | colza winter wheat | sunflower
3t maize oil radish winter wheat | colza winter wheat | sunflower
4t maize oil radish winter wheat | colza winter wheat | sunflower
6t colza maize maize? winter wheat | maize oil radish
7t colza maize maize? winter wheat | maize oil radish
9t sunflower maize maize winter wheat | oil radish winter wheat
10t sunflower maize maize winter wheat | oil radish winter wheat

Kardos / quadrates | 2016 2017 2018 2019 2020 2021

10t sunflower winter wheat’ | sunflower winter wheat | maize sunflower
11t sunflower winter wheat? | sunflower winter wheat | maize sunflower
12t sunflower winter wheat | sunflower winter wheat | maize sunflower
13t sunflower winter wheat | sunflower winter wheat | maize sunflower
14t sunflower winter wheat! | maize maize maize maize
15t sunflower maize maize maize maize maize

- 2017 autumn: sewage sludge placement; 2 - 2018. October: sewage sludge placement

Figure 1. Sample quadrates near Kardos (No. 10t-15t) and Ujkigyés settlements (No. 1t-4t, 6t-7t, 9t-10t) located on the
Great Hungarian Plain, Hungary (background: GoogleEarth)

Regarding the control areas, the investigation pos-
sibilities are limited, as only 9t-10t were without
sewage sludge disposal in 2019 and 2021that could
be assessed.

« sunflower: control quadrates (9t-10t) in 2016 can be
compared with the values of the 1t-4t in 2021 show-
ing the effect of the 2017 sewage sludge disposal.

o colza: observations in 6t-7t as controls in 2016 can
be compared to the 1t-4t areas following the dis-
posal in 2019.

Planet images applied in this area in 2020 are good
additional data for several crops; e.g. for maize, winter
wheat, and oil radish.

In the Kardos study area, 10t-11t and 12t-13t quad-
rates are within a plot as shown in Figure 1, with the
same management pattern varying from year to year;
sunflowers were produced in 2016, 2018, and 2021,
and winter wheat in 2017 and 2019. The land use in 14t
and 15t quadrates in 2016 was still sunflower, but in
2017 only 14t had winter wheat cover while in 15t corn
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was grown. Between 2018 and 2021, maize production

was already uniform. 10t-11t and 14t were allocated

on plots where sewage sludge was disposed in autumn

2017, 12t-13t and 15t were used as control areas. The

following comparisons were planned in the Kardos

sample areas (three types of plants were grown dur-
ing the study period):

« maize: after the disposal in 2017, the differences
with 10t-11t in 2020 are assessed and 12t-13t quad-
rates are used as a control. As a consequence of the
disposal of sewage sludge, between 2018 and 2021,
the values of the parcels according to 14t must de-
viate from the values of 15t

« winter wheat: in the case of 10t-13t quadrates the
biomass production of the year 2017 can be com-
pared with 2019. In the 10t-11t, the impact of the
sewage sludge disposal in 2019 can be assessed

« sunflower: the control value in 2016 on the 10t-13t
quadrates might be compared with the values of
2018 and 2021 showing the effect of placement.

The Ujkigyos quadrates are located on the alluvi-
al fan of the Mures 90-92 m above sea level, while the
Kardos sample areas are situated on the edge of the al-
luvial fan at an elevation of 84-85 m above sea level
(Mez6si, 2017). The soil type is the same on all study
areas: calcareous Chernozem which makes compari-
son possible. Based on the digital soil maps (DOSoRe-
MT'), the particle size fraction of the upper 0-30 cm
soil layer is 10% -10% -25% for clay, loam, and sand
in the Ujkigyos plots, respectively, meaning that soil
water retention capacity is poor. The topsoil texture
is loam (sandy loam) having an organic matter con-
tent of 2-3%. In the Kardos plots, soils have a good
water retention capacity due to more clay and loam
fractions but less sand: 30% -35% -5%, and the organ-
ic matter content is higher here: 3-4%. The value ex-
pressing natural soil fertility for the study areas is 70-
80% in Kardos compared to 50-60% in Ujkigy6s study
areas. There were no significant changes in the basic
soil parameters in the Ujkigyds sample area in the last
5 years besides the sewage sludge discharges, only N
and P content increased (Ladanyi et al., 2020).

Agricultural production is affected by climate
change in the sample area. Between 1981 and 2020,
the average annual temperature increased by + 1.8-
1.9 °C, and the number of heat-wave days increased
by more than 14 days. In the last 40 years the precip-

https://dosoremi.hu/maps/
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itation showed a 10% increase in the annual amount,
and extreme rainy days, having more than 20 mm
precipitation, dominate. As a result, the longest dry
periods appear to be shortened (Lakatos et al., 2021).
In Hungary, there is a moderate drought every sec-
ond year and a strong drought every third year (Buza-
si et al., 2021) and according to Mezd&si et al. (2016) as
a result of the increasing impact of drought, the role
of tillage will come to the fore in the next 2-3 decades.
The farming and tillage of the near future are basical-
ly determined by the rapid changes in the seasons. By
2100, half-year-long summers can be expected in the
northern hemisphere (Wang et al., 2021).

In our sample area, the average temperature of the
summer semester is + 0.8-2 °C higher each year com-
pared to the period between 1970 and 2000. 2017-
2018-2019 was the hottest period; the deviation from
the average exceeded even +3 °C in several months.
Although the climate was cooler than average in the
spring of 2020-2021, the positive difference was still
significant in the summer months (July 2021: +4.6 °C).
Precipitation amount only exceeded the 30-year aver-
age (368.4 mm) in 2019 (453 mm), while 13% less pre-
cipitation than the average fell in the 6 studied years.
A longer, continuous dry period from March to July
2017 and throughout the first half of 2021; in the last
year, only 45% of the average has fallen (Figure 2).
There are outstanding rainy months every summer for
the rest of the years; June 2016, March 2018, May and
July 2019, and March and June 2020.

The daily meteorological drought index (HDI)
shows the same as the climatic data presumed (Fia-
la et al., 2018); more than 30% of the studied period
is characterized by drought; 6.5% by severe drought
(HDI>=2), and 25% by moderately drought (HDI> =
1.5). In the study area, 2018, 2019, and 2020 were the
least dry years; it was only August 2018 and April 2019
that were characterized by moderate droughts, and
June and July in 2017 also showed moderate droughts
with slightly higher values. The driest year was 2021
when a continuous moderate drought was experi-
enced between June and September, moreover, August
and September showed high drought. The sensitivity
of the groundwater level to climatic effects, which de-
termines the water supply, increases towards the cen-
tral part of the alluvial fan (Ujkigyos), while towards
the edge of that (Kardos) it decreases (Rakonczai &
Fehér 2015).


https://dosoremi.hu/maps/
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Figure 2. Precipitation and temperature in Békéscsaba station in the period of 2016-2021

Data: Ogimet.com (http://www.ogimet.com/gsynres.phtml.en);

Operativ Vizhidny Ertékel6 és El6rejelz Rendszer (http://aszalymonitoring.vizugy.hu/)

Results and Discussion

The difference in the growing cycle of the crops and
the changes in land use in the plots are clearly visible
in the VI values, and the curves follow the vegetation
development well (Figures 3-6).

In a data set of quadrat-pairs with identical land-
use values, the sensitivity of the index means that EVI
shows significant differences within the plot, while
NDVI rarely does. We also see a difference between
1t-2t and 3t-4t pairs in the same plot, which can be as
high as 0.15NDVTIand 0.2 EVIin the June 2016 maize
crop. In the same area, the average EVI difference for
the 2017 oil radish crop is 0.1-0.15 in May-June, and a
difference of 0.15 EVI is found in September after the
2020 harvest. This includes the difference between the
May-June 2021 EVI of 0.1 and the August 2021 EVI of
0.15-0.2 for the sunflower crop. Interestingly, in the
10t-13t quadrates of the Kardos sample area, we ob-
served 0.1-0.15 EVI differences already in August and
September, but only in 2017, 2020, and 2021. Similarly,
August shows a larger - 0.15-0.2 - EVI and NDVI di-
vergence for 14t-15t in 2018.

The highest average VI values above 0.9 (up to 0.98)
occur in June in almost all cases, regardless of the
crop. Many NDVI averages above 0.9 were observed
in sunflower, winter wheat, and maize growing areas
in June 2017 and 2021, the summer months of the dri-
est years. Only the high average EVI values were devi-
ated from this and only in Ujkigyés study site, where
they were approximately 0.1 lower and only in May
(2016 and 2020) in colza and oil radish areas. For the

2

whole analyzed period 2016-2021, neither Ujkigyds
nor Kardos study areas show a significant change
in biomass product for either index. The time series
of treated by sewage sludge and non-treated parcels
could be compared for the months of May-July 2018-
2021 in Kardos study area thanks to the plots produc-
ing similar crops. Small extent, but both NDVI and
EVI show systematically higher average values in the
sludge-treated plots.

The EVI is very rarely higher than the NDVI val-
ue, only in the case of dense vegetation. The difference
is typically around +0.08-0.2, which can be as high as
+0.35-0.4 during the peak biomass production peri-
od; the difference between NDVI and EVI in Ujkigyés
study area is larger and typically smaller in areas treat-
ed with sewage sludge. Dense vegetation should be in-
terpreted in terms of EVI, but the increase in biomass
production can be well distinguished by NDVI, and
sometimes the difference between vegetation types can
be also better assessed. It makes sense to use the two in-
dices together in the assessment, as exemplified by the
different VI values of the 6t-7t areas in 2016 and 2017.

The effect of sewage sludge disposal on maize has
been investigated in several locations. On the 14t
quadrate of Kardos, values of the 15t were used as con-
trols for 2018, 2019, and 2021 V1 values after the year
2017 sewage sludge placing (Figure 7.). For the 6t-7t
quadrates of Ujkigyos, we compare the years that pre-
cede (2017, 2018) and the years that follow (2020) the
placement in 2018.

Despite Table 2 data in 14t, 15t quadrates no maize was grown in 2020 as clearly shown in VI data series.
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Figure 3. NDVI values of quadrates of Ujkigy6s study site between 2016 and 2021 (points: NDVI median, columns: NDVI
total) (1t-4t: sewage sludge placing in 2017; 6t-7t: sewage sludge placing in 2018; 9t-10t: no sewage sludge)
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Figure 4. EVI values of quadrates of Ujkigyés study site between 2016 and 2021 (points: EVI median, columns: EVI total)
(1t-4t: sewage sludge placing in 2017; 6t-7t: sewage sludge placing in 2018; 9t-10t: no sewage sludge)
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Figure 5. NDVI values of quadrates of Kardos study site between 2016 and 2021 (points: NDVI median, columns: NDVI
total) (10t-11t and 14t: sewage sludge placing in 2017; 12t-13t and 15t: no sewage sludge)
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Figure 6. EVI values of quadrates of Kardos study site between 2016 and 2021 (points: EVI median, columns: EVI total)
(10t-11t and 14t: sewage sludge placing in 2017; 12t-13t and 15t: no sewage sludge)
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Figure 7. Effect of sewage sludge deposition based on maize Sentinel-2 EVI values
on the example of 14t quadrat by comparing 15t, 7t control areas

The spring EVI and NDVT data for 14t 2018 are still
in line with 15t quadrat, but before the harvest, the
area treated in the previous year shows continuous VI
values of at least 0.1 higher throughout August. NDVI
value of the treated area is higher, even exceeding the
untreated 15t maize production by up to 0.2. In 2019,
the difference between 14t-15t can now be tracked
throughout the year. The EVI difference in June-Ju-
ly is consistently between 0.05-0.15 in favour of 14t
and the two curves only level out towards the end of
July. This difference in 2019 is not present at all in the
NDVT, the values of the two quadrates are actually the
same. The 2019 14t maize EVI values are the highest
index values for the whole study period, with aver-
age values above 0.8 from the second half of June and
above 0.9 in July. This is a striking phenomenon, as
the NDVT is otherwise known as a higher index prone
to saturation (Huete et al., 2002). In 2021, we basical-
ly get different VI’s, which is also due to the moderate-
ly droughty summer semester and the rainless June
(2 mm of precipitation fell at the drought monitor-
ing station). The NDVT curve matches the values ob-
served in previous years, but shows the lowest biomass
production in both the growth and maturation phas-
es in the period 2018-2021; between May and August,
with biomass production typically 10-40% lower than
in previous years. There is no typical NDVI difference
between the 14t and 15t areas, but rather the untreat-
ed area has the higher index value. EVI shows the dif-
ference in a more sensitive way when comparing; the
values for June 2021 are only half of those for the same
period in previous years, with the difference closing in
August, probably also due to the late harvest in 2021.
Even the summer peak is almost 30% lower than in
2019. The EVI of the 14t treated area in 2021 is slightly,
but typically higher (+10-12%) than the untreated 15t
sample area. The EVI values for maize in the 15t con-
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trol area in 2017 - also droughty - are similarly only
55-60% of the 2019 data.

There is no typical change in the Ujkigyés maize
fields (6t-7t); the 2017 and 2018 VI values before plant-
ing coincide almost perfectly with the 2020 data after
planting. Compared to the very high EVI values of 14t,
lower values of between 0.56 and 0.73 were also found
here. In the case of maize, a comparative evaluation of
the EVI values for the 14t quadrat suggests that sew-
age sludge disposal may have played a role in the evo-
lution of biomass, while such a relationship was not
observed in the Ujkigy6s area.

The impact of placement on winter wheat produc-
tion at Ujkigy6s could be assessed on the basis of
data of 1t-4t for 2018 and 2020. As a control, the 9t-
10t could only be compared indirectly with the VI for
2019 and 2021. Our observations show that the VI val-
ues for different years are either the same or possibly
even higher in the control areas. As a control for the
2019 crop of 10t-11t of Kardos, we used the previous
values of the same quadrates from 2017 and the data
of 12t-13t from 2017 and 2019, free of placement. The
VI values in the different quadrates are the same in
the different years, and despite the treatment, the val-
ues in May-June 2017 are higher. It can be conclud-
ed that for this crop, the effect of sewage sludge place-
ment is not noticeable.

For the evaluation of sunflower, the VI values for
2018 and 2021 for the 10t-11t in Kardos study area
were used, with the control values for the same years
being the 12t-13t and the 10t-13t for 2016. The similar
small April values compared to 2016 increased very
intensively in May 2018 - producing a nearly 3-fold
increase in VI during one week - and by the begin-
ning of June the EVI value was 0.08 higher in the area
of sludge disposal (Figure 8.), a difference that is also

- to a lesser extent - characteristic of the NDVI. The



Plot-level Field Monitoring with Sentinel-2 and PlanetScope Data

for Examination of Sewage Sludge Disposal Impact

Figure 8. Short-term impact of sewage sludge disposal in 2017 on sunflower yield based on Sentinel-2 EVI data

drought in 2021 seems to have set back yields and we
get EVI values similar to 2016 in the first half of the
year. NDVT is less sensitive, with no typical difference
between years. The VI difference between treated and
untreated areas during drought can be seen. In Au-
gust and September, EVI and NDVT values were 1.2-
1.5 times and 1.2-1.3 times higher in the 10t-11t com-
pared to the control area, indicating improved soil
water management characteristics.

The more constant NDVI value, which also charac-
terise the quadrat despite the drought, may indicate
more favourable soil water management. At Ujkigyos
we were able to compare 2016 and 2021 data, but only
at different quadrates; 9t-10t versus 1t-4t. No differ-
ence was observed, but given the drought situation, it
could be here also a sign of better water management,
so the application of the sludge in 2017 could have
played a role, given the climatic parameters.

The effect of treatment on colza production could
only be studied in Ujkigyés, comparing quadrates of
different areas. The control values for the 1t-4t after
sewage sludge placing (2019) were taken from the 6t-7t
0f2016. In 2019, due to the approximately 1 month lat-

er greening and harvesting time, the VI values are of
limited comparability. The peak of VI values in 2016
are higher, especially for EVI, and there is no differ-
ence in the run of the data, so the sewage sludge has
no consequences for colza produce. The differences
between August and September already indicate the
next year’s crop; in 2017 maize while in 2020 it is win-
ter wheat.

The heterogeneity of the different crops is also well
patterned spatially by quadrates. The columns in Fig-
ure 9. show the recording of nearly the same days of
each month of each summer semester, plotted against
the rows for each year. As in the diagrams, the spa-
tial homogeneity of the VI generally shows homoge-
neity within quadrates, but also in such small sample
areas, sampling with larger variance occurs; e.g. on
06.06.2018 and 05.06.2021. In particular, the remote
sensing survey in June and August revealed the allu-
vial form which bisects the area from North-East to
South, the curvature of which is determined by the
soil conditions and the biomass product, causing dif-
ferences in yields within a single plot. The VI values of
the 2t, 3t, and 10t quadrates are influenced by the dif-
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ferent physical nature of the soil resulting differences
in water management. In the time series, the drought
year 2021 is strikingly distinct from similar periods
in other years, with perhaps only March 2017 indicat-
ing a more drought-like character. Looking at satellite
imagery data from early June 2021, there are several
years with lower VI categories, e.g. 04.06.2017.

Using PlanetScope imagery in 2020

Our Sentinel-2 EVI and NDVT results were verified
using the method of comparison with satellite data
with higher geometric and different spectral resolu-
tion. When using Planet and Sentinel-2 data taken on
the same days in 2020, we typically observe a larger
difference between the two sensors in the case of EVI.
The standard deviation of the annual data is smaller
for Planet, and for all three crops studied (Figure 10).
The S-2 VI value is higher (up to +0.1) in the greening
and ripening stage, while the Planet index is higher
in the pre-harvest and post-harvest stages. According

Conclusion

Ferenc Kovacs,
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to the S-2 based results, the Planet VI mid-summer
peaks are in decreasing order: oil radish, maize, win-
ter wheat. The 21 common dates were compared for
all crops in the different quadrates.

The value ranges of determination coefficient sug-
gest a close relationship, especially for NDVI; 0.685 <
R? py1 < 0.867, and 0.8137 < R? ypy; < 0.921. The higher
NDVTI coeflicient is the result of saturation (typical of
the index), as the difference between the Planet and S2
NDVI values of the soil or sparsely vegetated surface
is often greater than 0.2. In the case of EVI, the rela-
tionship is consistent for both dense and sparse vege-
tation. On a crop-by-crop basis, we found greater sim-
ilarity between the EVI for maize and the NDVI for
winter wheat, while looking the two indices togeth-
er most balanced was for oil radish. Based on the co-
efficients of determination, Sentinel-2 data with high
temporal resolution and on homogeneous surface
coverage of sufficient quality can be used for agricul-
tural monitoring at the parcel level.

To observe the short-term effects of sewage sludge dis-
posal, we planned a six-year, high-resolution monitor-
ing study in continuously cultivated agricultural par-
cels, often covered with different crops from year to
year. In 14 quadrates of 50 m x 50 m, Sentinel-2 satel-
lite imagery-based data collection was applied at the
highest temporal and spatial resolution. A database
of 140 cloud-free images, supplemented with Planet-
Scope images was evaluated with vegetation indices
(EVI, NDVI) to assess photosynthetic activity and bi-
omass production changes in space and time during
the summer semester.

Spectral index-based differences in the vegetation
cycle can be used to determine the diversity of plant
species produced in the area, and differences in land
cover. Similar to the analyses of soil and shorter-term
field vegetation monitoring (Ladanyi et al., 2020; Ko-
vacs & Ladanyi, 2021) prior to our studies, we could
not detect a generally significant relationship between
areas affected and unaffected by sludge placement,
through statistical differences measured by EVI and
NDVI. Among the four crops studied, the biomass
products of sunflower and maize show index differ-
ences, which can be evaluated as the effect of sludge
application within 1-4 years: more intensive greening,
typically higher index values, and vegetation develop-
ment not affected by drought. In the case of colza and
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winter wheat, the available data do not show a similar
pattern, and in several cases the vegetation index val-
ues before the placement are higher. The spatial het-
erogeneity of the parcels, which is well represented by
the quadrates, was not altered by the disposal of sew-
age sludge during the period studied.

The combination of two different vegetation indices
is useful. In addition to the general advantages of the
EVI, the accuracy of the assessment of the dense vege-
tation period, its sensitivity, and applicability in com-
parative analysis can be highlighted, while the NDVI
can be a good complementary data in the dynamics
of sparse vegetation, and in the differentiation of veg-
etation types. Interesting, that the difference between
NDVI and EVIis smaller in areas treated with sewage
sludge. As expected, in a study requiring a high spatial
resolution, the Planet data are generally in close statis-
tical correlation with the Sentinel-based index values
and confirm the results of the assessment. Due to their
temporal and spatial detail, they can also be presented
as separate data, but only from 2017 onwards.

Despite the change in management, the objective of
detecting significant differences justifies the continu-
ation of monitoring and the inclusion of data from
current years in further analysis, which will also help
to narrow down the data gap periods; the extension of
Planet data over time and space is already in progress.
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Figure 9. Spatial distribution of agricultural biomass production in the same summer periods of different years
based on Sentinel-2 EVI in Ujkigyés sample area between 2016-2021 (May 2019: lack of data)
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Figure 10. EVI time series of Planet and Sentinel-2 satellites for different crops in summer 2020 (A), and linear regression
analysis based on EVI and NDVI for this period (B)
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Abstract

Levees are earth structures constructed along alluvial rivers and are considered to be one of the essen-
tial components of flood risk and natural hazard reduction. The preservation of their condition would
require orderly monitoring. In Hungary, an over 4200 km long levee system was constructed from the
19t century on. Since then, many natural and anthropogenic processes, such as compaction, erosion,
subsidence etc., could contribute to the slow but steady deformation of these structures. In the mean-
time, due to the lack of documentation, their structure and internal composition are still unclear in
many sections. The present study uses different geophysical techniques to validate their efficiency in
detecting the structure, composition and potential defects along a 3.6 km levee section of the Lower
Tisza River, affected significantly by seepage and piping phenomena during floods. Measurements were
made using Ground Penetrating Radar (GPR), Electrical Resistivity Tomography (ERT) and drillings. In-
formation obtained by the different techniques was cross-checked and combined. This way, the po-
tential of the applied survey strategy could be demonstrated, and the selected levee section could be
assessed in terms of its structure and composition. Consequently, the major reasons for frequently oc-
curring adverse flood phenomena at the site could be revealed. The survey approach outlined in the
present paper can be applied extensively along lowland levee systems in the region and elsewhere.

Keywords: levee assessment; flood risk; Electrical Resistivity Tomography (ERT); Ground Penetrating
Radar (GPR)

A Department of Geoinformatics, Physical and Environmental Geography, University of Szeged, 6722 Szeged, Egyetem u. 2-6.,
Hungary; geodiaal311@gmail.com, gysipos@geo.u-szeged.hu, enasmuhammadi@gmail.com, pall.david.gergely@gmail.com

8 National Research Institute of Astronomy and Geophysics, 11421, El Marsad st., Helwan, Cairo, Egypt; geodiaal311@gmail.com,
enasmuhammad1@gmail.com

¢ Applied Geomorphology and Interdisciplinary Research Centre (CGACI), Department of Geography, West University of
Timisoara, 300223 Timisoara, Timis, Romania; alexandruhegyi@gmail.com, alexandru.onaca@e-uvt.ro

P Lower Tisza Water Directorate, 6720 Szeged, Stefania 4., Hungary; kozakp@ativizig.hu

E Department of Highway and Railway Engineering, Budapest University of Technology and Economics, 1111 Budapest,
MUegyetem rakpart 3., Hungary; toth.csaba@epito.bme.hu

* Corresponding author: Gyorgy Sipos; e-mail: gysipos@geo.u-szeged.hu

258 | Geographica Pannonica * Volume 26, Issue 3, 258—272 (September 2022)


mailto:geodiaa1311@gmail.com
mailto:gysipos@geo.u-szeged.hu
mailto:enasmuhammad1@gmail.com
mailto:pall.david.gergely@gmail.com
mailto:geodiaa1311@gmail.com
mailto:enasmuhammad1@gmail.com
mailto:alexandruhegyi@gmail.com
mailto:alexandru.onaca@e-uvt.ro
mailto:kozakp@ativizig.hu
mailto:toth.csaba@epito.bme.hu
mailto:gysipos@geo.u-szeged.hu

Diaa Sheishah, Gyorgy Sipos, Alexandru Hegyi, Péter Kozak,

Enas Abdelsamei, Csaba Toth, Alexandru Onaca, Déavid Gergely Pall

Introduction

In a lowland, temperate zone environment floods have
the greatest damage potential compared to other natu-
ral hazards (Mez6si, 2022). Earthen dams, such as ar-
tificial levees constructed along rivers, are essential for
flood risk management. They have an important role
in protecting human life, agricultural lands, urban ar-
eas and other infrastructure from regular inundations.

Flood protection in Hungary relies primarily on ar-
tificial levees: their total length is around 4200 km in
the country. The Tisza River and its tributaries have
a 65% share of this value, making the river system, in
this respect, one of the most heavily engineered riv-
ers on Earth (Nagy, 2010). Most of the levees along the
Tisza were originally constructed in the 19t® century
in a relatively short period. The first levees were not
high enough, and recurring floods overtopped them
regularly. Consequently, their height and size contin-
uously increased over time, usually after significant
and destructive flood events. This resulted in the de-
velopment of complex earth structures with spatially
variable compositions (Galli, 1976, Schweitzer, 2001).
Moreover, levees were then affected by various post-
constructional processes, such as compaction, subsid-
ence or water seepage during floods (Galli, 1976; Ko-
vacs, 1979; Sheishah, et al., 2022). Due to the reasons
above, there is a lack of information concerning their
structure and composition, making flood risk assess-
ment and preparedness difficult (Timadr, 2020).

Although the external change of levees can be de-
tected easily, the investigation of subsurface prop-
erties is challenging. Levees are critical and spatial-
ly extended infrastructures; thus, using invasive and
time-consuming techniques, usually providing only
local information, is not a viable option for assess-
ment. Consequently, non-destructive shallow geo-
physical methods, allowing a fast and continuous as-
sessment of physical parameters, have widely been
utilised recently (see, e.g.: Perri, et al., 2014; Rahimi et
al., 2018; Dezert et al., 2019; Jodry et al., 2019; Tresol-
di et al.,, 2019; Lee et al., 2020).

Ground Penetrating Radar (GPR) and Electrical
Resistivity Tomography (ERT) are the most wide-
spread among these. The two methods offer advan-
tages in different applications, and their combination
with geotechnical assessment can provide a robust
picture of levee conditions. Accordingly, GPR accom-
panied by permeability logging was successfully ap-
plied in locating seepage zones, e.g. by (Antoine et al.,
2015). With a similar approach and by performing
ERT surveys (Sentenac et al., 2017) mapped the struc-
tural heterogeneity and post-flood damages of histor-
ical earthworks. ERT is adequate not only for struc-

Geographica Pannonica * Volume 26, Issue 3, 258-272 (September 2022) | 259

tural assessments but by long-term monitoring, it can
also enable the identification of seepage zones and sec-
tions affected by intensive water saturation, as demon-
strated by Tresoldi et al. (2019). Using ERT enabled the
authors to assess the function between water content
and resistivity values, which allowed the transforma-
tion of the resistivity profiles into water content maps.
Perri et al. (2014) also applied geotechnical investiga-
tions to validate geophysical surveys. 2D DC electrical
resistivity tomography and seasonal temperature pro-
files were applied by Jodry et al. (2019) to monitor the
seasonal change of soil moisture in an earthen levee to
produce seasonal resistivity change models.

Nevertheless, compositional and at-a-point de-
fects can reduce the flood retention capacity of earth-
en structures. In this sense, contraction cracks and an-
imal burrows can be a major issue and an important
factor behind increased flood risk (Chlaib et al., 2014).
Not only GPR but resistivity surveys and multichannel
analysis of surface waves (MASW) were used by Rahi-
mi et al. (2018) to detect cavities responsible for piping
and the formation of sand boils on the protected side of
levees. The cause and path of seeping in a damaged em-
bankment were interpreted by Lee et al. (2020) using an
integrated method of 3-D resistivity inversion.

Many authors agree that GPR has a limited inves-
tigation depth in most levee applications because of
the usually high clay content of these earth structures,
and they turn to ERT, providing a higher penetra-
tion depth and more information on the sedimentary
composition of the levee structure (Perri et al., 2014;
Busato et al., 2016). However, by using ERT, a serious
compromise must be made regarding spatial resolu-
tion and measurement time. Besides, the shortage of
geotechnical control in many cases, disables the vali-
dation of the quality of results (Dezert, et al., 2019, Lee,
et al., 2020, Radzicki, et al., 2021).

In the present study, we aimed to combine the
strength of two geophysical techniques (GPR and ERT)
on a levee section characterised by recurring seepage
and piping during floods along the Lower Tisza Riv-
er. As mentioned above, GPR has a low penetration be-
cause of the conductive nature of levee materials; how-
ever, due to its high spatial resolution, it can be very
useful in detecting small but shallow anomalies and in-
terfaces. In the meantime, ERT has a high potential in
detecting compositional differences and anomalies at
greater depths, though at limited resolution. We also
aimed to validate and improve our interpretation by
drillings at the survey site. Finally, we intended to de-
velop a measurement strategy which can be applied for
more extensive surveys along the Tisza River.
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Study area

The Tisza River is the largest tributary of the Danube:
its present length is 962 km, the area of its catchment is
157 000 km? while its mean discharge at Szeged, close
to the study site and not far from its confluence with
the Danube, is 865 m?/s. Before the great-scale regula-
tion works of the 19th century, the lowland section of
the river was characterised by extensive floodplains
(38 500 km?) inundated almost every year, thus mak-
ing agricultural activity difficult (Kovacs, 1979). Conse-
quently, the major aim of river training was to increase
the velocity of flood waves by making 112 cut-offs to re-
duce the length of the river and to decrease the extent of
inundated areas by building 3555 km of artificial levees
along the river and its tributaries (Szlavik, 2003).

Due to increasing flood heights and related flood
risk, levees have been heightened several times in
the past 150 years, resulting in very complex earth-
en structures with several layers and reaching rela-
tive heights between 5-8 m (Kovacs, 1979, 1973; Nagy,
2000). Levees were mostly composed of nearby flood-
plain sediments. Their core is usually clayey, covered
with compacted silty layers. Sandy layers frequently
cover the protected side of levees to enable the drain-
ing of the levee core during floods (Sztics et al., 2019).

Several issues may decrease the resistance of levees
and hence increase flood risk. Water can pass through

Methods

the levee body and weaken the structure internally at
the interface between layers and in layers with coars-
er grain sizes (Casagrande, 1937; USACE, 2000). The
process can be accelerated by cracks and animal bur-
rows (Nagy, 2000). Seepage can also occur below the
levee in higher porosity sediments, resulting in the
development of sand boils (Li et al., 1996), which can
easily lead to the failure of the structure (Desai, 1970;
Ojha et al., 2001). Bearing in mind the above issues
and the ageing of levees, it is ultimately important to
map and survey their structure, composition and con-
dition to prevent hazardous situations.

The study area is situated on the left bank of Riv-
er Tisza, near the city of Szeged in the southern part
of Hungary. A total of 3.6 km levee section, between
13 and 16.6 levee km (lkm), was chosen to conduct ge-
ophysical surveys and drillings (Fig. 1). The relative
height of the levee on this section is ~6.5 m. The in-
vestigated levee was last reinforced in the 1970s, but
not much is known of its internal structure and the
composition of its layers. An important reason for se-
lecting this study site was the high number of seep-
age phenomena recorded during the past few floods
by levee watchers (Sheishah et al., 2022), which im-
plies that there can be structural and compositional
anomalies in the levee body.

Data collection

In the present study, two shallow geophysical tech-
niques, Ground Penetrating Radar (GPR) and Elec-
trical Resistivity Tomography (ERT), were compared
and combined. At the same time, two boreholes were
made to validate and interpret GPR and ERT results
(Fig. 1)

GPR surveys were conducted by applying two sys-
tems (GSSI SIR 3000 and IDS) with different cen-
tre frequencies (200 MHz and 80 MHz) on the levee
crown between 13 and 16.5 levee km (Figures. 2A and
B). In the case of both systems, measurements were
made using the survey wheel mode, and the survey
track was dissected into 100 m sections. To enhance
comparability, the starting and end points of each 100
m section were the same during both surveys. Data
collection was made using a time range of 170 ns (200
MHz) and 300 ns (80 MHz), scanning frequency was
64 scans per second. Scans per unit (meter) were set to
60, and samples per scan were 1024. The applied die-
lectric permittivity value (12.5) was determined based
on the depth of layers identified by drilling.

Electrical Resistivity Tomography profiling was
made by using a GeoTom MKS8EIO0 apparatus
equipped with a multi-electrode system (50 elec-
trodes) (Fig. 2C). Four profiles were measured: three
longitudinal and one transverse (Fig. 2C), and the cen-
tre point of each profile was at 13.00 lkm. The Wen-
ner electrode configuration was used for data collec-
tion since it is relatively sensitive to vertical changes in
subsurface resistivity values below the array’s centre.
The three longitudinal profiles with the same centre
point were measured using 2, 1.5 and 1 m electrode
spacing to investigate differences in results as a mat-
ter of resolution. The transverse profile, perpendicu-
lar to the previous three, was measured using a 1 m
electrode spacing. The number of depth levels was set
to 16 in each case, and consequently, 384 data points
were acquired per profile. Elevation data were collect-
ed at each odd number electrode along the survey line
by a TopCon Hyper Pro RTK GPS to apply a topo-
graphic correction for the transverse profile.

For the validation of GPR and ERT measurements,
two boreholes were drilled at 13 lkm on the riverside
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edge of the levee crown (BH1) and the protected side
slope of the levee (BH2). Drilling depths were 6.5 m
and 4 m, respectively. Drilling was done using an Ei-
jkelkamp drilling system with a 5 cm diameter drill-
ing head (Fig. 2D). The coordinates and elevation data
of the drilling locations were measured by TopCon
Hyper Pro RTK GPS to locate them on ERT profiles
correctly. With the help of the drillings, the structure
of the levee and the main layers were identified on-site
by the macroscopic description of the cores.

Simultaneously, at every 20 cm, samples were col-
lected for grain size analysis, performed with a Fritsch
Analysette 22 laser analyser, having a measurement
range of 0.08-2000 um. Samples underwent ultrasonic
homogenisation, and all measurements were repeated
three times to check if there was further disintegration.
The D50 value was applied to identify the grain size cat-
egory of samples using the Udden-Wentworth scale.
Additional samples were collected at every 40 cm to as-
sess the vertical change of gravimetric water content in
the profiles. Samples were packed in airtight bags, and
after measuring their wet weight in the laboratory, they
were dried at 105 °C to obtain dry weights.

The resistivity of sedimentary layers and earthen
structures depends primarily on the water content

and the grain size (in close relation to porosity) of
the deposit. In general, by increasing grain size, re-
sistivity values increase (see, e.g. Oludayo, 2021; Sid-
diqui & Osman 2012; Cosenza et al., 2006; Sudha et
al., 2009; Samouelian et al., 2005), whereas increas-
ing water content has a reverse effect (Loke, 2004;
Pozdnyakova & Pozdnyakova, 2002; Abu-Hassa-
nein et al., 1996; Yoon & Park 2001; McCarter, 1984;
Michot et al., 2000; Fukue et al., 1999). Goyal, et al.
(1996); Gupta and Hanks (1972) proposed an empir-
ical linear relationship between resistivity and water
content. Consequently, we also investigated the ef-
fect of these parameters on the measured resistivi-
ty to see to what extent structural units can be sepa-
rated. Specific resistivity values used for the analysis
were obtained from the ERT profiles at the boreholes
and the sampling depths.

Data processing

During the GPR surveys, no data filters were ap-
plied; thus, signals contained different types of nois-
es, which had to be eliminated. Raw profiles acquired
by the GSSI GPR system were processed by software
RADAN 7 (GSSI, 2018). Processing included several
steps: time zero correction, Finite Impulse Response

Figure 1. The location of the study area and the survey plan. A) Artificial levees and potential floodplains along the rivers
of Hungary (modified after OVF 2014). B) Survey track of GPR profiles and the location of the ERT measurement site. C)
Location of ERT profiles and boreholes
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Figure 2. Data acquisition by A) GSSI SIR3000 GPR system with a 200 MHz antenna, B) IDS GPR system with an 80 MHz
antenna, C) GEOTOM MK8E100 multi-electrode ERT system and D) drilling using an Eijkelkamp-type drilling equipment

(FIR) filtering, stacking, background removal, gain
setting and migration. RADANn 7 was also used to
pick positive peaks of the highest amplitudes of trac-
es to enhance the detection of interfaces between dif-
ferent layers having different dielectric permittivity
values. In the case of the profiles measured using the
IDS system software RELEXW 8 (Sandmeier, 2016)
was applied. Processing steps were time zero correc-
tion, subtraction of the mean (Dewow), 1D bandpass
frequency filtering, running average, background re-
moval and manual gain setting.

Results and discussion

Apparent resistivity values obtained during ERT pro-
filing were processed in RES2DINV 3.4 (Loke & Bark-
er, 1996) to get the true resistivity values for the sub-
surface layers. During the process, erroneous outlying
data points were removed before inversion. The inver-
sion scheme was based on the least squares smoothness
constrained iterative optimisation algorithm (Consta-
ble et al., 1987; De Groot-Hedlin & Constable, 1990).
The transverse profile has also undergone a topograph-
ic adjustment. Data were then exported, and profiles
were drawn and further analysed in Surfer v14.

GPR measurements
Along the 3.5 km levee section investigated, the pen-
etration depth of the 200 MHz GPR antenna ranged
between 3.6 m to 4.4 m, with an average value of 3.9
m. In contrast, in the case of the 80 MHz antenna, the
values ranged between 1.8 m and 5.6 m, with 4.0 m
on average. Thus, irrespective of centre frequency, no
significant difference was experienced between the
two systems in average penetration. High variation in
penetration depths concerning the 80 MHz antenna
refers to considerable measurement uncertainty.

The relatively low penetration depth of GPR in fine
grain media is well-known due to enhanced wave relax-

ation due to polarisation effects (Ishida & Makino, 1999;
Santamarina et al., 2001, Bittelli et al., 2008). Polarisation
results in larger dielectric permittivities and electrical
conductivity values, dissipating GPR energy and causing
weaker signal reflections. Besides, clayey soils and sed-
iments are usually associated with high ion concentra-
tions in the liquid phase, facilitating energy dissipation
(Saarenketo, 1998, Ishida & Makino, 1999). However, the
variation of penetration depth as a matter of variable die-
lectric properties can also refer to compositional changes
in the levee material (Sheishah et al., 2022).

A remarkable change in dielectric values was clear
at approximately 25% of the 100 m profiles. The two
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antenna types identified dielectric changes approxi-
mately at the same locations (Fig. 3). Layers and in-
terfaces within the levee body and smaller anomalies
could only be detected using the 200 MHz antenna.
The vertical resolution of the 80 MHz antenna was in-
adequate for these purposes. In general, three units
were identified in most of the profiles (Fig. 3A). The
thickness of the topmost unit was 1.09 m on aver-
age, while the thickness of the middle unit was 1.32 m.
The vertical extension of the third unit could not be
mapped as it reached below the depth of investigation.

Smaller anomalies within the topmost layer were
interpreted as contraction cracks resulting from the
desiccation of the levee material. By using the equa-
tion A = v/f, where () is the wavelength, (v) is trans-
mission velocity, and (f) is the centre frequency of the
antenna used for the survey, and the relationship that
the size of the detectable target is approximately 10%
of the wavelength (Utsi, 2017), we estimated the min-
imum size of anomalies the two antennae can detect.
At a velocity of 8.5 cm/ns for the 200 MHz antenna,
this value was 4.3 cm, while for the 80 MHz antennae,
it was 10.6 cm. No voids could be identified using the
80 MHz antenna, so the width of the voids detected by
the 200 MHz antenna was above 4.3 and below 10,6
cm. The identified cracks were in the topmost layer at
a maximum depth of 1 m. Along the survey line, four
profiles contained a high density of cracks, meaning
that around 10% of the profiles are greatly affected by
this defect.

A High-frequency antenna was used successful-
ly by other authors as well to detect small-scale voids
and discontinuities (anomaly size 0.1 m or less) in ar-
tificial levees (e.g. Di Prinzio et al., 2010, Chlaib et al.,
2014). Contraction voids and cracks identified in our
study mostly get closed by wetting the levee body dur-

ing floods, though the largest ones may remain open
(Sztcs et al., 2019), which means that their presence
can increase the risk of damage. Leakage through
cracks can lead to piping, being the main cause of
levee failure events (Huang et al., 2014, Cleary et al,,
2015). Besides voids, layer deformation and changes
in levee composition, marked by sudden shifts in die-
lectric permittivity, are also very important regarding
flood risk. They can contribute to considerable seep-
age during floods.

ERT measurements
ERT profiles exhibited low and moderate resistivity
values. Along the longitudinal profiles, values ranged
between 7 and 100 Om at 1 m electrode spacing, and
the average value of specific resistivity was 22 Om. In
terms of the transverse profile, values were considera-
bly higher and reached a maximum at 640 Qm, while
the mean specific resistivity was 120 Qm (Fig. 4).
Similarly to GPR measurements, ERT profiles also
refer to the layered structure of the levee body. Since
the resolution of ERT data is determined by the ap-
plied electrode spacing, i.e. the lower the distance is
between electrodes, the thinner layers can be resolved,
the topmost layer of the levee body could only be iden-
tified using a 1 m electrode spacing (Fig. 4A). In turn,
at a larger spacing (1.5 and 2 m) it was possible to get
information on the sedimentary base below the lev-
ee body (Fig. 4B and C). This way, along the longitu-
dinal profile on the levee crown at a higher vertical
resolution (1.0 m), a thin, low resistivity layer could
be identified at the top, with resistivity values ranging
between 7-20 Qm. Below, a 1.5-2.0 m thick, slightly
higher resistivity (23-32 Qm) layer was found, then
again, a lower resistivity unit (15-30 Qm) (Fig. 4A).
The maximum survey depth at this resolution was 7

Figure 3. Interpretation and comparison of 100 m GPR profiles made by A) 200 MHz and B) 80 MHz antennae
along the same survey line (16.2-16.1 lkm)
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m, which is equal to the relative height of the levee. At
a 1.5 m electrode spacing, a higher specific resistivity
(30-40 Om) unit could be identified below the levee
body, which was even more pronounced at a 2 m elec-
trode spacing (35-50 Qm).

Regarding the transversal profile, three ERT units
were recognised for the levee crown. Still, the ob-
tained specific resistivity values were different (Fig.
4D). At the top of the levee values were extremely high
compared to the previous ones and reached 280-420
Qm in the topmost, approximately 1 m thick layer.

The next unit, with a thickness of 1.5-2.0 m, was char-
acterised by a lower specific resistivity (70-240 Qm)
but was still significantly higher than those measured
in the longitudinal profile. From a depth of 3 m, val-
ues decreased to 7-30 QOm, which is like those shown
by the longitudinal ERT profiles (Fig. 4). The remarka-
ble difference in terms of the topmost layers can be ex-
plained by the presence of shallow, air-filled contrac-
tion cracks, also mapped during the GPR surveys (Fig.
4D), and increasing thus greatly the measured specific
resistivity values. As the longitudinal measurements

Figure 4. Interpretation of electrical resistivity tomography profiles measured longitudinally using
A) 1.0 m, B) 1.5 m, and C) 2 m electrode spacing, and D) transversally using 1 m electrode spacing.
The profiles had the same centre point at 13.00 lkm of the Tisza levee
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were made on the edge of the levee crown, the effect
of air-filled voids was insignificant in their case. Al-
though the electrode spacing of the transverse profile
was 1.0 m, it enabled the identification of the higher
resistivity unit below the structure and the presence of
higher resistivity lenses (30-50 (m) close to the river-
side slope of the levee.

Sedimentological analysis

The first borehole (BH-1) exposed three units (Fig. 5A);
a fine silty layer from the surface until a 1.0 m depth
with a Dg, value between 12 and 15 pm, a medium
silty layer at depths between 1.0-2.8 m with a D val-
ue from 15 to 20 um, and a fine silty layer again, below
2.8 m with a D, value ranging from 10 to 15 um (Fig.
5A). Especially in the lower unit, the grain-size curve
reflects sudden changes at some points, but these are
not that significant to move the D50 value into an-
other grain size class. Consequently, we did not sep-
arate further sedimentary units at BH-1. The overall
mean grain size values for the individual units were 14
pm, 16 pum and 13 um, meaning that although there is
some difference in averages, the levee body is general-
ly composed of fine and medium silt.

The second borehole (BH-2), drilled on the protect-
ed slope of the levee, exposed two units (Fig. 5C). The
first unit contained a very fine sand layer (0-20 cm)
and a fine sand layer (20-40 cm) with mean grain siz-
es ranging from 93 to 155 pm. The second unit was

built up of medium silty layers (40-100 cm; 260-320
cm, 360-400 cm) with a D50 value ranging from 16 to
19 um and fine silty layers (100-260 cm, 320-360 cm)
cm with a Dy, value ranging from 10 to 15 pm (Fig.
5C). The mean grain size of units was 124 and 15 pm,
respectively.

Concerning borehole BH-1 water content of samples
exhibited a significant variation with depth (Fig. 5B). A
relatively high 25% water content was measured from
the topmost samples, which was caused by the rainy
weather preceding the measurements and sampling.
From 0.8 m, moisture decreased to 21% and remained
stable till 1.6 m. A further decrease was experienced be-
low, and an average value of 16% was obtained between
2 m and 4 m. At the bottom of the borehole, from 4.4 m,
values reached up again to 25 % (Fig. 5B).

Samples of borehole BH-2, located on the protected
side of the levee, exhibited lower water content values
in general (Fig. 5D). Here, the topmost layers, mostly
composed of fine sand, had low values, being just below
10 %; thus the effect of precipitation was not seen here
as a matter of the low retention capacity of sand. In the
rest of the profile, water content increased continuous-
ly, reaching a stable 20-25 % value from 2.4 m (Fig. 5D).

Factors influencing resistivity

Specific resistivity values, determined at the depths of
the sediment samples, were plotted against water con-
tent and mean grain size (Ds,) values, considered to be

Figure 5. Vertical change of mean grain size (Ds,) and water content in borehole BH-1and BH-2
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among the key parameters defining resistivity. No re-
lationships could be identified in BH-1 when plotting
all water content and D5, values. However, it was re-
alised that if sedimentological units are handled sep-
arately, then clear trends can be recognised, though
with a different slope (Fig. 6) and coefficient of de-
termination. In the case of the upper part of the pro-
file (from 0 to 320 cm), both water content and grain
size had a well identifiable influence on the measured
resistivity values. As expected, the previous exert-
ed an inverse, while the latter a directly proportion-
al effect on values (Fukue et al., 1999; Lamotte et al.,
1994; Oludayo, 2021; Siddiqui & Osman, 2012; Cosen-
za et al., 2006; Sudha et al., 2009; Samouelian et al.,
2005). At the same time, rather insignificant relation-
ships were seen in the lower part of the profile, mean-
ing resistivity stayed the same regardless of changes
in water content and grain size (Fig. 6A). It must be
emphasised that in this section, grain size values var-
ied within a very narrow range (11-15 um). The differ-
ent behaviour of the two units might be explained by
the degree of compaction during construction which
also affects the porosity of the material. As the core of
levees is compacted usually at a much higher degree

(Inim et al., 2018; Zhu et al., 2007; Melo et al., 2021; Se-
ladji et al., 2010), this necessarily leads to lower resis-
tivity values, which are only slightly modified by the
variation of water content.

In the case of borehole BH-2, relationships were an-
alysed only for the lower, silty part of the profile, as
the uppermost fine sand layer was represented only by
one sample. In this borehole, no relationship could be
identified between resistivity and grain size (Fig. 6B),
possibly because fine and medium silty materials al-
ternated frequently and grain size variation within
layers was insignificant (Fig. 5C). On the other hand,
water content showed a considerable increase down-
wards. Therefore, a strong relationship (R*=0.907)
was found with specific resistivity (Fig. 6A). This also
means that thin layers with a slight change in grain
size could not be separated using resistivity measure-
ments at the present resolution.

Nevertheless, as water content showed much great-
er variability, and still, the effect of grain size could
be recognised, we are convinced that it is possible to
detect general compositional changes along the levee
system of the Tisza River. As water content showed a
considerable variation in both profiles (from 10 to 30

Figure 6. Relationship between A) specific resistivity and water content and
B) specific resistivity and grain size in different structural units of the levee body
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%), i.e. both dry and close to saturation materials were

sampled, it is possible to give a range of resistivity val-
ues being representative of the primarily silty (10-20

pm) material of the levee at usual moisture conditions.
In general, the experienced 10-60 Qm specific resis-
tivity corresponds well to the empirical values giv-
en for alluvial materials by Keller and Frischknecht,
(1966) and Loke, (2004). However, it is lower than the

values reported by Busato et al., (2016), who identified

50-100 Om for an earthen levee composed mainly of
clayey sand and having low moisture content. Similar-
ly, Himi et al., (2018) found that clayey layers in a dam
structure had a specific resistivity below 100 Qm. Dif-
ferent water contents can be responsible for the dis-
similarities in these later cases.

Assessment of the structure and composition

of the investigated levee section from the aspect
of flood risk

Flood hazard on the protected side of the levee is
greatly determined by the structure and composition
of the earthwork itself. For the reliable evaluation of
the investigated levee section, structure and compo-
sition were assessed by combining the results of the

different methods applied since each technique has
its advantages and disadvantages concerning penetra-
tion depth, resolution or acquisition time.

Based on the control data provided by the drillings,
it was obvious that the interfaces between the main
units can be detected clearly by both GPR and ERT
(Fig. 7). However, the upper interface at a depth of ~1
m could only be partially identified by longitudinal
ERT profiles even using a 1 m electrode spacing (Fig.
4A). On the other hand, this cover layer can be clear-
ly seen on the transversal ERT profile (Fig. 4D). In the
meantime, the second interface at ~3 m appears al-
most at the same place on both ERT and GPR profiles
(Fig. 7C). The fact that there was no sharp variation in
water content at this depth suggests that even small
changes in composition (shift from medium to fine
silt) can be detected using the combination of tech-
niques.

Concerning the structure of the levee at the study
site, each method has confirmed that there are three
major units within the levee body: 1) a fine silt, clayey
levee core, 2) a medium silt layer, made for increasing
the height of the structure, and 3) a fine silt blanket on
the top to inhibit seepage (Fig. 3, 4 and 5). Additional-

Figure 7. Combination of A) GPR and B) ERT results in the same profile to determine C) the depth of interfaces
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ly, on the protected side, a thin (0.4 m) sand sheet was
identified, but this could only be detected using bore-
hole data. ERT could not resolve the sand cover be-
cause even at a 1 m electrode spacing, the vertical res-
olution remained around 0.5 m.

From the aspect of flood safety, the structure of
the levee at the investigated profile is advantageous
in the sense that the number of layers is limited, i.e.
the structure is not as complex as reported elsewhere
(Zorkdczy, 1987; Schweitzer, 2001; Szlavik, 2003), and
therefore, the occurrence of contour seepage, appear-
ing along structural interfaces, is less probable (Sztics,
et al., 2019). A clayey wedge, an important structural
element in mitigating sub-levee seepage at the river-
side foot of the levee (USCE, 2000, Sztics et al., 2019),
can also be recognised on the ERT profile (Fig. 4D).
On the other hand, a discontinuity appears in the fine
silt blanket at the riverside edge of the levee crown.
Still, the interpretation is difficult because of the high
gradient of resistivity change between the top of the

ee body (Fig. 7). The only exception is a short, 600 m
long unit, where a third interface at ~3.5 m can be ob-
served, which first appears separately, but then replac-
es the previous one (Fig. 8). This unit requires further
investigation to map the cause of differences, and as-
sess their effect on flood safety.

The levee section under investigation is primar-
ily composed of fine and medium silt. Except for a
thin layer of sand, and clayey blocks in the core of the
structure, there is no significant change in the com-
position of major structural units. In this sense, the
structure is rather homogeneous and mostly built up
of moderately aquitard silty materials, which can be
one of the reasons for the frequently detected seepage
during floods. However, it is important to underline
that geotechnical parameters, such as porosity, den-
sity and filtration velocity, were not assessed in detail.
Meanwhile, cracks identified by the GPR survey in the
upper part of the levee can also significantly decrease
the flood resistance of the structure.

Figure 8. The longitudinal change of structural interfaces along the investigated levee section
based on 200 MHz GPR data

levee and the levee body (Fig. 4D). This feature can
be one reason for the observed piping during higher
flood events.

On most of the levee investigated by GPR, the struc-
ture of the top layers does not change significantly, i.e.
two interfaces at depths of ~1 m and ~2 m can be iden-
tified (Fig. 8). This also means that the structure rec-
ognised in the levee body at the ERT profiles can be
extended to these sections as far as the GPR data re-
fer to a very similar structure in the top 4 m of the lev-

Conclusions

Though it is not closely related to the levee body
itself, but based on the obtained ERT profiles made
with a 1,5 and 2 m electrode spacing, a less aquitard
unit, composed most probably of medium silt, is lo-
cated beneath the structure, which can result in the
development of sub-levee seepage during floods. Sub-
levee seepage is a hazardous flood phenomenon, as it
can lead to the development of sand boils on the lev-
ee’s protected side, thus increasing flood risk (Nagy,
2000; Ojha et al., 2001; Timar, 2020).

GPR, ERT and drilling results with different spatial
resolutions and penetration depths were compared
and combined to assess the structure and composi-
tion of a levee section exhibiting various unwanted
flood phenomena.

From a methodological aspect, we found that at the
usual dimensions and composition of the levees along
the Lower Tisza River, GPR can be applied to inves-
tigate the upper 3-4 m of these structures. The use of
low frequency 80 MHz GPR does not increase pen-
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etration depth significantly. In contrast, higher fre-
quency 200 MHz GPR is capable of detecting not only
structural interfaces but various defects as well in the
upper layers. Concerning ERT, at 1 m electrode spac-
ing, it is possible to capture structural changes. Still,
penetration depth covers only the levee body, and no
information can be obtained from sub-levee condi-
tions. This requires an increase in spacing. Although
water content has a primary role in determining the
obtained specific resistivity values, based on the pre-
sent study, it is still possible to detect structural units
composed of slightly different materials.

Considering the above, the optimum measurement
strategy for the future is first to perform longitudinal
surveys using GPR, by which major changes in levee
structure can be detected, and sections for more time-
consuming ERT measurements can be easily identi-
fied. By determining the specific resistivity range of
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Abstract

Wind-eroded sediment, as an environmental transport pathway of toxic elements and pesticids, can re-
sult in environmental- and human exposure far beyond the agricultural areas where it has been applied.
In our research we quantified the pesticide residues moving in the soil near Szeged (Hungary) on the
original soil surface of agricultural areas with a portable wind tunnel. Before the experiments, a portion
of the sample area was treated with chlorpyrifos and pendimethalin. A control area was also selected.
In 2017-2019, a total of 42 wind event experiments were conducted by examining the topsoil samples.
During the experiments, moving soil particles were trapped at various heights (5-10 cm, 20-25 cm and
50-55 ¢m) and the pesticide concentrates by GC-MS were measured. The enrichment ratios (ER) were
calculated, and statistical analyzes were also carried out (SPSS). The measurements obtained that the
pendimethalin ER is much higher in the rolled fraction (mean: 13.7) than chlorpyrifos (mean: 2.9). Our
measurements showed that the enrichment of chlorpyrifos and pendimethalin can be detected in the

rolling and suspended soil particles.

Keywords: wind erosion; chlorpyrifos; pendimethalin; wind tunnel experiment

Introduction

Due to the frequency of extreme weather events (ex-
treme rainfall, drought) associated with climate
change, furthermore intensive soil use, inadequate
agricultural cultivation and agrotechniques, there
has been an increase in soil deflation sensitivity. Wind
erosion now poses a risk not only to sandy soils, but
also to degraded, dusty, fertile, chernozem soils. Cul-
tivation can significantly accelerate wind erosion (Ste-
fanovits & Varallyay 1992; Farsang et al. 2011; 2013;
Farsang & Barta 2004; Liu et al. 2007).

At medium wind speeds, significant dust emissions
have been observed in different countries of Europe
(Szatmari, 1997; Gossens, 2002; Bérring et al., 2003).
According to a report by the United Nations Environ-
ment Program in 1991 (UNEP), more than 46% of the
total degradation of arid areas is caused by wind ero-
sion (Zheng, 2009). According to Eurostat (Internet 4,

2018), approximately 11.4% of the EU area is affected
by medium to severe soil erosion (more than 5 tonnes
per hectare per year). The total annual soil loss in the
EU is estimated at 950 Mt (Internet 4, 2018). Korcz
et al. (2009) found that 52% of the European Union’s
PM10 emissions come from agriculture.

The proportion of areas affected by wind erosion
is also significant in Hungary. Much of the country
is covered with sand and loam soils, which are heav-
ily exposed to deflation. More than 60% of the low-
land areas are utilized as arable land, which further
increases the vulnerability (Farsang, 2016; Pasztor,
2018). The annual wind speed is 2-4 m/s in the coun-
try. The highest monthly wind speed averages are
during early spring (March, April) when most of the
croplands are uncovered. Maximum wind speeds
above 10 m/s are also often measured in April (In-
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Figure 1. Wind erosion susceptibility map of the Hungarian soils. The five distinct areas: Nyirség (1), Danube-Tisza
Interfluve (2), glacis in the foreground of the Transdanubian Mountains (3), Inner Somogy (4), Transdanubian loess region
(5) (Pasztor et al. 2016)

ternet 2, 2016; Pasztor, 2018). According to the re-
sults of Pasztor et al. (2016), the total area affected by
wind erosion in Hungary is about 10,000 km2, which
is about 10% of the country’s area. In their research,
besides the physical diversity of soils, in addition to
the wind speed of a given area, the surface cover was
also used for classification (Pasztor et al., 2016; Pasz-
tor, 2018) (Fig. 1). Bartus et al. (2019) investigated
the risk of wind erosion in Csongrad County during
their research. It was determined that 37.5% of the
area of Csongrad County (our research area) is ex-
posed to wind erosion every year.

The physical degradation of nutrient-rich topsoil
is not the only problem. Agricultural soils account
for a significant source of airborne particulate mat-
ter (PM10, PM2,5) because of wind erosion and till-
age activities (Gill et al., 2006). Contaminants (heavy
metals and other potentially toxic substances, for ex-
ample, pesticide residues) can adhere to the surface of
soil particles. So deflation can become a significant
human health problem, especially for the inhabitants
of settlements where arable land under intensive cul-
tivation is dominant. The airborne particles released
by the wind have a huge impact on human and ani-
mal health. Due to their size, they can easily reach the
bronchial tube by inhalation, causing severe human
diseases (asthma, heart and lung diseases, and also
cancer) (Besancenot et al., 1997; Toy et al., 2002; Jarup,
2003; Riksen, 2004; Bach, 2008; Sterk & Goossens,

2007; ; Kim et al., 2015; Internet 1). The finest particles
(dust) can travel over large distances. Small particles
can travel from 500 km to thousands of kilometres
during moderate wind storms (Pye, 1987). The larg-
est amounts of pesticides and heavy metals are usu-
ally adsorbed to the fine particles (Agassi et al., 1995;
O’Hara et al., 2000). These contents can also be nor-
mally enriched in the fine (suspended) particles (Cly-
mo et al., 2005). As a result, more and more studies are
now being conducted on the off-site effects of wind
erosion (Larney et al., 1999; Farsang et al., 2013; Ben-
to et al., 2016; Csanyi et al., 2019a, b).

Based on the results of previous canal research in
this area (Szeged), it can be concluded that hummus
enrichment in wind-driven sediment 1.1 (Farsang et
al., 2013; Farsang et al., 2022). The humus displace-
ment that can be registered during an erosive wide
event is 5.5-6.9 g m™, the P displacement is 0.1-0.8 g
m~2, and the K displacement is 1.6-13.9 g m=2. These
values show an order of magnitude Sterk et al. (1996)
with field-on-site measurement results.

Deflation processes can be well modelled with in-
situ wind tunnels (Maurer et al., 2006; Farsang et al.,
2022). This research study aims to evaluate the poten-
tial risks of agricultural dust using a portable wind
tunnel. This study investigates the occurrence of
chlorpyrifos and pendimethalin in wind-eroded sedi-
ment accrued from loess and sandy soil produced dur-
ing wind erosion in wind tunnel experiments.
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Sample area

The study areas are located near Szeged. It’s composed
of Chernozem and Arenosol soils (Fig. 2). The in-situ
wind tunnel studies were conducted in the summer of
2017-2019 (Fig. 3). The sample area was 20mx40m and

ricultural fields). A control area was also selected. In
the summer of 2017-2018, a total of 28 in-situ wind
event tests were conducted. The undisturbed surface
soil was measured in a portable and adjustable 12 m
long field wind tunnel (Fig. 4) in-situ on the study plot.

Figure 2. Location of the studied area and soil properties

Figure 3. Sample points

40x50m in 2017 and 2018 respectively. In 2019 we took
ex-situ measurements, so we collected loam and sandy
topsoil samples near Szeged.

Sampling and measurements

Measurement methods in 2017-2018

Two of the most commonly used pesticides in Hunga-
ry have been selected for the experiments (Internet 3.,
2016). Before the experiment, a part of the sample area
was treated with chlorpyrifos (2 I/ha) and pendimeth-
alin (5 I/ha) (application rate is typically applied in ag-

Each wind tunnel experiment was carried out with a
duration of 10 minutes and approximately 13 ms-1
wind speed.

Wind velocity has been measured along horizon-
tal and vertical profile lines during all experiments
(Fig. 5) using a Lambrecht Jiirgens 642 anemometer.
The ground area blown within the wind tunnel covers
3.36 m2. Samples were taken from the topsoil (0-5 cm)
before and after the wind event at three different plac-
es in the wind tunnel. The rolling soil samples (sedi-
ments) were collected after each run at the end of the
wind tunnel using a clean brush (Fig. 5).
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Figure 4. The portable wind tunnel

Figure 5. The location of the soil sample points, the WAST traps and the sediment traps
at the end of the tunnel (Farsang et al. 2022)

Measurement methods in 2019 minutes and approximately 12 ms-1 wind speed on the
In the summer of 2019 14 ex-situ wind tunnel experi- loam soil and 6 ms-1 on the sandy soil.
ments were conducted (10 experiments on loam texture Samples were taken from the topsoil (0-5 cm) before

soil and 4 on sandy texture soil). We put on the ground  and after the wind event at three different places in the
a plastic sheet and an approximately 5 cm thin layer of ~ wind tunnel. After each run, the rolling soil samples
the soil was spread on it. The soil was then sprayed with  (sediments) were collected at the end of the wind tunnel
the prepared solution: pendimethalin solution was pre-  using a clean brush and the suspended particles were
pared by diluting Sharpen 330 EC herbicide that con-  collected by WAST (Wet Active Sediment Trap). This is
tains 330 g/l pendimethalin in water, chlorpyrifos so-  a patented, horizontal, active, isokinetic, wet trap. Trap
lution was prepared by diluting Alligator™ insecticide  inlets are 5 10 cm, 20 25 cm, 50 55 cm high (Fig. 6). Dis-
that contains 480 g/l chlorpyrifos in water. The pre- tilled water was used for trapping. WAST samples were
pared soil was measured in a wind tunnel. Each defla-  stored refrigerated in a borosilicate sample holder until
tion experiment were carried out with a duration of 10~ laboratory measurement.

Figure 6. WAST trap and its components: 1. Inlet, 2. Trap, 3. Sampling jar, 4. Outlet,
5. Turbine extraction (values in mm) (Farsang et al. 2022)
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Sample analysis
All laboratory analyses were carried out according to
Hungarian standard procedures. After the appropri-
ate preparation, the following parameters were de-
termined: topsoil samples: (pH (H,0)), CaCO; (%),
Arany yarn test, OM %, total salt content (%), humid-
ity (%); rolling soil samples and suspended fraction:
chlorpyrifos, pendimethalin concentrations. Pesti-
cide contents are determined by GC-MS-MS (EPA
8270D:2007 Rev.:4).

After that, the enrichment ratios (ER) of concentra-
tions in the rolling samples were calculated (1). If the
values of the enrichment factors are around 1 or less,

Results and Discussions

Katalin Csanyi,
Andrea Farsang

the test component will not be enriched in the ero-
sion-displaced sediment.

ER = Element concentrationg,g;,.,./ Element
concentraiong; )

Statistics

The statistical tests were carried out by SPSS software
(IBM SPSS Statistics, Version 24). The Kolmogorov-
Smirnov test was used to test the normality of all data.
Spearman’s coefficient was used for the non-paramet-
ric correlation analysis.

Soil properties

The topsoil sample properties are shown in Tables 1.
The average humidity content was 1,44 %. The cher-
nozem soils are characterized by a slightly alkaline pH
(7.58-8.03), medium humus content (2.68-3.15%), a low
to medium carbonate content (0.98-7.14 %) and a sandy
loam-loam texture. No significant difference can be ob-
served in the case of chernozem soils examined in 2017,
2018 and 2019, the observed differences do not affect
the degree of wind erosion. The arenosol soil is char-
acterized by a slightly alkaline pH (7.21), low carbonate
content (1.26%) and sandy texture (Table 1.).

Chlorpyrifos and pendimethalin content in the
wind-eroded sediment

Results of pesticide content in 2017

In 2017, we performed 13 wind tunnel experiments.
Before the experimental run, part of the sampling
area was treated with chlorpyrifos. Ten experimental
runs were performed on the sprayed area and three on
the control area.

The chlorpyrifos content (Fig. 8) of the treated top-
soil varied between 0.004 and 009 mgkg-1. In the col-
lected rolling soil fraction the concentration of chlor-
pyrifos varied between 0.014 and 0.096 mgkg™. The
enrichment factors were calculated. These values

Table 1. Soil properties of the soil (Chernozem and sandy Arenolols) used in this study of 2017,2018

and 2019
N=28 (average) pH (H,0) OM% CaCO; (%) Soil texture Total salt
class content (%)

Chernozem 2017 8,03 3,15 0,98 Sandy loam 0,03
Chernozem 2018 7,58 2,68 713 Loam 0,02
N=14 (average)

Arenosol 2019 7,21 1,2 1,26 Sand 0,01
Chernozem 2019 7,69 31 714 Loam 0,04

Figure 7. Chlorpyrifos enrichment ratios (ER) in the rolled sediment
(A1-A11: Chlorpyrifos-treated area, A12-A13: control area)
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Figure 8. Results of concentration and enrichment ratio (ER) of chlorpyrifos in 2017

ranged from 0.61 to 6 (Fig. 7). No pesticide contami-
nation and overgrowth were measured on the control
plots (A12, A13). The average of the enrichment values
of chlorpyrifos was 3.4 (Fig.8).

Results of pesticide content in 2018

In 2018, we performed 15 wind tunnel experiments.
Before the experimental run, part of the sampling
area was treated with chlorpyrifos and pendimetha-
lin. Nine experimental runs were performed on the
sprayed area and six on the control area.

The chlorpyrifos content (Fig. 9) of the treated top-
soil varied between 0.01 and 0.1 mgkg. In the collected
rolling soil fraction the concentration of chlorpyrifos
value ranged from 0.05 to 0.3 mgkg™. The enrichment
factors were calculated. These values ranged from 0.6 to
7. The mean value of the enrichment was 2.9.

The pendimethalin concentration (Fig. 9) of the
treated topsoil varied between 0.01 and 0.8 mgkg™. In
the collected rolling soil fraction the concentration
of pendimethalin varied between 0.07 and 2.1 mgkg
1. The enrichment factors were calculated. These val-
ues ranged from 0.7 to 52,5. The average of the enrich-
ment value of pendimethalin aswas 13.7

The results of the measurements showed that the
ER of pendimethalin is much higher (ER:13,7) in the
rolled fraction than ER (2,9) of chlorpyrifos.

Results of pesticide content in 2019

In the summer of 2019, we performed 14 ex-situ wind
tunnel experiments on loam texture soil and 4 on
sandy texture soil. Before the experimental run part
of the collected soils was sprayed with chlorpyrifos
and pendimethalin. Thirteen experimental runs were
performed on the treated soils and one on the control
soil sample.

The chlorpyrifos content of the treated loam tex-
ture soil varied between 2.03 and 23.03 mgkg. In
the collected rolling soil fraction the concentration of
chlorpyrifos value ranged from 10.58 to 104.90 mgkg
1. The enrichment factors were calculated. These val-
ues ranged from 0.88 to 20.85. The mean value of the
enrichment factors was 4.98. The chlorpyrifos content
of the treated sandy texture soil varied between 7.05
and 13.93 mgkg™. In the collected rolling soil fraction
the concentration of chlorpyrifos value ranged from
15.01to 19.09 mgkg. The values of enrichment factors
ranged from 1.37 to 2.36. The mean value of the en-

Figure 9. Results of concentration and enrichment of chlorpyrifos and pendimethalin in 2018
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Figure 10. Enrichment of chlorpyrifos in texture of loam and sandy soil in 2019

richment factors was 1.95. In the case of chlorpyrifos-
treated soil, the enrichment factor did not reach 1 in
any of the suspended fractions (Fig. 10).

The pendimethalin concentration of the treated
loam texture topsoil varied between 1.30 and 33.75
mgkg. In the collected rolling soil fraction the con-
centration of pendimethalin varied between 13.60 and
358.60 mgkg™. In the rolling particles, the results of en-

mality of all data. Because none of our data is normal-
ly distributed Spearman’s correlation was computed
to assess the relationship between pesticide contents.
The statistical tests revealed a strong significant rela-
tionship between the pesticide’s enrichment factors
and the pesticide concentration of the topsoil and
between pendimethalin ER chlorpyrifos ER as well
(p<0,01) (Fig.12) (Table 2.).

Figure 11. Enrichment of pendimethalin in the texture of loam and sandy soil in 2019

richment factors ranged from 1.51 to 42.74. The aver-
age of the enrichment values of pendimethalin was 9.01

in the samples of the rolling fractions. The average of
the enrichment factor was greater than 1 at 5-10 cm too.
In the case of sandy texture soil, the enrichment factor
was as follows: in the rolling particles, the mean val-
ues were 2.05 (Fig. 11). The results of the measurements

showed that the ER of pendimethalin is much higher in

the rolled fraction than ER of chlorpyrifos.

Discussion

Statistical studies were performed to explore the re-
lationships between measured concentrations in soil
and displaced sediment and enrichment factors. All
statistical analyses were performed in SPSS 22. The
Kolmogorov-Smirnov test was used to test the nor-
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Measurements in 2017 showed that the average en-
richment values for chlorpyrifos were 3.4. The results
of pesticide measurements in 2018 showed that pen-
dimethalin ER was much higher in the rolled fraction
(mean: 13.7) than in chlorpyrifos (mean: 2.9). Meas-
urements in 2017, 2018 and 2019 showed that the test-
ed pesticides were enriched in the rolled soil fraction
in all measurements and in all tested plant protection
products, which is due to the fact that the humus con-
tent (H%: 2.7-3.2) ) ER: 1.1) is most enriched in this
sediment fraction (Farsang et al., 2013; Farsang et al.,
2021) and this organic colloid content is a very good
binding surface for pesticides. Chernozem soils have
a higher enrichment rate than sandy soils. In addition,
a significant correlation can be found between the ER
of chlorpyrifos and pendimethalin.
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Figure 12. The connection between the Chlorpyrifos concentration in the soil surface
before blowing and the ER of Chlorpyrifos

Table 2. Values of Spearmen'’s correlation coefficient

The results show that during each major wind ero-
sion event the accumulation and spread of contami-
nants bound to the soil particles must be considered.
Our results can be useful in quantifying agricultural

Conclusions

pressures, tracking the spatial movement of materials
moving by the wind (potential pollutants), and can be
used in later landscape and settlement planning tasks
(shelterbelts, etc.).

As a result of climate change, longer and longer dry
periods are expected in the Hungarian Great Plain,
which is favorable for wind erosion events. Therefore,
it is very important to look at what the wind brings
from the dry surface during such a wide-ranging
event.

In this work, wind tunnel measurements were
performed on Chernozem and Arenosol soils in the
Southern Great Plain of Hungary. The present study
aimed to investigate the pesticide contents of wind-
eroded sediment. The measurements showed that the
enrichment of chlorpyrifos and pendimethalin could
be detected in the rolling particles. The analysed pes-
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ticides were enriched in the rolling soil fraction. As
shown by our study, airborne particulates can be con-
taminated with chlorpyrifos and pendimethalin too.
The above experiments show that there is adequate
reason to take off-site airborne transport of pesticide-
contaminated soil fractions seriously, especially dur-
ing sufficiently long periods of drought. The results
show that during each major wind erosion event the
accumulation and spread of contaminants bound to
the soil particles must be considered. Our results can
be useful in quantifying agricultural pressures, track-
ing the spatial movement of materials moving by the
wind (potential pollutants), and can be used in later
landscape and settlement planning tasks (in the cor-
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rect choice of tillage methods and tools, direction and
quality, height, etc. of shelterbelts., etc.).

The increasing use of pesticides is a worldwide
trend. The consequence of climate change is that in
our region, more and more drought can be expected
in the early spring and summer periods. Tillage car-
ried out under inadequate moisture conditions (the
soil is too dry) causes a deterioration of the soil struc-
ture, i.e. the soil becomes dusty. The consequence of
this is that the risk of deflation also increases. For this
reason, monitoring and estimating exposure to air-
borne pesticides will be very important in the near fu-
ture.
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Abstract

The present study addresses, for the first time, the problem of spatio-temporal reconstruction of ge-
omorphic processes using tree-rings in the Sambata Valley (Romanian Carpathians). The dendrogeo-
morphic analysis was conducted in two different sites, one affected by snow avalanches and the other
by rockfall. A total number of 130 Picea Abies were sampled in the two sites. The results yield 13 major
snow avalanches between 1950 and 2020 and a return period of 3.3 years. The winters with the high-
est activity index were 1988, 1997 and 2012. The rockfall reconstruction highlights several years of in-
tense activity: 1952, 1955, 2003 and 2012. Thus, the results of the present study provide evidence of
active geomorphic processes in the studied area, indicating that tourists are highly exposed to geomor-
phic hazards, as both sites interfere with popular hiking trails. (Because Sdmbata Valley is one of the
most intensely frequented by tourists in the Fagaras Mountains, it is a need for warning signs to be in-

stalled on the exposed trails.

Keywords: snow avalanches; rockfall; natural hazards; dendrogeomorphology; Romania

Introduction

In mountainous regions all over the world, slope pro-
cesses such as snow avalanches, debris flows and rock-
fall can pose a serious threat to human lives and ac-
tivities (Bollati et al., 2018). A better understanding of
geomorphic processes, in terms of past occurrences,
is an important task for the assessment of natural haz-
ards and the associated risks, in areas where informa-
tion on past process behavior is sparse or missing. The
Romanian Carpathians have long been a mountain-
ous region repeatedly affected by geomorphological
hazards (Balteanu, 1997). Several active geomorpho-
logical processes have frequently caused damage to
tourism infrastructure, human activities and human

fatalities (Micu et al., 2017). Due to the rapid develop-
ment of the tourism infrastructure in the Carpathi-
ans in the XXth century, geomorphological processes
like landslides, debris flows, rockfall, snow avalanch-
es and river flooding can have a significant impact on
touristic activities. Although these natural processes
have the potential to negatively affect humans, infra-
structure and activities and the environment (Gratton
et al., 2015), a comprehensive understanding of their
behavior is still poor in the Romanian Carpathians
(Voiculescu & Ardelean, 2012). It is, therefore, a high
demand to improve knowledge of the spatio-temporal
occurrence of past events because this might lead to

A West University of Timisoara, Department of Geography, Romania; V. Parvan, no. 4, Timisoara, 300223, Timis, Romania;
patrick.chiroiu@e-uvt.ro; alexandru.onaca@e-uvt.ro; andrei.maticaO0@e-uvt.ro; iosif.lopatitaO0@e-uvt.ro;

oana.berzescu@e-uvt.ro

B Institute for Advanced Environmental Research, West University of Timisoara; V. Parvan, no. 4, Timisoara, 300223, Timis, Romania
* Corresponding author: Alexandru Onaca; e-mail: alexandru.onaca@e-uvt.ro

284 | Geographica Pannonica * Volume 26, Issue 3, 284-296 (September 2022)


mailto:patrick.chiroiu@e-uvt.ro
mailto:alexandru.onaca%40e-uvt.ro?subject=
mailto:andrei.matica00@e-uvt.ro
mailto:iosif.lopatita00@e-uvt.ro
mailto:oana.berzescu@e-uvt.ro
mailto:alexandru.onaca@e-uvt.ro

hazard prevention and mitigation at a regional and lo-
cal scale (Copien et al., 2008).

Little information exists regarding the frequency,
magnitude, and timing of these mountain-slope haz-
ards due to the lack of archive data on past occurrenc-
es in the Romanian Carpathians (Voiculescu et al,,
2016). Nevertheless, the occurrence and characteris-
tics of past geomorphic processes on forested slopes
can be deciphered using a tree-ring based approach.
This method proved to be one of the most accurate
and reliable dating approaches, providing annual and,
in some cases, intra-annual resolution on geomorphic
activity over the past centuries (Stoffel et al., 2006b).
Moreover, dendrochronology allows the differentia-
tion between geomorphic processes, mainly based on
the position of growth disturbances within the annu-
al tree ring (Stoffel et al., 2005). In various mountain-
ous regions all over the world, studies have been car-
ried out to reconstruct debris flows (Bollschweiler et
al., 2007, Tichavsky et al., 2017), rockfall (Perret et al.,
2004, Mainieri et al., 2019), snow avalanches (Corona

Study area

Patrick Chiroiu, Alexandru Onaca, Andrei Matica,
losif-Otniel Lopatitd, Oana Berzescu

et al., 2010, Favillier et al., 2017) and flash floods (Cas-
teller et al., 2015).

Previous studies in the Romanian Carpathians
revealed that the aforementioned geomorphic pro-
cesses could sometimes reach catastrophic levels
in the Fagaras Mountains (Voiculescu & Ardelean,
2012), where many touristic hiking routes are ex-
posed to rockfall, debris flows or snow avalanch-
es. On the northern slope of the Fagiras Mountains,
Sambita Valley is one of the most exposed and in-
tensely frequented by tourists due to its high accessi-
bility and spectacular relief. Despite that snow ava-
lanches and rockfall frequently impact the trekking
and the climbing routes in the Sambdta Valley, no
previous study assessed the reconstruction of spatio-
temporal patterns of these processes. Therefore, the
aims of the present study are (i) to reconstruct ma-
jor events on a forested snow avalanche path using
dendrochronology and (ii) to analyze rockfall activ-
ity on a forested slope, based both on a tree-ring ap-
proach and visual scar counting.

The Sambita Valley (45°37'N, 24°47’E) is located
on the northern slope of the Fagiras Mountains,
the highest mountain range in Romania (Figure 2).
Stretching around 11 km from south to north, be-
tween the main ridge and the Sdmbéta de Sus Tourist
Complex, situated at the foot of the Fagdras Moun-
tains, Sdmbita is a typical Carpathian north-fac-
ing glacial valley. Geology is dominated by schists,
gneisses and crystalline limestones lithology belong-
ing to the Supragetic nappe. The elevation ranges
between 670 m and 2470 m (Galasescu Peak). Dur-
ing the most extended glacial advance (22 ka BP), a
valley glacier 4.5 km long reached down to 1150 m
within this valley. During the Lateglacial, several
readvances were documented in the Southern Car-
pathians (Ruszkiczay-Riidiger et al., 2016). The Pleis-
tocene glaciers sculpted the landscape and created
glacial cirques and valleys. The dominant present-

day processes are snow avalanches, rockfall, debris
flows, gully erosion and solifluction.

The predominant air mass circulation in this re-
gion is from west to east. The mean annual precipi-
tation at the nearby Bélea Lake weather station (2038
m, 45°36’17”N, 24°37°01”E, period 1979-2020) is 1365
mm. The highest rainfalls are in the warm seasons
(e.g., May-August), when heavy rainstorms are most
frequent, whereas snowfall is characteristic between
November and April. Above 2000 m, the ground is
covered by snow for around 200-250 days/year. The
mean annual air temperature at the Bilea Lake weath-
er station is 0.8 °C but increases to 4.6 °C at 1406 m
(at Paltinis weather station). A general overview of the
annual meteorological patterns is depicted in Figure 1.

The treeline stands around 1800, but the hillslopes
are predominantly non-forested above 1500 m due to
intense geomorphic and pastoral activity. Only below

Figure 1. Temperature, precipitation and snow cover at Balea Lake Weather Station (1979-2020)
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Figure 2. Location of the a. Fagaras Mountains in
Romania; b. The Sambata Valley within the Fagdras
Mountains; and c. Map of Sambdta Valley

1500 m, a dense Picea abies forest covers the hillslopes.
Above the treeline, alpine and subalpine herbs and
shrubs carpet the hillslopes. Reduced surfaces within
this valley are covered with unconsolidated scree de-
posits or correspond to highly inclined, intensely frac-
tured bedrock. These nearly vertical and highly sen-
sitive to weathering outcrops constitute the primary
sediment sources for rockfall and debris-flow events
and the material scoured from the channels during
heavy rainfalls.

The trails in the Simbita Valley are one of the most
popular in the Fagiras Mountains and, due to the
breathtaking landscape, attract high numbers of vis-
itors, especially during the summer. At 1350 m, the
Valea Sambetei chalet is located on a sizable deposi-
tional fan created by the Codrea torrent on the west-
ern slope of the valley. The chalet was a hunting house
at the beginning of the last century, but in the 1930s
it became a tourist lodge. From the chalet, a steep
trail ascends to 1600 m to a carved rock shelter where
one of the most beloved theologians in the Romani-
an Orthodoxy settled his praying site around the mid-
dle of the XX*! century. Pilgrims from all over Roma-
nia visit this sacred place, although the trail is highly

Figure 3. Location of the two analyzed sites in the
Sambata Valley (site A - snow avalanches, site B - rockfall)

exposed to snow avalanches, rockfall and debris flow.
On the eastern slope of the valley, another trail starts
in the vicinity of the Valea Sambetei. It ascends to Pi-
atra Caprei Peak, this path being highly endangered
by rockfall as well.

The dendrogeomorphological approach was con-
ducted on two different sites (Figure 3). The first site
is the avalanche path following the Codrea creek in
the vicinity of the Sambita Valley chalet. Between the
confluence of this creek with Sambéta valley and the
source area, the path spans a vertical range of about
800 m. The upper basin hillslopes have a high gradi-
ent, with a mean slope angle of 39°. Between the apex
of the fan and the confluence with the Sambata Valley,
the mean inclination of the slope decreases to 33°. The
majority of the trees growing on the torrential cone
show morphological evidence of former snow ava-
lanche activity. The second site is located at the foot
of a rockfall producing wall known as Piatra Caprei,
around 1700 m. Most of the trees at the base of this
rock wall show clear signs of disturbances (main-
ly impact scars) as a result of intense rockfall activi-
ty. Trekking trails cross both sites, but there is no sign
warning of snow avalanche/rockfall danger.
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Terrain analysis and geomorphic mapping

Initial examination of satellite imagery, aerial photo-
graphs and topographic maps of the study area were
followed by a geomorphic survey undertaken in the
field. Finally, a digital elevation model for the Sambita
Valley, including the two investigated sites, was con-
structed from digitized elevation contours of the
1:25000 topographic maps using ArcGIS. The contour
lines were interpolated into a raster grid surface using
Topo to Raster tool. The forest cover and the delinea-
tion of the two sites were assessed based on aerial pho-
tographs and satellite imagery.

Sampling design

The present analysis is based on two sampling cam-
paigns that took place in 2014 (60 trees at site A) and
2021 (20 trees at site A and 50 trees at site B.) Hence, to
reconstruct the occurrence of geomorphic processes in
the study area, a total number of 130 Picea abies trees
have been sampled using Pressler increment borers (o
5.15 mm, max. length 40 cm). Selected trees general-
ly exhibit clear evidence of geomorphic disturbance
(Stoffel and Bollschweiler, 2009), such as impact scars,
broken trunks, tilted and bent stems, flagged branches,
uprooting and apex loss. For site A, sampling was car-
ried out along the lateral limits of the avalanche path
(see Figure 11), generally along the transportation zone
and, where available, inside the path and in the run-out
zone. At site B, more severely damaged trees and indi-
viduals with a higher number of visible impact scars
were selected for the present analysis.

Sampling procedures were adapted to the type and
location of visible anomalies in tree morphology, as
suggested by Stoffel and Bollschweiler (2009), consid-
ering that growth reactions are usually better devel-
oped in the proximity of the impact (Stoffel and Co-
rona, 2014). Between two and five increment cores
were extracted per tree, with an increasing number
of samples for trees with multiple visible scars. Final-
ly, additional information was collected for each tree:
exact position (using a differential GPS Trimble Geo-
Explorer XH6000), stem diameter at sampling height,
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type and description of growth anomaly, number and
height of scars, specific terrain features and surround-
ing vegetation.

Sample analysis

All collected samples were air-dried, mounted and
finely sanded (with grit from 100 to 800) following
standard dendrochronological procedures described
by Briker (2002). Using marker years from a local ref-
erence chronology (Chiroiu et al., 2015), samples were
visually crossdated, and for each tree-ring the exact
year of formation was assessed. Tree-rings were then
measured using a LINTAB-5 positioning table, con-
nected to a Leica stereo-microscope and TSAP-Win
Professional 4.64 software (Rinn, 2013).

The reconstruction of past occurrences of geomor-
phic processes requires the identification and pre-
cise dating of growth disturbances (referred here-
after as GD). In the present study, the following GD
were used (Stoffel and Bollschweiler, 2009): (i) onset of
compression wood, (ii) first year with abrupt growth
suppression and (iii) abrupt growth release, (iv) onset
of callus tissue formation, and (v) first year with tan-
gential rows of traumatic resin ducts - referred here-
after as TRD - (Stoffel, 2008). According to Stoffel et
al. (2006b), TRD and callus tissue found just at the
beginning of the growth ring (i.e. early earlywood)
were associated to snow avalanches (for site A), while
TRD and callus tissue found later within the annual
ring (middle and late earlywood and latewood) were
considered being inflicted by other processes (rock-
fall and debris flows). TRD were only considered the
result of geomorphic events if they formed compact,
continuous and tangential rows.

Subsequently, we assessed the intensity of each
identified GD (weak, intermediate and strong) and
based on the classification system proposed by Stof-
fel and Corona (2014), we defined five intensity class-
es. The methodological steps adressed in the present
study, from sample collection to results is depicted in
Figure 4.
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Figure 4. Methodological steps used for each of the investigates sites

Snow avalanche reconstruction and frequency

The snow avalanche reconstruction for site A is based
on the total number of GDs and the semi-quantita-
tive Shroder I, index (Shroder, 1980). The I, index is
defined as the ratio between trees showing growth re-
sponses and all sampled trees being alive in that year,
following the formula:

"Rt
I,=Z= 100
At

i=1

where Rt = responding trees in year f; and At =

sampled trees alive in year ¢.

Snow avalanche event years were assessed by ap-
plying sample depth adapted thresholds for GD and
It, as suggested by Stoffel et al. (2013). In the present
study, we used the following thresholds for avalanche
filtering: GD=3 and [,215 (no. of available trees <20),
GD=>5 and 1210 (no. of available trees between 21 and
50) and GD=>7 and [,;>7 (more than 50 trees available).

The strength of the dendrogeomorphic signal
is evaluated using the semi-quantitative intensity
weighted index (W;, ) proposed by Kogelnig-Mayer et
al. (2011) and based on the five intensity classes men-
tioned above:

W, <[} D554y GDta-4)+(Y," GDI3:3)+

n . n Rt
+(Ei=1GDt2'2)+(2,~=1GDﬂ'1)]‘ﬁ

i=1

where GDtn = GD assigned to the Intensity # Class

(n=1 to 5); Rt = responding trees in year t; At = trees

alive in year t.

Snow avalanche frequency is expressed as a return
period and is calculated as a ratio between the length
of the chronology and the number of reconstructed
events (Casteller et al., 2011). Considering that the
sample depth increases as we advance towards the
present, tree-ring based avalanche reconstructions
yield a better resolution for more recent periods. How-
ever, the limited number of trees available for older
periods will influence the quality of the reconstruct-
ed frequency (Corona et al., 2010). Therefore, in this
paper we calculate the return period for two different
time intervals: 1950-2020 (70 years) and 1980-2020
(40 years). We expect that the results for the 40 years
will best reflect the present frequency for major snow
avalanche events in the study area.

Rockfall analysis

The occurrence of rockfall at site B was analyzed by
GD dating and counting of visible scars on the sam-
pled trees (Trappman & Stoffel, 2013, Mainieri et al.,
2019). In addition, to evaluate the bouncing heights of
downslope moving rock fragments, the average height
of visible scars was noted (Schneuwly et al., 2008).

The GD based rockfall reconstruction accounts for
the total number of responses per year to detect years
or periods with more intense process activity. To as-
sess the strength of the dendrogeomorphic signal, we
calculated the W, index for each year. The recurrence
interval (RI) was calculated for each tree, represent-
ing the average number of years passing between two
GDs on a single tree (Stoffel et al., 2005). The RI is
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Table 1. Reccurence interval classes
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Rl classes Class 1 Class 2 Class 3 Class 4 Class 5 Class 6
;‘2\22;2 of years between |0 RI<10 | 10<RI<20 | 20<RI<30 | 30<RI<40 | RI>50

calculated as a ratio between the tree’s age and the
number of events detected. To visualize differences of
rockfall intensity along the slope, trees were assigned
to different RI classes (Table 1).

Following bark and cambial injury, a tree will re-
act by forming callus tissue which will gradually over-
grow and heal the wound. The process requires sev-

Results

eral years, mainly depending on the scar size, the age

and health of a tree. Thus, recent as well as older scars

remain visible on the stem. In the scar count approach,
we followed recommendations by Trappmann and

Stoftel (2013). Unusually long, vertical scars and scars

found on the downslope part of the tree were exclud-
ed from the count.

Tree ages and growth disturbances

The trees analyzed in the present study reveal a mean
number of 64 annual rings, with a minimum of 11
and a maximum of 289 years. Due to the sampling
height and because, in most cases, the tree’s pith was
not reached, the age values are relative and do not re-
flect the absolute ages of sampled trees. Nevertheless,
there is a clear difference in tree ages between the for-
est stands growing at the two sites. At site A, the aver-
age age of the stand is 35 years, with the oldest indi-
vidual counting 86 tree rings, while at site B, trees are
much older, with a mean number of 110 annual tree-
rings and most of the trees exceeding 100 years.

The samples analyzed in this study allowed the
identification of 711 GDs related to snow avalanch-
es and rockfall. The different types of responses are
shown in Figure 5. A number of 280 GDs were asso-
ciated with snow avalanche disturbance, whilst 431
GDs were most probably inflicted by rockfall and de-
bris flows.

Because avalanches mainly tilt trees in their
downslope movement, compression wood was the
most frequent response found at site A (39.5%). On
the other hand, rockfall impacts damage tree stems,
inducing wounds, thus promptly activating anatomi-
cal reactions in the form of callus tissue and TRD. Ac-
cordingly, at site B, almost half of the GD was in the
form of TRD.

Snow avalanche reconstruction and frequency

Based on the number of GD and the semi-quantitative
I, index, we were able to reconstruct a total number of
13 major snow avalanche events at site A, the recon-
structed chronology covering the period 1950 - 2021.
As shown in Figure 6, the years with major events re-
constructed are the following: 1976, 1988, 1992, 1995,
1996, 1997, 2005, 2006, 2007, 2008, 2012, 2016 and
2019. In addition, event years 1992 and 1995 with GD
values falling close beneath the GD threshold were in-
cluded in the chronology due to the spatial cluster-

Figure 5. Distribution of GD types at the two investigated sites
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Figure 6. Histograms showing the snow avalanche chronology for site A based on the I, index
(bars - I, values; red line - |, threshold; dotted line — sample depth)
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Figure 7. Histogram showing the dendrochronological signal strength for site A
based on the reaction intensity (W, index)

ing of strong reactions (Schneuwly-Bollschweiler et
al., 2012).

The dendrochronological signal strength based on
the semi-quantitative Wit index (Figure 7) is consist-
ent with the reconstructed event chronology. More-
over, it highlights the years 1988, 1997 and 2012 as
characterized by strong and long-lasting reactions,
pointing to the magnitude of the events. On the other
hand, moderate values of the W, index (1.5 - 3) were
obtained for event years 1992, 1993, 2007, 2008, 2016
and 2019.

The frequency of major events, expressed as an av-
erage return period, is 5.3 years for the whole extent
of the chronology (1950-2021) and 3.3 years for the

interval 1980-2021. We can also observe clustering
of events in two periods (1995-1997 and 2005-2008),
with avalanches occurring every year.

Rockfall analysis

The identification and dating of rockfall induced
growth disturbances allowed the reconstruction of
224 events. The century-long reconstructed chronol-
ogy (Figure 8) spans from 1900 to 2020 and points to
several years of intense rockfall activity (GD>5): 1952,
1955, 2003, 2007, 2010, 2012 and 2019. Eight trees ex-
hibited GDs in 1944, all in the form of weak to mod-
erate reaction wood. This finding rather suggests the
influence of another disturbing factor, such as intense

Figure 8. Histogram showing the total number of growth disturbances per year at site B
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Figure 9. Histogram showing the semi-quantitative W, index at site B

creep activity. We thereby exclude the year from the
final rockfall reconstruction.

The chronology also indicates periods with a high-
er number of responses, such as 1972-1974, 1982-1984
and 1995-1996, with an increased dendrochronolog-
ical signal as well (see Figure 9). The last 20 years of
the chronology concentrate 35% of the identified GD,
with virtually every year recording an event. Due to
decreasing sample depth, the first 50 years of the chro-
nology (1900-1950) showed a lower number of detect-
ed events (19%). The W, index highlights the years
1952, 1955, 2003 and 2012 with a strong dendrochro-
nological signal.

The recurrence interval calculated for each tree re-
sulted in an average period of 27.4 years between two
impacts on the same tree. In this regard, the RI var-
ies between 6.4 and 105 years, while nine of the select-

ed trees showed no GD in the tree-ring sequence. The
spatial distribution of trees associated with different
recurrence interval classes is depicted in Figure 10A,
showing a decreasing of the RI as we move downslope
and further away from the rockfall source area.

The visual counting of impact scars allowed us to
identify a total number of 140 scars. Five of the 50 an-
alyzed trees did not present any observable evidence
of past rockfall impact, while the mean value of visi-
ble scars per tree for the rest of the 45 trees is 3.1. Re-
sults for each tree are illustrated in Figure 10B. The
heights of the visible scars vary between 13 cm and
257 c¢m, with an average value of 67.8 cm. Around half
of the scars (49.3%) are located between 20 and 60 cm,
while another 23,5% lie between 60 and 100 cm. We
only found two scars higher than 200 cm on the se-
lected trees.

Figure 10. Recurrence interval classes for each tree - dendrogeomorphic approach (A)
and visible scars counting approach (B)
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Discussion

Snow avalanche reconstruction

The robustness of the snow avalanche chronology de-
creases in time, being biased by sample depth. Even if
the I, index is specially designed to lower the influence
of sample size, the chronology clearly shows a rise in
event frequency as the sample size increases. Because
75% of the analyzed trees at site A reached sampling
height after 1975, a sample size of only 20 trees hinders
efficient event detection in the first 25-year segment of
the chronology. Another specific limitation of the den-
drochronological approach states that major events
tend to blur responses in the upcoming years (Stoffel
& Bollschweiler, 2009). This could be the case for the
1976, 1988 and 1997 events, as each of them were fol-
lowed by ,,avalanche-free” periods of 8 up to 12 years.
In this sense, the 2005-2008 interval, with yearly recon-
structed events, could point to the lower magnitude of
the snow avalanches. Therefore, the avalanche frequen-
cy calculated for site A should be regarded as a mini-
mum frequency. Most probably, snow flows and minor
avalanches occur every winter, and the present recon-
struction only highlights the major events.

During the last decade, several tree-ring-based
snow avalanche reconstructions (Table 2) have been
undertaken in the Southern Carpathians (Voiculescu
& Onaca, 2012; 2014; Mesesan et al., 2014; 2017; 2018;
Pop et al., 2015; 2017a; 2017b; Chiroiu et al. 2015; 2015;
Voiculescu et al., 2016; Todea et al., 2020). Some of the
event years reconstructed in the present paper were
also found in other mountain ranges, such as the 1997
avalanche (in Parang, Sureanu, and Piatra Craiului
Mountains) and the 2005 avalanche (Parang, Sureanu

and Figaras Mountains). This suggests a common
meteo-climatic trigger which could also be connected
to the general athmospheric circulation.

Rockfall analysis

At site B, rockfall is the only geomorphological pro-
cess causing growth disturbances in trees, except
creep movements which mainly induce GDs in the
form of reaction wood. Even if cambial damage (trunk
wounds) can be inflicted by animal browsing and fall-
ing of nearby trees, we argue that the rockfall chro-
nology is relevant for site B, at least for the peak years.
Still, the actual rockfall rate is blurred by several fac-
tors: forest density, sample depth, stem diameter, hid-
den scars and the fact that a falling fragment gener-
ally injures more than one individual in its trajectory
(Stoffel & Perret, 2006a; Stoffel et al., 2006b). While
the RI is generally decreasing downslope (Figure 8A),
we can also identify protected areas which show clus-
ters of trees with no GD detected.

The scar counting approach does not yield suffi-
cient information in our study, as the correlation be-
tween the number of visible scars and the number of
reconstructed events is very low (r = 0.06). This re-
sult is mainly influenced by the bark thickness and
the specific healing mechanisms of Picea abies, which
seal the wounds faster than other tree species (Trapp-
man & Stoffel, 2013).

Documented major events in the Sambata Valley
One of the main reasons for including site A in the
present analysis was the clear evidence of debris-flow

Table 2. Southern Carpathians tree-ring based snow avalanche reconstructions (avalanche years
identified in the present study as well are marked with red)
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occurrence and the recorded major event which took
place in 1968 (Cioaca, 1970). The process was trig-
gered in the night between the 21t-2274 of August, af-
ter a period of heavy rainfall which had maximum
values on the 20" and 215t of August. Even if the GD
analysis points to some processes occurring in spring
and summer (which have been excluded from the ava-
lanche reconstruction), unfortunately, none of the se-
lected trees showed evidence of the 1968 debris-flow
event. The only print observed is found in the forest
stand’s age structure, colonizing site A (Figure 11).
Cioaca (1970) notes that the debris flow had an unu-
sual trajectory being deviated to the right. Age anal-
ysis shows that all of the sampled trees in the south-
ern part of the debris fan germinated in the early ,70s
or later. Destructive events can remove entire parts of
forest stands, thus erasing tree-ring evidence of past
processes. Regarding the results of our analysis, we ar-
gue that this could be the case for the 1968 event. An-
other major debris-flow event in the Sdmbita valley
occurred in August 2007 and affected the forest road,
the tourist trail, a few cars and damaged electricity
poles (Petre et al., 2012).

In 1996 a snow avalanche affected the Mountain
Rescue cabin located 160 m to the south of Valea Sam-
betei chalet (Petre et al., 2012). Moreover, in February
2012, another snow avalanche affected the kitchen of
the Valea Sambetei chalet.

Following heavy rainfall in April 2021, a giant
snow avalanche occurred in the Pariul Varteje-
lor creek, which is a small tributary of Sdmbdta val-
ley on the eastern slope. The major event has bro-
ken hundreds of trees and transported most of them

Patrick Chiroiu, Alexandru Onaca, Andrei Matica,
losif-Otniel Lopatitd, Oana Berzescu

Figure 11. Succession analysis (trees established before
the debris flow event in 1968 - RED, trees established
after 1968 - GREEN)

into the Sdmbéta channel (Figure 12). The deposited
tree trunks entirely covered a valley sector of around
200 meters at the confluence with Paraul Vartejelor.
In mid-July 2021, a snow deposit with a thickness
of 1-3 m, almost entirely covered by dead trees, was

Figure 12. Effects of the major 2021 snow avalanche event on the eastern slope of the Sambata Valley:
clear signs of avalanche destruction along the newly created path (a) and the several meters thick wood
and debris deposit located in the run-out zone at the confluence with the Sdmbata Valley (b)
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still present in the Sambéta Valley at 1150 m. The av-
alanche also destroyed the forest road on the east-
ern side of the Sambita Valley. In the same year, in
March, the snow depth reached 2 m at 1400 m, and

Conclusions

the Valea Sdmbetei chalet was closed for tourists due
to closed trails and high risks of avalanches (https:/
www.monitorfg.ro/2021/03/23/cabana-valea-sam-
betei-acoperita-de-zapada/).

In the present paper, we reconstructed the activity
of snow avalanches and rockfall at two sites located
in the Sambata Valley (Romanian Carpathians) us-
ing dendrogeomorphology. Regarding the snow ava-
lanche reconstruction, the young age of the majority
of the trees limits the timespan to 70 years. The re-
sults highlight 13 major avalanche events which oc-
curred on the studied path in the period 1950-2020,
with the highest dendrogeomorphic signal obtained
for 1988, 1997 and 2012. The minimum return period
of major events is 3.3 years, but most probably, weak
to moderate avalanches can occur every year. This is
a common limitation of the dendrogeomorphic meth-
od, due to the fact that tree-rings exhibit anatomical
responses only if the respective tree is impacted by the
avalanche. Therefore, it should be noted that the re-
constructed frequency is valid only for major events.
The rockfall reconstruction at site B highlights years
with more intense process activity: 1952, 1955, 2003
and 2012. As falling rocks can leave trees unharmed
in their downslope trajectory, some events are impos-
sible to reconstruct by the tree-ring approach. On the
other hand, downslope moving fragments can impact
more than one tree, therefore altering the event recon-
struction. Eventually, in the same respect, old and hid-
den scars are hard or impossible to identify and date.

Aknowledgements

Nevertheless, our study demonstrates that geomor-
phic hazards in the Sdmbata Valley, a top-rated tour-
istic destination for hikers and off-piste skiers, are re-
markably active. The most recent event occurred in
April 2021 on the valley’s eastern slope. This giant
snow avalanche created a new avalanche path by se-
verely affecting the forest cover, indicating that if spe-
cific conditions and triggers are met, destructive and
life-threatening events can also occur in areas with
no signs of past disturbances. Regarding tourist ex-
posure to geomorphic hazards, the main trail, which
runs along the valley up to the Fereastra Mare saddle,
is repeatedly crossed by avalanche couloirs and debris
flow cones. Also, secondary trails, which climb the
eastern slope (Piatra Caprei trail) and western slope
(Arsenie Boca shelter), have sectors located beneath
steep unconsolidated rock walls. Finally, tourists vis-
iting the Sambita Valley should be more effectively
informed about the geomorphic hazards they are ex-
posed to by installing warning signs for rockfall, snow
avalanches and debris flows.

In future studies on geomorphic hazards related to
snow avalanches, debris flows and rockfall, it is of ut-
most importance to identify and understand the com-
plex topo-climatic factors responsible for triggering
catastrophic events.

The research leading to these results has received funding from the NO Grants 2014-2021, under Project contract

no. 30/2020.
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Abstract

Public participation is increasingly important in flood and environmental management planning. Ac-
cordingly, understanding the attitude of local society to natural values and their relations with the en-
vironment is highly important to realize successful development projects. This study aimed to analyze
the human-nature relationship, the public perceptions of environmental hazards and people's engage-
ment with water management related and human interventions at Maros/Mures River through a public
survey. The survey was carried out in 11 Romanian and Hungarian settlements using the random walk-
ing method to interview the local public. The results show that people are a little pessimistic concern-
ing the state of the river, and there are misbeliefs about the general problems affecting its present envi-
ronmental status. Meanwhile, the perception of flood hazard is governed by the fading memory of the
last high-risk flood event in 1970. The engagement of residents is mostly affected by socio-demograph-
ic parameters. However, the regularity they visit the river is also very important. Consequently, inform-
ing people on apparent environmental issues and processes can greatly help the socially inclusive im-
plementation of water management measures along the river.

Keywords: Maros/Mures River; public survey; human-nature relationship; human interventions; river
and floodplain management

Introduction

River and floodplain ecosystems are under the pres-  ka, 2012; Amissah et al., 2018). Besides obvious natu-
sure of several factors. The most important of these  ral hazards, rivers and related ecosystems are also im-
are intensifying rate of human interventions and cli-  portant in providing a diverse set of services for society,
mate change (Tockner & Stanford, 2002), which can  such as recreation, food, health, agriculture, and trans-
frequently lead to changes in water regime (Kiss et al.,  portation (Hale et al., 2019; Jahnig et al., 2022). There-
2019), deterioration of water quality (Muyere & Moyce,  fore, river-related resources and the effective function-
2017), degradation of floodplain ecosystems (Entwistle  ing of the natural environment have high importance
et al,, 2019) and morphological changes (Kiss & Blan-  to the local population (Wang et al., 2016, Oyedotun
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Human-nature Relationship and Public Perception of Environmental Hazards

along the Maros/Mureg River (Hungary and Romania)

& Ally, 2021). Water management lately recognized
that all these challenges and requirements should be
managed in their complexity; thus, a new concept: In-
tegrated Flood and Environmental Risk Management
(FERM), has been developed, recognizing the close
connection between managing flood risk and manag-
ing risks to the physical environment and the biological
ecosystems (Osti, 2018). This concept also emphasizes
the necessity of stakeholder inclusion, including com-
munity participation.

Consequently, the inclusion of local stakeholders
and the public in the planning process of flood and
environmental management plans and interventions
is a key question, as the inputs from locals can min-
imize the risk of inadvertent negative consequenc-
es, and at the same time, local knowledge and inter-
ests can make positive contributions to projects (Osti,
2018). Public participation in the planning process of
flood and environmental management of rivers is also
encouraged by the EU Water Framework Directive
(EU WFD 2000), which is advised to allow people to
influence the outcome of plans and working process-
es. Public involvement should involve awareness rais-
ing of flood and environmental hazards and risks and
address also the need to increase the public’s under-
standing of the problems and the need for solutions
(Hophmayer-Tokich, 2005).

To realize an efficient public inclusion, it is impor-
tant to understand the human-nature relationship, i.e.
to reveal the many ways humans are linked with the

Study area

natural environment (Seymour, 2016) and the envi-
ronmental factors influencing the perceptions of the
river-floodplain ecosystem (Cockerill, 2015; Flote-
mersch & Aho, 2021). For analyzing the human-na-
ture relationship and the public’s perceptions of en-
vironmental values and hazards, qualitative or
quantitative social surveys, e.g. questionnaires, can be
an effective method and help to comprehensively ana-
lyze the perceptions and attitudes of the target popu-
lation (White et al., 2005).

Rivers, such as the Maros/Mures, and their flood-
plains are important natural resources in the Car-
pathian Basin, providing several benefits for the eco-
system and society. The Maros/Mures River is the
most significant water resource for irrigation and in-
dustrial activity in the Hungary-Romania cross-bor-
der region. Besides, it feeds a thriving riparian eco-
system and has a unique geomorphological character.
Several factors endanger the availability and quality
of its resources. Among these, human interventions
and climate change have to be emphasized.

The primary objective of this study was to revealthe
relationship of local people to the river and its flood-
plain ecosystem and their perception of environmen-
tal hazards and human interventions in order to iden-
tify public preferences and people’s engagement with
water management issues. Additionally, we also aimed
to understand the role of socio-demographic, residen-
tial and life-style related parameters behind the envi-
ronmental awareness of local communities.

The study was carried out in the south-eastern part of
the Carpathian Basin along the lowland section of the
Maros/Mures River, belonging to both Romania and
Hungary. The area of the river’s catchment is approx-
imately 30 000 km? and situated mostly in Romania
(92%). Its total length is 769 km, while its so-called
lowland section from Lipova to Szeged is 175 km, out
of which 125 km is situated in Romania, 22 km is part
of the border between Romania and Hungary, and 28
km is situated in Hungary (Laczay, 1975) (Fig. 1).

The variability of the water stage is high even in the
lowland section. Two major floods may develop annu-
ally on the river. The first is due to snowmelt in ear-
ly spring, and the second is caused by early summer
rainfall, usually in June (Boga & Novaky, 1986). The
greatest flood on record occurred in 1970 and caused
severe problems along the entire river. After 1970 sig-
nificant floods occurred in 1974, 1975, 1981, 1998,
2000 and 2006. Following the April-June floods, the
rest of the year is characterized by low stages. Dur-

ing the past 20 years, the length and intensity of low
stages increased, partly due to climate change and in-
creasing reservoir capacity on the tributaries in the
upland catchment (Konecsny & Balint, 2009).

Along the Hungarian section, the floodplain is
dominated by forests, but in the surroundings of
the settlements, croplands and more or less cultivat-
ed gardens can also be found. At the same time, the
Romanian floodplain is dominated by grasslands, al-
though floodplain forests also occur in smaller or larg-
er patches (Oroszi, 2009). The most important human
impacts at present are reservoir construction since the
1980s’ on the upland reaches and gravel and sand ex-
traction on the lowland sections (Konecsnyi & Balint,
2009). Gravel and sand have been quarried from the
river for a long time; however, extraction volume has
increased significantly in the past decades, especially
in Romania. The activity is the most intensive on the
Paulis-Mandruloc section, where the banks and the
channel have practically quarried away.
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Figure 1. Location of the studied settlements along the Maros/Mures River

Data and methods

The perception and opinion of people on the Maros/
Mures River and its environment were investigated
by a public survey. The survey was carried out on six
Romanian settlements: Arad (county seat and largest
town in the region, population over 160 000), Pecica (a
smaller town, population about 13 000) and four vil-
lages with a population below 5 000 (Sambéteni, Cicir,
Mandruloc and Semlac) (RPL, 2011); and on 5 Hun-
garian settlements: Makd (the largest settlement on
the Hungarian section, population about 23 000), and
on four villages with population below 5000 (Mag-
yarcsanad, Apatfalva, Kiszombor and Maroslele)
(KSH 2018) (Fig. 1).

The overall methodology of the research was both
qualitative and quantitative. As Letenyei (2004) em-
phasizes, the two approaches can and should be com-
bined in social research, as certain issues can only be
evaluated based on expert-oriented interviews, while
the overall representativity can only be reached by al-
ienating ourselves from the respondents and using
statistical methods (Bryman, 2001).

During social surveys, reliability and validity are
key issues. Reliability can be increased by ensuring
the representativity of the sampling (Babbie, 2003;
Neuman, 2006; Firebaugh, 2008), while validity high-
ly depends on good question formulation and that re-
sponders understand the questions and provide mean-
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ingful answers (Letenyei & Racz, 2011). In the case of
the present research, representativity and reliability
were increased by questioning a large sample (0.2 % of
the population at Arad, 1 % at Mako and 1-2 % at oth-
er settlements) and by designating separate interview
zones at each settlement either to cover the entire set-
tlement or to represent each of the urban geographi-
cal districts. The survey was made using the random
walking method, meaning that the interviewers were
allowed to ask anybody within a previously set zone.
The delineation of interview zones also prevented the
repeated questioning of respondents. The number of
required questionnaires at a given settlement was de-
termined based on the settlement’s weight concern-
ing the region’s total population. In all, 1062 surveys
were finally completed. The validity of the surveys was
based on preliminary interviews performed in three
settlements along the studied section of the river to
test the questions of the survey and on the local ex-
perience of experts studying the geographical and en-
vironmental problems along the river for a long time.
The dataset of the questionnaires was processed and
analysed in SPSS software.

The questionnaire was mostly composed of
closed-ended nominal, ordinal and multi-option-
al questions. Warm-up questions were related to the
major challenges of the settlement and the values
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worth of protection. In the second set of questions,
respondents were asked about general environmen-
tal issues and problems related to the Maros/Mures
River. Subsequently, locals’ relationship to the riv-
er was explored, i.e. how frequent and what for they

Results

visit it. Finally, their preference for future manage-
ment of problems and developments was investigat-
ed. The interview was closed by entering some of the
respondent’s social parameters (age, gender, educa-
tion, occupation).

Human-nature relationship

The perception of the local population on the natu-
ral values was surveyed to reveal their preferences and
opinion about the state of the environment and the
factors influencing public perceptions. Furthermore,
the engagement of the people with the river-flood-
plain ecosystem was assessed by their interactions
with the river and the usage of the recreational and
provisioning ecosystem services.

Perceptions of natural values along the Maros/Mures
The opinion of the local population about the natu-
ral values was assessed by asking respondents to rank
the importance of different natural values in their en-
vironment. The Maros/Mures River was ranked to
be the 2nd and 3rd most important natural value in
Hungarian and Romanian settlements, respectively
(Fig. 2). The first place was taken by forests in Roma-
nia and by clean air in Hungary. It is noteworthy that
in the case of Arad, the importance of forests (40%)
outscored clean air (27%), which we expected to be
in the first place. The Maros/Mures was ranked to 1st
place mostly by respondents with a university degree,
i.e. 32% of them mentioned it as the most important
natural value in or around their settlement. In com-
parison, these values were 25% and 19% for people of
secondary and primary educational background, re-
spectively. Those who visit the Maros/Mures regularly
(73% of respondents) were more concerned about the
river (27%) and forests (34%) than those who did not.
The latter group voted mostly for clean air (46%).

As the condition of the riverside greatly determines
the local use of the river, the opinion of the respond-
ents about the state of the river’s environment was sur-
veyed by asking their opinion on how well the river-
side is managed at their settlement and whether their
community respects the river and its natural values or
not. The evaluation of the people’s opinion about the
management of the riverside was made on a 4-point
rating scale. In this respect, a significant difference
was found between the two countries: Romanian and
Hungarian settlements scored on average 2.17 and
2.90, respectively (Fig. 3a). In Romania, the worst re-
sults were received at Cicir (average score: 1.33) and
Mandruloc (1.66). In these two villages, none of the
respondents thought the riverside was well managed,
which is understandable as the river is most affect-
ed by gravel and sand quarrying at these settlements.
The situation in Arad (2.28) and Pecica (2.15) seems to
be better; here, more than 30% thought the riverside
was rather well managed or well managed. This sug-
gests that great-scale quarrying and the destruction
of natural values are striking for locals too. On the
Hungarian side, the state of the riverside was evalu-
ated significantly better. The best value was measured
at Maké (3.05); here, more than 70% of respondents
rated the riverside rather well managed or well man-
aged, which is definitely due to the recreational devel-
opments (adventure park) made recently on the river-
side. In Hungary, the lowest value was measured on
the anyway unregulated and unmanaged border sec-
tion of the river.

Figure 2. The relative importance of natural values for respondents at the surveyed settlements
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Figure 3. a) The evaluation of the state of the riverside (4 - well managed, 3 - rather well managed, 2 - rather
unmanaged, 1- unmanaged). b) Public opinion about whether the local community respects the river and its natural
values or not (4 -respect, 3 - yes rather than no, 2 - no rather than yes, 1- not respect)

It was also surveyed whether the local communi-
ty respects the river and its natural values or not. The
evaluation was also made on a 4-point rating scale.
Only slight differences were found between the two
countries, as average values were 2.49 and 2.69 in
Romania and Hungary, respectively. Therefore, on a
community level, people feel that the river is slightly
more valued in Hungary than in Romania. In terms of
settlement types, we did not find significant variabil-
ity. It is positive that even at the settlement where the
lowest ranking was measured, 40% of the respondents
thought that their community respected the river and
its natural values (Fig. 3b).

Interaction of the people

with the floodplain ecosystem

The interaction of the local people with the river/
floodplain ecosystem was surveyed by exploring the
respondent’s habits of visiting the river and the type of
recreational and provisioning benefits they use.

73% of the respondents claimed that they visit the
river regularly. There is a slight but not very signif-
icant difference between genders in this respect, as
78% of men and 68% of women answered yes to this
question. Differences can also be observed between
different age groups. The proportion of people who

visit the river is decreasing with age. Under the age of
50, 80% visited the river, while it was 68% over 50 and
only 55% over 65. A much more significant depend-
ence was found in terms of the educational level of
respondents. Only 49% of people with primary edu-
cation visit the river regularly, while at those with sec-
ondary and tertiary levels this value grows to 75% and
89%, respectively. This observation can be explained
by various factors, e.g. differences in the overall mo-
bility, economic situation and age of the respond-
ents. Visiting the river seems to have a clear relation-
ship with the physical distance and the accessibility of
the riverside from the settlement. The most important
finding is that more than two-thirds of local people
are related in some ways to the river; thus, their needs
and expectations must be considered when planning
river management and development measures. (Fig. 4)

Those who visit the river regularly mostly go for
walking at the riverside, fishing, and bathing in the
river, regardless of location, age, gender, and educa-
tional level (Fig. 5). In Romania, 88%, in Hungary,
79% of respondents who visit the river go there with
the purpose to take a walk. The difference is not sig-
nificant and is caused mainly by the results of Arad
(93%). Around one-fourth of the people visiting the
Maros/Mures do fishing and angling. The third most

Figure 4. The proportion of those who visit the river regularly
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Figure 5. The distribution of activities made at the Maros/
Mures (1: walking on the riverside, 2: bathing, 3: water
sports, 4: fishing and angling, 5: cultivating land, 6:
grazing animals, 7: collecting firewood, 8: washing cars, I:
taking away sand, J: other)

popular activity was bathing. In this respect, Hungar-
ian results were significantly higher. Similar differ-
ences were found in the case of water sports, proba-
bly due to the availability of more facilities along the
Hungarian section. In the case of agricultural activi-
ties, cultivation of land is generally more popular in
Hungary; however, in Romania, it shows high spatial
variability. Both crop growing and animal grazing are
widely performed activities in the smaller villages up-
stream of Arad; there, 30-60% marked cultivation of
lands and 20-33% marked animal grazing as major
activities.

Environmental hazards
The perception of the local population on environ-
mental problems and hazards and some adaptation
and development measures were also surveyed. To
an open-ended question about the last environmental
problem the responder had met, 25% of the respond-
ents reported something in relation to the river. The
settlements where river-related answers were the most
frequent were Arad (33%), Mandruloc (60%) and Ap-
atfalva (47%). Responders at Mandruloc emphasized
the destruction of the river bank by sand extraction,
while at Apatfalva, people were mostly concerned
about pollution and the state of forests along the river.
The respondents were also asked to select three en-
vironmental hazards from a list of seven which affect
the Maros/Mures the most. On both sides of the bor-
der, solid-waste disposal was considered the most im-
portant issue (Fig. 6). This is understandable, as plas-
tic bottles drifting on the river and heaps of garbage
on the floodplain are well visible and understandable
problems for everybody. The second and third places
were taken by industrial and sewage water contami-
nation. Although water quality has improved consid-
erably through the years, the Maros/Mures has still
got a quite bad reputation among locals in this respect.

Sewage water was highlighted by the greatest number
of respondents in Arad (71%) and Pecica (69%), while
industrial pollution was mostly emphasized in Arad
(50%) and Apatfalva (50%). Interestingly, Romanian
respondents (except at Arad) were significantly less
worried about industrial pollution than Hungarians.
However, in preliminary interviews, Hungarians said
water quality problems are mostly related to the Ro-
manian industry.

Tree logging seems to be a significant problem on
both sides of the border; however, Hungarians assume
it is a slightly greater problem, which is interesting if
we consider that Romanian respondents were much
more concerned about the state of forests in an ear-
lier question. A possible reason can be that at settle-
ments, such as Cicir, hardly any forests have remained
by now. According to Romanian respondents, grav-
el and sand quarrying proved to be the fourth most
important environmental problem affecting the river.
Unsurprisingly, residents of Cicir (93%) and Sambat-
eni (92%) were very concerned, though one-third of
respondents at Arad also emphasized this issue. Cli-
mate change was considered a less important hazard.
Interestingly, going downstream, people were increas-
ingly concerned about this issue.

The environmental state of the river is considered to
be changing by 59% of respondents (67% of Hungari-
ans and 54% of Romanians). In terms of the direction
of change (positive or negative), Romanian respond-
ents are more pessimistic. The distribution of answers
was affected by settlement type; urban residents felt
positive changes a little more frequently than people
living in villages. The difference might be that people
living in Arad, Makoé or Pecica can experience more
infrastructural developments next to the river.

Respondents were also asked what information
circulated on the river in their community. Most of
the answers were related to increasing pollution and

Figure 6. The relevance of various environmental
problems along the Maros/Mures according to the
respondents (1. municipal wastewater effluents, 2.

solid-waste disposal, 3. industrial pollution, 4. logging, 5.
sand and gravel quarrying, 6. climate change, 7. artificial
structures on the floodplain, 8. other)
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Figure 7. Public perception of changes in the environmental state of the river

decreasing water levels as the most widely known
and believed changes. Positive answers mostly re-
ferred to riverside developments in Maké and Arad
(Fig. 7).

As a consequence of the hydrological character
of the river, flooding is a significant natural hazard.
However, only 52% and 32% of respondents are anx-
ious about the floods of the Maros/Mures in Hunga-
ry and Romania, respectively (Fig. 8). This result is
especially interesting in the case of Hungarian settle-
ments, which are more endangered (most of the Ro-
manian settlements surveyed are situated on terrac-
es, above the flood level of the river). The proportion
of respondents who are afraid of floods is increasing
by age: below the age of 30 only 39%, between 30 and
50 already 49%, between 50 and 70 54%, and over the
age of 70 as much as 70 % has fears about flooding.
Concerning the answers to flood hazard remarkable
differences were found in terms of genders. Based on

the results, men perceived much lower flood hazard
than women, especially in Romania (23% vs 44%) but
in Hungary (43% vs 55%) as well.

Management and development measures

The acceptance of human interventions was not influ-
enced by respondents’ gender, age or educational lev-
el; however, there were some remarkable differences
between the two countries. On average, 17% of re-
spondents said that no intervention should be allowed
on the river, but in this respect, the Hungarian val-
ue (22%) was significantly higher than the Romani-
an (12%) (Fig. 9).

Not surprisingly, flood protection was the most
supported type of possible action (60%), and it was
equally accepted on both sides of the border. Never-
theless, we expected higher values in this case. A pos-
sible explanation for lower support can also be related
to the generally moderate fear of flooding (Fig. 8). The

Figure 8. Public perception of flood hazard at the surveyed settlements.
The proportion of respondents being afraid or not of floods
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greatest difference between countries was observed in
tourism-related actions. It is striking that Hungarian
respondents (26%) seemed to be much less supportive
in this respect than Romanians (51%).

The respondents less favoured hard interventions.
However, Romanian residents were significantly
more supportive, as 25% said that actions related to
improving river navigation (dredging, construction
of stone structures) are acceptable. In contrast, in
the case of Hungarian residents, this value was only
15%. Finally, on average, only 11% of the respondents
said that industrial interventions such as quarrying
should be allowed in the future. In this respect, the
values measured in the two countries were less dif-
ferent.

Discussion

Figure 9. The acceptance of different human interventions
according to the respondents (1: no interventions, 2:
interventions for tourism, 3: interventions for flood
protection, 4: interventions for transportation, 5:
interventions for the industry)

Public perception in river and floodplain manage-
ment is important to improve and protect the quali-
ty of river-floodplain ecosystems and to mitigate en-
vironmental hazards since the public acceptance of
any actions improves the success and sustainability of
measures (de Groot, 2012; Souza et al., 2021).

Regarding the present survey, the perception of
natural values and environmental hazards, as well
as their relationship to the river, is greatly affected
by socio-demographic variables, especially by the ed-
ucational level of the respondents. Those who have a
higher level degree are more engaged with the prob-
lems related to the river. This finding is in line with
the observations of some other researchers (e.g. Ioana-
Toroimac, 2020; Gomez-Cunya, 2022). On the other
hand, Schaich (2009) concluded that lifestyle-related
variables are more important in perceiving river eco-
systems than socio-demographic variables. This ap-
proach can also be adapted to our results if we con-
sider the tendency of increased engagement by those
who regularly visit the river. Nevertheless, the two
groups largely overlap in the case of the study area, i.e.
those who are well educated and those who regular-
ly visit the river. This dichotomy emphasizes the plu-
rality of perceptions, which must be considered dur-
ing the preparation of management plans (D’Souza et
al., 2021)

The public opinion regarding the well-management
of the riparian area is determined mostly by the type
and intensity of human interventions made at the riv-
erside of the Maros/Mures. The recreational and aes-
thetic developments improve the perception com-
pared to the less manicured riverside. Infrastructural
developments characterize mostly urban settlements;
therefore, people in villages are less satisfied with the
condition of the river. Similar tendencies were report-

ed by Suren (2009) and Khew et al. (2014), who found
that excessive plant growth in riparian areas reflects
the lack of management for the public. However, other
studies emphasized that the public prefers wild, more
natural riparian zones and floodplains (de Groot, 2012;
Saha et al., 2020). The discrepancy emerges mainly be-
cause of the difference in target groups surveyed, i.e.
people generally prefer lush vegetation at the riverside,
but those visiting and using the river regularly may
have a different perception and prefer a more inten-
sively managed environment. Of course, over-exploit-
ed sections, such as those affected by sand extraction,
adversely affect locals’ perception.

It is positive that about half of the surveyed people
thought that their community respect the river and its
natural values. It is noteworthy, however, that among
people who do not visit the Maros/Mures the average
rating on the local community’s respect for the river
and its natural values was higher than those who have
a more direct relationship with the river, which sug-
gests that the latter group is more pessimistic or more
sensitive concerning the state of the river and its envi-
ronment. An important finding of our study was that
almost three quarters of local people (73%) have a di-
rect relationship with the river. They mostly visit the
river for recreational purposes, but agricultural ac-
tivities are also important. This means that the needs
and expectations of the local public have to be consid-
ered during river management; thus, improving pub-
lic engagement in planning river management meas-
ures is crucial.

The studied section of the Maros/Mures river faces
several environmental problems and hazards. The most
visible and, therefore, the most frequently mentioned is
solid waste disposal. Among environmental problems,
industrial and sewage water contamination of the riv-
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er was also frequently mentioned by the respondents,
which means that although water quality has improved
since the 1990s, the bad reputation of the river in this
respect remained. People emphasized gravel and sand
quarrying only in the settlements mostly affected by
great-scale sediment extraction. On both sides of the
border, people see rather negative changes in the state
of the river. Based on local opinions, the deterioration
of the environment is a very significant issue in Roma-
nia, while Hungarians reported fewer problems. In all,
we can see that locals are usually aware of the problems
related to the Maros/Mures. However, they are mostly
concerned about things affecting their close environ-
ment and apparent at their settlements, and they are
unaware of overall processes along the river.

In terms of river management, it is also an im-
portant issue that a relatively low proportion of re-
spondents are concerned about flood hazard, which
suggests that the 1970 flood is fading from the collec-
tive memory of local societies. This hypothesis is also
supported by the fact that the older the respondents
were, the higher risk they perceived, meaning that the

Conclusion

Zsuzsanna Ladanyi, Attila Racz, Petru Urdea

lack of direct experience leads to decreasing aware-
ness among younger generations. Several other au-
thors made similar findings in various contexts (e.g.
Burningham, 2008; Pagneux et al., 2011; Coménescu
& Nedelea, 2016), thus, decreasing flood risk percep-
tion with time passing since the last event is a gener-
al problem and has to be considered during strategic
planning. Besides, similarly to the findings of Da-
vid (1971) and House (1996), males were less worried
about floods than females because of their greater risk
acceptance (Marshall, 2004)

Nevertheless, the most accepted interventions on
the river are related to flood protection, while peo-
ple are against the industrial utilization of the Maros/
Mures. Developments related to tourism were sup-
ported less than expected in Hungary, assuming that
Hungarians are either pessimistic about the develop-
ments or are unaware of the river’s touristic potential.
On the other hand, Romanian residents probably see
an important opportunity in developments or think
any soft tourism interventions would help improve
the river’s deteriorated environment.

In all, the people living along the lowland section of
the Maros/Mures are a little pessimistic concerning
the present and the future of the river. We assume,
however, that there are certain misbeliefs on a com-
munity level concerning the general problems affect-
ing the river. Nevertheless, it is positive that most peo-
ple have a direct relationship with the river by visiting
the riverside, and half of the surveyed people thought
that their community respect the river and its natu-
ral values.

The results indicate that the preferences and motiva-
tions of local people are very complex and influenced
by several socio-demographic and environmental fac-
tors. Thus, further analyses would be beneficial in the
topic to better understand public perceptions and pref-
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Abstract

This study aims to analyze one of the most dynamic sections in the lower part of the Mures River, Lip-
ova-Arad sector. The geological and tectonic context influenced the shifts of the watercourse at both
aregional scale and a local one. The channelization works have shortened the length of the channel by
1/3 of it. The flood events in the 70s and the mining activity have also influenced the evolution of the
river in last decades. Accelerating the geomorphological processes, mostly after the great floods, have
narrowed the channel by 35%, and have reduced the total islands surface by almost 80%. In this con-
text, the Mures River try to reach the dynamic equilibrium state had before the human interventions.
Under the anthropic pressure the geomorphological processes have been accelerated and the landscape

left behind in Lipova-Arad section, along the Mures River suffered important changes.
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Introduction

The people used the methods for watercourses regula-
tion from ancient times, in order to control both the
discharge and water level for settlements supply. At
the same time, the minor riverbeds are anthropic af-
fected for the propose of flood protection, easier nav-
igation, irrigation and hydroelectricity or for a better
water management (Church, 2015).

The regulation of alluvial channels changes the bal-
ance between the discharge and the sediment budget,
so considerable changes in the geometry of the cross
sections and the planform parameters of course may
occur (Petts, 1984). These changes are the response of
the river for recovery the dynamic equilibrium state
(Andrews, 1986; Carling, 1988). The velocities and di-
rection of the river downstream are changing and the

flow is governed by the relative frequency of sediments
from tributaries unaffected by regulation (Petts, 1984).

Even if the channelization process based on good in-
tentions, the engineers could not predict the impact on
the channel morphology and the intensity of geomor-
phological processes. The cross section analysis is miss-
ing for recent period because of a lack infrastructure.
On this line, we focused on the assessment of planform
parameters of the minor riverbed. Channel pattern is
the view of the river reach from above (satellite, plane,
drone etc.). There are three main patterns of the minor
riverbed: meandering, braiding and relatively straight
channels (Leopold & Wolman, 1957). Rust (1978) re-
fines the classification with anastomosing type and Mi-
all (1977) introduces the wandering channel type.
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The Mures River is one of the biggest fluvial link be-
tween Transylvanian and Pannonian basin. For mil-
lennia, this path was used to carry natural resourc-
es to Tisa River (as an intermediate stop), and then
further to central Europe and Balkan Peninsula (Ko-
vach, 1980).

The flow direction of the Mures River frequently
changed during the Quaternary and this fact is re-
flected in its symmetrically arranged alluvial fan,
and in the huge number of paleomeanders from the
Pleistocene-Holocene period (Mike, 1991). Swamps
and extensive wetlands have surrounded the mean-
dering sectors, and the river have flooded large areas
every year. The floods sometimes lasted for months,
until the lateral depositional structures facilitat-
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ed the evacuation of excess water (Sipos et al., 2012).
The geotechnical works emerged as a strategy for fix-
ing this problem, in order to facilitate an optimum
navigation.

The scientific purpose of this study was born as a
need for quantifying at a local scale the changing rates
of the Mures River channel in his depositional area.
Compared to other previous studies (Timofte et al,,
2016; Timofte, 2019), the temporal analysis scale was
doubled and the spatial scale have been reduced, fo-
cusing on the most dynamic sector in Mures lowland
section - Lipova-Arad sector. The main findings of the
previous papers regarding the analysis of some mor-
phometric parameters for the Romanian part of allu-
vial fan.

The catchment of the Mureg River is 29.767 km? (Uj-
vari, 1972), of which 28.310 km? in Romania - 11.7% of
the country’s surface (A.B.A.M., 2015) - which repre-
sents 94% of the surface of the entire basin. The high-
est point of the basin is 2509 m above sea level, Pelea-
ga Peak in Retezat Mountains, and the lowest point is
82 m a.s.l., located on the confluence point with Tisa
River in the area of Szeged city (Sipos et al., 2012). As
much as the river basin surface and its multiannu-
al average discharge, 186 m?s, (A.B.A.M., 2015), the
Mures river is on second position in Romania, af-
ter Siret with 36083 km? and 222 m3/s (Diaconu &
Zéavoianu, 1983).

The lowland section of the river is located from the
apex (to the west of Lipova) to Szeged, in the south-

western part of Panonian Basin. The total length of
the watercourse is around 175 km. In this area Mures
river built-up a huge alluvial fan (Kiss et al., 2104). The
average slope for Lipova-Nédlac sector is 0.28 m/km.

Study area covers the eastern part of the deposition
area (Fig.1), between Lipova city (123 m, 46° 05’ N, 21°
41’ E) and Arad city (105 m, 46° 09’ N, 21° 20’ E). The
entire segment is a part of Arad County. A simple vis-
ual analysis of the cartographic representations shows
off that this part is one of the most dynamic portion
from the entire lowland section. The floodplain out-
line is obvious, especially on the left side, where the
contact with the high plain of Vinga is made by a ter-
race level. On the right side, the contact with tabular
plain of Arad is quite smooth (Posea, 1997).

Figure 1. Location of the study area
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Geological and geomorphological framework

The Quaternary evolution of the lower Mures area is
connected to the tectonic and geomorphological dy-
namic of this contact area between Carpathian orogen
and Pannonian Basin, a large back-arc basin formed in
Middle Miocene on a structural basement of the Car-
pathian type (Polonic, 1985). In the lower Mures area
are recognize the presence of a complex faults systems,
at the level of the Pannonic basement, being individu-
alized horsts and grabens, disposed from East to West,
Caransebes Graben, Buziag-Battonya Horst, Sinnico-
lau Mare-Szeged Graben, fragmented by transverse
faults, Jimbolia-Lipova fault and Sinnicolau Mare-
Arad fault, all covered by Neogene sedimentary de-
posits (Visarion & Sandulescu, 1979). In detail, the
Sinnicolau Mare-Szeged Graben is presented as two
half-grabens, Szeged half- graben and Maké half-gra-
ben, in fact with the asymmetric tectonic trough char-
acter (Balazs et al., 2017). The continuous neotecton-
ic subsidence, with varying speed, remained active in
the Quaternary time, which explains the thickness of
600-700 m of the Quaternary deposits in Szeged area
(Timar & Racz, 2002).

The entire evolution of the lower Mures sector from
Midle Pleistocen to the Holocen is connected to the
organization of the drainage system in the south cen-
tral Tisa valley, coupled with Tisa graben evolution
and with subsidence rates, flow direction, discharg-
es and load dynamics in the Tisa-Crig-Mures fluvi-
al system (Kiss et al., 2015). In addition, the channel
river spatial evolution was connected to the forma-
tion of an extensive alluvial fan, with a radial length
of 80-100 km and 9000 km2 area, with a high densi-
ty of paleochannels, in a tectonic active area. The suc-
cessive courses of paleo-Mures were driven by the lo-
cal erosional base represented by the floodplain area
of Cris and Tisa rivers in variable conditions of slope.
The water discharges — between 2600-2700 m?s, 9,6
+ 1.3 ka and 680 m?/s, 1.6 ka -, and loads, with effect
on the behavior of the river, with the predominance
of anastomosing, meandering or braiding, marked in
the appearance of sectors with distinct paleochannel
pattern (Kiss et al., 2014). The active tectonic area Ma-
ko-Szeged played a decisive role in fixing the course
on the E-W axis, with the confluence point in the Sze-
ged area at 1.6 ka (Kiss et al., 2014).

For entire area the contemporary tectonic activities
are characterize by a high contrast between negative
and positive vertical movements and opposite of hor-
izontal velocity, which maintains the seismicity of the
area, with polikinetic earthquakes with a magnitude
of over 5 (Oros et al., 2018). For the extremely low-

er Mures section, in the confluence Tisa-Mures area
the recent subsidence movements has values of 3 - 4.1
mm/y (Cornea et al., 1979; Joo, 1992), which plays an
important role in maintaining a certain status for the
local erosional base.

Geotechnical works and sociogeomorhpology

Our analysis of the Mures evolution in the last three
centuries highlights the fact that, in the last two cen-
turies human intervention has been, for certain sec-
tors, essential for adjusting the drainage in the flood-
ing regime and, last but not least, for alluvial plain
morphology reconfiguration, for the channel migra-
tion zone. This situation imposed a kind of approach
compatible with the specific of sociogeomorphology,
after which the geomorphic landscapes is seen as the
result of interactions between physical and human
processes (Ashmore, 2015). Both physical and human
processes are critical for explaining how rivers have
evolved and how they might adjust in the future. So,
we find that in the case of the lower Mures, from a
sociogeomorphological perspective, the human and
physical processes, as well as interactions between
these processes, drive and/or inhibit river adjustment
(Mould et al., 2018), specific for a socio-natural system
with human and physical components.

The human interventions on the main channel
through regulation works were done in order to con-
trol the transport and to protect the settlements. We
could not find out yet the information about the mo-
ment in time when each meander was regulated, but
a situation plan highlights the fact that the meander
from Arad was incised after 1815 according to Johann
Mihalik’s plan (Sipos et al., 2012). For all that, we sup-
pose the channelization locally started in the end of
18th century, not before 1776, because the map from
that year shows an unaltered channel. An extra ar-
gument is the map from 1792 that shows three fresh
paleomeanders near Lipova and Méandruloc®. A num-
ber of six bigger meanders were incised before the sec-
ond part of 19th century (Fig. 2), the information is
available on the second topographic survey of Habs-
burg Empire map (1860-1865). After few decades, the
meander incision process has been resumed in the
end of 19th century, but with a less intensity (Kiss et
al., 2011).

A vision of this kind, which, from another point
of view, has a relevance for the history of riverbeds
and alluvial plain mapping, we find in a situation
plan at a scale of 1: 7.200, made by the Austrian en-
gineer, Fried Braun in 1793 for a sector of Mures (Fig.
3), downstream of Lipova. A detailed mapping marks

! https:/maps.hungaricana.hu/en/MOLTerkeptar/1707/?list=eyJxdW VyeSI6ICJtY XJvc2NoIn0

2

https://maps.hungaricana.hu/en/MOLTerkeptar/29235/?list=eyJxdW VyeSI6ICJtY XJvc2Noln0
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Figure 2. Meanders incised before the second part of the 19t century

the banks of the minor riverbed with their change in
the floods of 1790 - indicated in a separate note -, by a
dotted line the thalweg, as well as the rapids of the riv-
erbed “Treppelweeg”. Alluvial point bars, islands, river
tributaries, abandoned meanders ,,alte Todt Marosch”,
and the accumulation of ice floes with the formation
of an ice jam are also mapped, explaining the specif-
ic situation, even 4 weeks of each winter. In correla-
tion with the economic component - agricultural ter-
rains and industrial use (sand quarries, tiling, etc.) -,
and the cadastral classification, represented by char-
acteristic colors, the correction of the meander loop
with a more accentuated dynamics is marked ,,Neu-

er durchschitt”. For geomorphological mapping, this
way of cartographic approach is a remarkable one for
that period, the genetic-thematic cartography of the
relief being sketched only towards the end of the 19
century (Passarge, 1912).

The floods from 70s

This is the generic name used to describe the events
that affected the carpathian rivers in 1970 and 1975.
For most of them, the discharged reached the histori-
cal maximum. The flood wave of Mures River exceed-
ed 2300 m*/s at Arad hydrological station (Fig. 4) and
covered the whole floodplain.

Figure 3. Situation plan of the Mures River near Lipova city. A - thalweg; B - thalweg during floods; C - rapids;
D -point bars; E - central bars; F —river tributary; G- abandoned meander; H - ice floes; | - meander correction.
(Data source - https://maps.hungaricana.hu/en/MOLTerkeptar/5333/)
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Figure 4. The maximum discharge at Arad hydrological station between 1964 and 2003 (after Zaharie, 2010)

An important consequence of the floods from 70s was
related with the geomorphological impact in changing
the configuration of the riverbed. For settlements pro-

Data and methods

tection the national authority built-up flood embank-
ment: 4.7 km on the left bank in Lipova and 9.86 km on
the right bank near Sdmbateni (Timofte et al., 2016).

In the first instance, we have extracted the primary
data for transforming analysis from different carto-
graphic representations (Fig. 5). The first one is the
Map of Lippa (Lipova) district that cover the entire
section with only one sheet. This map is a base map for
a well-known representation called Mercy map. This
one portrays the Mures channel before any geotech-
nical works. The next three maps are part of Habs-
burg and Austro-Hungarian military survey missions.
Detailed situation plans for some parts of the water-
course supplement the basis maps. Because of coarse
scale and cartometric reasons, for the first two sourc-
es only the length and sinuosity parameters have been
analyzed.

For some representations, the acquisition and
drawing period took more than 1 year, only for con-
vention we decided to assign only one year for each
cartographic source. The Romanian military and top-
ographic surveys cover the 20th century especially the
middle decades, highlighting the impact of the great
floods that affected the Mures drainage basin.

The orthophotos for the present day century are the
best resource for evaluating the Mures channel be-
cause of its higher accuracy. In contrast to the maps,
orthophotos are untainted data sources; the research-
er is free to interpret in his own way the shapes of the
landforms and the limits between them.

There are many ways to investigate fluvial land-
forms, from the in situ methods to the remote ones.
The geomorphologists seek all the information that
could explain the origin and the evolution of the
forms created by flowing waters. We applied a digi-
tal analysis in order to characterize the Mures chan-
nel and its surroundings for the last three centuries.

Against the background of development of digital
platforms, the geomorphology adopted (as the majori-
ty of research domains) the resources provided by com-
putational analysis. The software and the tools are spe-
cial created to fulfill the scientific needs. Also for fluvial
geomorphology have been adapted software solutions
which integrate the data for a proper analysis.

Specific for meandering rivers is the sinuosity index
(the ratio between the total length of the centerline and
the straight line that link the heads of the centerline).
According to this index, there are three channel types:
straight with Si < 1.05, sinuous with Si < 1.5 and me-
andering with Si > 1.5 (Rinaldi et al., 2016). The length
of the channels always correlates with the sinuosity in-
dex. The increasing or decreasing in length depends on
the analysis scale. It is proven fact that human interven-
tions in meanders correction diminishes the lengthi-
ness of the rivers, but these are not the only causes of
length degradation. Largely, the natural processes are
also important in channel evolution. It is true that an-
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Figure 5. Cartographic data sources grouped by century

thropic pressure is increasing the intensity of water
erosion, but sometimes meander chute cutoffs is influ-
enced by a higher variation in discharge.

The most powerful instrument for digital analysis
in the fluvial geomorphology is GIS analysis, included
both in proprietary and open source software (Kon-
dolf & Piégay, 2016). Using the ArcGIS software and
some especially developed tools, we examined the in-
formation from the cartographic sources.

The first part of the analysis was to draw the chan-
nel and to extract the islands polygons from all the

Results

data sources. After that, we availed the Polygon to
centerline tool to generate the centerline based on
Thiessen polygons (Dilts, 2015). It was the basis for the
almost all the investigation we made upon the minor
riverbed. Channel migration toolbox was a good sup-
port for calculating the migration rate and particular-
ly the width at a given distance (Legg et al., 2014).

For assessing the islands parameters, we calculated
the surface and the elongation index using the Mini-
mum Bounding Geometry tool from ArcGIS with the
smallest convex polygon enclosing the input feature.

Watching the Mures River behavior during the built-
up of his alluvial fan, we can say that he changed a lot
his own pattern, especially because of climate condi-
tions and through load inputs (Sipos et al., 2012).

The most obvious fact is the Mures channel in the
analyzed sector had a different aspect. The maps from
18th century displayed a much-braided riverbed’ (even
if this one looks very artistic). For sure, the presence

of many branches in Paulis-Vladimirescu (Glogovat)
sector (Fig. 6), which crossed the riparian forest on
both sides, imposed a custom channel type, very close
to the anastomsing.

Opverall, the analyzed section can be assigned to
meandering channel class (Fig. 7), the only exceptions
being the first examined year and the moment after
the end of meanders incision process.

Figure 6. The map of Mures River in 1805 (https://maps.hungaricana.hu/en/MOLTerkeptar/11020/view/?bbox=13858%2C-

3920%2C14989%2C-3459); Paulis-Vladimirescu sector in the frame

3
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Figure 7. Sinuosity index evolution: 1860a-before incision; 1860b-after incision

Even if the general tendencies of this index are for
increasing, some events in the history of evolution
can drop down the values of sinuosity. A lower value
for the end of the 20th century is associated with the
floods that affected the Mures River catchment.

Length variation
The main events that affect the length of Mures Riv-
er in Lipova-Arad sector are connected with the chan-
nelization in the end of the 18" century and in the
first part of the 19th, the total length dropped down
with almost 20 km. The graph below (Fig. 8) shows the
difference in length for a base value of 41419 meters in
1719. For each period, we calculated the fluctuation in
relation to previous stage.

The great floods from the 1970 and 1975 changed
the configuration for some meanders, especially the

meander near Simbiteni. The total length dropped
after that hazard by almost 1.5 km. Due to intensi-
fication of geomorphological processes, river tenden-
cy is to increase his channel length, mostly in the me-
andering areas, in the last two periods the increasing
rate is more than 150 m.

Channel migration

A specific fluvial activity is related with channel mi-
gration. The lateral erosion is related with specific
avulsion processes. Based on centerlines from 4 pe-
riods we have calculated the total and average migra-
tion (Table 1). The first column of the table depicts the
surface of the polygons created by the watercourse on
the both sides. For the first two periods, the shifted
surface is around 300 ha (which means almost 10 ha/
year and 13 ha/year), and the values for the last two in-

Figure 8. The differences in length for each consecutive analyzed period: 1860a-before incision; 1860b-after incision
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tervals is + 60 ha (around 10 ha/year and 7 ha/year). A
less anthropic pressure gives the difference for the last
period, for in the last few years mining activity has a
lower impact on the channel. The second column of
the table is the ratio between the migration area and
the length of the centerline in order to correct the val-
ues based on channel length.

Table 1. Channel migration results

Analyzed period | Migration shape | Length average
area (ha) migration (m)
1952-1981 286.06 62
1981-2005 308.55 66,87
2005-2012 68.56 14,86
2012-2019 54.04 71

Width variation

The channel width is in close contact with the trans-
port and deposition activity of the rivers, especially
with load amount. Perpendicular lines to the center-
lines with 100 m distance was drawn in order to quan-
tify the width of the Mures course in Lipova-Arad sec-
tor. There are important differences especially for the
maximum width in each period (Fig. 9), because of
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development of the mid-channel bars and islands. Af-
ter the floods from 70s, the characteristics of the chan-
nel have changed and width as well. The watercourse
width mean values are quite close (around 100 m) ex-
cept the period of 80s, when the rate is close to 150
m. The minimum values are located in the upper part
(between Lipova and Paulis), where the slope is a lit-
tle bit higher than in the rest of the analyzed surface.

Mid channel bars
The image of the river in the lower part reflects all
the processes from the entire catchment. Islands and
channel bars formation is conditioned by the dis-
charge and load. The numerical evolution of these
forms is closely related with the general conditions
for channel development. The number of deposition-
al landforms in the watercourse doubled from 1920 to
1981 (Table 2) due to great floods events: 1924, 1927,
1932, 1940, 1942, 1970, and 1975 (Timofte, 2019). The
mining activity and the sand and gravel extraction
directly from the channel determined an accelerated
linear and lateral erosion, which led to a regression of
mid-channel bars and islands as well.

Obvious differences can be distinguished when
the surface of islands is examined. A double num-

Figure 9. The width channel variation between 1952 and 2019

Table 2. The number and surface of mid-channel bars in the last century

Analyzed | Number of mid- Total Max. Mean Min.
year channel bar surface (m?) | surface (m?) | surface (m?) | surface (m?)
1920 M 607837 176319 55257 4373
1952 13 536150 135554 41242 6828
1981 24 805626 184284 33567 251
2005 18 233246 72459 12958 430
2013 17 208888 70509 12287 278
2019 13 164147 77592 12626 669
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ber of forms does not mean a double surface of them.
In the first part of 20t? century, the islands and mid-
channel bars had large surfaces (especially the small

Discussion

ones) while in the last 50-70 years the surface de-
creased, because some islands were attached to the
banks.

The lowland Mures (which overlaps the alluvial fan)
can be analyzed at different scales with multiple eval-
uation possibilities. The first scale is the entire section
of the river, the second could be only the Romanian
(or Hungarian) territory crossed by the river, the third
scale is represented by the sections with accentuated
dynamics and the fourth is the scale for morpholog-
ical sectors imposed by the configuration of the riv-
er channel.

The Mures channel in the study area can be divid-
ed in 3 morphological sectors according to planform
configuration (Timofte et al.,, 2016). The first sector,
Lipova-Paulis, 16.6 km length, has three meanders,
the second, Paulis-Fantanele, 22.1 km length, has sev-
en meanders and the last one is Fantanele-Arad sec-
tor with 7.7 km has two meanders. Likewise, the slope
values are quite different for each morphological sec-
tor: 0.39 m/km for the first, 0.47 m/km for the second
and 0.41 m/km for the third (Timofte et al., 2016). Di-
viding the section into morphological sectors is im-
portant for quantifying the local shiftings.

The second meander from the Paulis-Fant4nele sec-
tion is the most interesting meander in terms of evolu-
tion (the central bend in the Fig 10). The first flow path
followed by the river (before incision) was the south
direction. With a straight channel, the flow direction
changed to the north, until the floods from 70s, when
the huge discharge favored the meander chute cutoffs.
From that moment, the old path to the south was reac-
tivated. The meander shape was extracted for the ear-
liest periods not only from cartographic sources, but
from the prints on the ortophotos. Total amplitude of

the meander was 3015 meters in the last three centu-
ries.

Paulis-Fantanele seems to be the most dynamic
sector in the entire study area. This fact is due to the
intensive mining activity. In the last decades at least
15 sand and gravel pits was located in this area, mostly
the alluvium being extracted directly from the chan-
nel (Timofte et al., 2016). In this way is very hard for
the river to reach the state of dynamic equilibrium. In
that manner the variation in length will be unexpect-
ed, even if the river tendency is to permanently in-
creasing its length.

The water velocity modifies the riverbed parameters.
In-channel deposits are a good indicator for the chang-
es that occur in flow regime. The area and the form of
the mid channel bars/islands are not so dependent on
each other (Fig. 11), because the most developed forms
are not the most elongated. For the maximum and
minimum surface and elongation, the value of regres-
sion coefficient is around 0.12. Local conditions like the
presence of water currents in the channel is important
for the genesis and evolution of these bars/islands. That
fact will affect the width of the channel.

The flow regime depends on climatic conditions
that will influence the geomorphological processes in
the future. According to Sipos et al., 2014, some cli-
matic predictions for the Mures catchment area show
that the temperature will increase in the spring season
that means a suddenly melting of snow. The precipita-
tion amount will also increase in the next 30 years and
the discharge will be directly influenced. The flood risk
will increase, that will accentuate the erosion processes.

Figure 10. The meander near Sambateni in two periods: 1719-1920 (A) and 1952-2019 (B)
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Figure 11. The regression between the mean surfaces of the mid channel bars/islands and mean elongation index

Conclusions

Connected to the manner of sociogeomorphology ap-
proach, the scale parameter is very important in land-
forms analysis. We chose to focus on e regional scale
for the first sector of Mures lowland section (Lipo-
va-Arad) and the obtained results are quite different.
Taking into account the specificity of the contempo-
rary tectono-geological and general geomorphologi-
cal landscape evolution, in relation to the other pre-
vious studies, we increased the temporal scale and
reduced the spatial one.

Analyzing some channel parameters of Mures Riv-
er in a sector of lowland section, we can say without
any hesitation that the Mures River evolved in accord-
ance with anthropic pressure (regulations, mining ac-
tivity). The geotechnical works modified the planform
parameters of the channel: the length have shortened
by % whilst the slope increased, accelerating the ero-
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