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Abstract: The study attempts to monitor geomorphological changes (e.g., erosion/deposition) with
innovative tools at a typical Mediterranean torrent. The torrent’s geomorphological conditions
are studied for an entire affected stream reach. The investigation utilizes two different environ-
ments/point views: (a) traditional terrestrial and (b) innovative aerial. The traditional methods
include erosion pins at streambanks and field cross-section measurements of the stream channel. For
the innovative methods, utilizing an unmanned aerial vehicle, in order to monitor the geomorpho-
logic changes in the entire reach during different days over the last 3 years (2020–2022), there was
a total of six flights. The results from innovative methods showcase the episodic nature of stream
channel changes since erosion and deposition were captured during the different monitoring periods.
Even during one flight in one cross-section, the stream bed and two banks in many cases experienced
different changes. The significant erosion and deposition recorded showcase the disequilibrium in
the torrent. In addition, the impact of the anthropogenic structure (Irish bridge) is evident, since
upstream, more substantial deposition was recorded compared to downstream. The similarity of
the results between the innovative method and the traditional methods indicates the method’s ef-
fectiveness and the potential usefulness in using UAV images for stream bank and bed monitoring.
One of the biggest advantages is the ability to monitor the entire reach at substantially lower costs
and time compared to the traditional methods. Still, more testing needs to be conducted in different
stream and river environments to better refine the method in order to be adopted by land and water
managers to be used for stream and river monitoring.

Keywords: cross-section survey; fluvio-geomorphologic channel changes; sediment deposition and
erosion; stream bank monitoring; stream bed alterations; UAV; UAS; torrents

1. Introduction

Torrents, typically having ephemeral and intermittent flow, are categorized as low
order and are the dominant flowing water body type in semi-arid regions in Europe [1].
The low-order Mediterranean torrents that flow directly into the sea represent about 26% of
the total while their area coverage in Greece is even higher, reaching 42.5% of the country’s
territory [2]. This percentage increases significantly if we consider the torrents that are
tributaries of larger streams or rivers that also end up in the sea.

Stream bank and bed erosion/deposition are major dynamic fluvio-geomorphologic
processes. Altering the dynamic equilibrium and base level of the stream or torrent induces
changes in the bed and banks, typically causing significant degradation of the riverine
ecosystems [3]. In Greece, where the Mediterranean climate prevails, the heavy rainfalls,
especially during the wet season, often cause severe flooding and torrential phenomena [4,5].
Even small flood events can have a significant impact on agricultural and urban activities,
in urban and natural environments [6,7]. The changes in the stream bed and banks and the
sediment transport capacity (volume of transported materials) are of major importance, as
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they can change the flow path of the channel and cause significant damage to the adjacent
infrastructure. In the Mediterranean region, the flash floods are very common [8]. The flash
floods are among the most dangerous natural disasters, as they cause rapid flow of water
in rivers and streams and cover their surrounding flood zones with water, sediment and
debris [9]. The flash floods can transport substantial amounts of sediment, rock and woody
vegetation or even entire trees, causing serious problems to human infrastructure [10]. In
addition, the sediment yield originating from the erosional and depositional processes along
the stream banks play important roles in the non-point source pollution concentration levels
of the water resources [11]. The suspended sediment can carry and absorb other pollutants
(especially heavy metals, e.g., Cr, Cd, Hg, Cu, Fe, Zn, Pb, As) in the flowing waters of
torrents, streams and rivers and deposit them onto the stream bed and banks or on other
final recipients (e.g., lake or sea) [12]. Excessive erosion rates, as a consequence of urban and
agricultural expansion, deforestation and wildfires, can intensify the sediments’ volumes
(increase sediment transport capacity) even in the normally clean-water environments [13].
This can result in increased water pollution, produce negative effects on the fish and
even humans through the food chain and degrade the environmental status of the water
resource and the adjacent areas [14]. Land use is an influential factor in river sediment
pollution [15]. For the above reasons, studying, monitoring and understanding fluvio-
geomorphologic processes is a priority, particularly in drylands and semi-arid regions, such
as the Mediterranean [16].

To improve the understanding and monitoring of flash floods in torrents and the
process of erosion and deposition, several methodologies have been developed and im-
plemented worldwide [17]. One of the most commonly and widely used methods is the
Universal Soil Loss Equation (USLE), a soil erosion model that predicts the rate of soil loss
based on rainfall, soil type, slope, cropping systems, land cover and control practices [18].
Another method is the Gavrilovic equation, also known as the Erosion Potential Model
(EPM), which is an empirical and semi-quantitative method to estimate the amount of
sediment transport and erosion intensity [19,20]. The EPM has been extensively applied,
since 1968 in Balkan countries, while currently, it is also being applied worldwide [21].
Traditional field methods can be complimentary and help validate the previously men-
tioned models. The most frequent practices include the placement of erosion pins in the
stream banks and stream cross-sections (CSs), which are the cheapest methods among the
field methods but are highly demanding in regard to time and personnel effort [22,23].
Other methods for recording and indicating geomorphological changes include traditional
runoff graphs [24], data acquisition systems with telemetry logger, ultrasonic signal ero-
sion tools [25,26], recordings and comparisons with cameras [27], ground terrain scanners
and topographic studies using a total station [28] as well as remote sensing tools using
unmanned aerial vehicles (UAVs) [29]. UAV applications have grown rapidly over the
past decade and their utilization is accelerating for disaster management, such as floods,
erosion, earthquakes/landslides and wildfires [30–32]. The UAV products (e.g., 3D models
and orthophoto maps) can be applied to study and monitor the natural disasters and, thus,
are becoming a necessity for all studies, which are related to damage identification by aerial
monitoring [33].

There is still a scientific need to better understand the temporal and spatial characteris-
tics of fluvio-geomorphological processes. The methodology’s measurement time interval
is one of the most critical elements [34]. Remote sensing, extensively utilizing satellite and
UAV images, has become an important tool for fluvial geomorphology monitoring [35,36].
The costs of images acquisition, the weather conditions and the vegetation cover of the
studied area are limitations that must be considered when using these tools [37,38]. Cap-
turing images of the torrent channel at different periods with successive UAV flights allows
one to identify changes along the channel banks and bed and, in many cases, can lead to
the quantitative determination of the sediment deposited or eroded in the bank and/or
channel [39]. The main advantages of utilizing UAVs are the reduced time and cost and the
enhanced data acquisition and image resolution, compared to terrestrial photogrammetry
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and satellite remote sensing systems [40]. The main concerns of UAVs are not being able to
fly under extreme weather conditions (e.g., high-wind conditions) and the battery flight
time limitation [41]. Still, the ability to fly after major fluvio-geomorphologic events (e.g.,
floods) provides images at the needed temporal and spatial scale that showcase the impacts
of these events.

Utilizing UAVs is becoming an accepted methodology to capture the characteristics of
an area of interest and create detailed orthophotos [42]. It is also combined and compared
to other fluvio-geomorphologic survey tools, such as repeated sampling, including erosion
pins [43] or photo-electric erosion pins to monitor the stream bank changes [44] or by
performing GNSS topographic surveys or helicopter-based full-waveform LiDAR [45].
Studies have also investigated the strengths and weaknesses of direct sediment observations
of river-channel morphology, while analyzing the uncertainty in sediment volume estimates
by comparing digital surface models (DSMs) between flood events [46–48]. Monitoring
DSM differences to quantify the elevation change rates at the ground surface, which
comprise erosion, accretion and sedimentation, has been implemented. The limitation
of this technique is the presence of vegetation presence in the datasets, although there
are efforts that develop algorithms able to estimate the elevation height underneath the
vegetation canopy [49]. These datasets proved to be capable of providing high resolution
to quantify intra- and multiannual sediment changes and riverbed patterns [50]. Recently,
UAVs have been applied in ungauged gullies and torrents to capture the debris flow
and monitor erosion and deposition events [51–53]. In addition, UAV-based surveys
performed to support restoration activities and propose the design of effective measures to
mitigate severe effects [54]. Finally, De Haas et al. studied the spatio-temporal patterns of
erosion and deposition in debris-flow torrents and showcased that they are highly variable
and dynamic while the check dams strongly control the spatial patterns of erosion and
deposition and can provide key guidelines for flow volume forecasting [55].

This specific study focuses on the application of modern methods (from an aerial point
of view) to capture, map and provide quantitative measures of fluvio-geomorphological
changes in the Kallifitos torrent in the area of Drama, Greece. In addition, the modern
methods are compared to traditional methods (from a terrestrial point of view) to validate
the results. The proposed methodology can be a reliable tool for responsible authorities,
to monitor fluvio-geomorphologic changes in torrents and help in targeted mitigation
efforts to be applied to the most dominant type of watercourse in the Mediterranean region.
Torrent flash flooding in the Mediterranean, as a result of the acceleration of the hydrologic
cycle due to climate change and the expansion of urban areas in the floodplains, is one of
the main disasters of concern, especially in urban settings [7].

2. Materials and Methods
2.1. Case Study: Kallifitos Torrent, Greece

The case study is a reach of Kallifitos torrent at the suburbs of Drama City in Greece
(Figure 1). The watershed area of the torrent is 115 km2. It is a typical intermittent
Greek torrent that has flash flood risk potential after heavy rainfalls [56]. The flow can
change in hours from no flow to a flow with great rapidity, carrying large amounts of
water, sediments and debris [57]. Its headwaters start at Falakro Mountain, continuing
its flow nearby the Kallifitos Village while it crosses through chutes under the city of
Drama and finally discharges to Agia Barbara Stream, a tributary of Aggitis River [58].
The Aggitis River Basin is surrounded by different mountains. Specifically, to the west
by the Menoikio Mountain, to the east by the Falakro Mountain to the southeast by the
Ori Lekanis Mountain and to the southwest by the Paggeo Mountain [59]. The central
section of Aggitis River Basin is cultivated for cereals such as wheat and barley and as you
move further downstream with maize and cotton. The lowlands of the studied torrent are
varied in bed width, channel slope, bank heights and slopes, with a meandering pattern
and several anthropogenic interventions as it flows through the city of Drama. The location
of the specific studied reach is at the east entrance of Drama City where there is also an
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Irish bridge (length: 45 m and width: 8 m) with 30 culverts of concrete pipes (diameter:
0.80 m and width: 8 m) [60,61]. The studied torrent reach is of high importance due to
its proximity to Drama City, the fact that it causes frequent flooding and damages the
road network and the Irish bridge and disrupts the city’s transportation. The torrent has
a diversity of fluvio-geomorphologic changes in its channel and bed shape with large
amounts of sediment transported, deposited and eroded during and after heavy rainfalls.
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Figure 1. The Aggitis River Basin (red line), the stream network (blue lines) and the location of the
study reach of Kallifitos torrent (in yellow triangle) situated in Northern Greece.

2.2. The Field Surveys: Cross-Sections and Erosion Pins

Two field methods were utilized: (a) cross-section survey (CS) [62] and (b) erosion
pins [63]. Both methods were used to validate the results from the analysis of the UAV’s
images. Eight cross-sections of the torrent were recorded in order to compare the dimension
and any change among different events (Figure 2). Four of the CSs (1–4) were upstream
from the Irish bridge and the other four (CS5–8) downstream to assess the potential impacts
of the anthropogenic structure. The GPS/GNSS (Global Position System/Global Navigation
Satellite System) RUIDE PULSAR R6P (Guangzhou, China) was selected to record the real
coordinates (in WGS 84) of the eight cross-sections. Surveying channel cross-sections is a
standard method to analyze and measure changes in stream channel geometry, such as
stream bank and bed erosion and depositions [64].

The erosion pin method (Figure 3) was selected due to its practicability for short
time-scale investigations and its results have high accuracy (up to 5 mm) [65]. The length of
the pins was 80 cm, because erosion rates of up to 50 cm per erosion event were witnessed
in similar-sized streams [66]. A pin diameter of 1 cm was selected because it was small
enough to cause minimum disturbance to the banks but large enough to not bend under
most high-discharge events [67]. A total of three erosion pins was installed. One of the
plots was within the area captured by the drone flights while the others were upstream.
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Figure 2. The eight cross-sections (red lines) and three erosion pins plots (blue dots) as located on
studied reach of Kallifitos torrent, Drama, Greece. Between cross-sections 4 and 5 is an Irish bridge.
The light color area indicates the area that was captured by the drone during the six flights.
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Each erosion pin plot included two horizontal rows of five pins each (Figure 4) installed
on bare banks. Pins within these rows were placed 1 m apart for a total length of 4 m. To
consistently place the pins in similar bank positions among the streambanks, the horizontal
rows were placed at 1/3 and 2/3 of the height of the bank. The Kallifitos torrent has three
erosion pin plots, specifically A: X:514557,150 Y:4554900,600, B: X:515011,382 Y: 4555136,200
and C: X:514334.900 Y:4554791.400 (see Table 1) in three different locations of the torrent
(Figure 2). The specific reach (captured by the drone) includes only one pin, plot C.
The measurement period is during the last winter (specifically the pins were installed in
November 2021 and measured in March 2022 and June 2022).

Table 1. The results of the erosion pin methodology measured at 2 different periods.

First Period (November 2021–March 2022)

Pin’s Placement Pin# Erosion Pin Plots (cm)

Bottom (1/3) A B C
1 4 34 >50

1/3 2 1 40 >50
3 4 >50 >50
4 −7 >50 >50
5 4 >50 >50
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Table 1. Cont.

Top (2/3) A B C
1 7 32 >50

2/3 2 10 50 >50
3 10 47 >50
4 7 >50 >50
5 1 >50 >50

Second period (March 2022–June 2022)

Bottom (1/3) A B C
1 0 0 −4

1/3 2 0 0 −2
3 0 0 −9
4 0 0 −23
5 2 0 0

Top (2/3) A B C
1 0 0 6

2/3 2 0 0 5
3 1 0 0
4 0 0 0
5 2 0 −4
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Figure 4. (a) A representative stream bank of the Kallifitos torrent with the upper erosion pins (2/3)
in the yellow line and the lower erosion pins in the red line; (b) a representative stream bank of the
Kallifitos torrent with erosion pins (red circles) installed at the upper part (2/3) while the lower part
(1/3) was covered by soil deposition.

2.3. The Airborne Survey

A DJI Mavic 2 Pro was used to perform the airborne survey of the studied reach
(Figure 2). Monitoring of Kallifitos torrent included flights through the year to capture the
conditions before and after rainfall events or anthropogenic work (e.g., sand extraction
by heavy-vehicle excavators). Specifically, six different flight missions were conducted to
compare the outputs and monitor the fluvio-geomorphologic changes: (a) 24 September
2020 (Flight 1), (b) 5 January 2021 (Flight 2), (c) 11 January 2021 (Flight 3), (d) 18 March
2021 (Flight 4), (e) 18 June 2022 (Flight 5) and (f) 24 August 2022 (Flight 6). The particular
drone that was used is a powerful quadcopter with a flight range of 31 min, weighting
734 gr and can be interfolded for easy transportation [68,69]. The RGB camera on the UAV
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is a 1′ CMOS (complementary metal oxide semiconductor) sensor with a resolution of
20 megapixels [70]. The drone-attached GPS system used is GPS/GLONASS (Geographic
Position System/ Global Navigation Satellite System). The maximum operating range
of the drone is 10 km, but this depends on the GPS signal, the weather conditions and
the life of the battery. The Advanced Pilot Assistance System (APAS) technology helps
to avoid obstacles in front or behind, while at the bottom it has an auxiliary light that
keeps the sensors functional even in low-light conditions [71]. The UAV flights were
conducted at 50 m height to capture detailed pictures of the torrent, commonly used
for such monitoring [72]. The pictures were processed in the Pix4D software (Pix4D SA,
Prilly, Switzerland) to produce the orthomosaics and digital surface models (DSMs) of
the study reach. Pix4D is capable of combining and merging images based on common
points, a characteristic methodology for photogrammetric applications [73]. Pix4D has
a set of tools, including Pix4Dcapture as a mobile application to define and execute the
flight plan and Pix4Dmapper that can be utilized to edit the captured data and create
photogrammetric products [74]. The Pix4Dcapture is a mobile application that enables
autonomous flight missions (grid, double grid, polygon, circular, free flight) and provides
an estimated flight time that is calculated based on the defined mission parameters [75].
The Pix4Dmapper generates the point cloud, the mesh model, the texture, the orthomosaic,
the 3D model (if images are captured from different angles) and the DSM. One of the
Pix4D advantages, in comparison to other software, is the report feature and processing
log which provide the processing results [76]. The software is widely known with vast
photogrammetric applications and good documentation that also exports a report on the
DSM and mosaic [77]. The UAV-based photogrammetry is able to produce highly accurate
results due to Structure-from-Motion (SfM) and Scale-Invariant Feature Transformation
(SIFT) algorithms [78]. The SfM algorithm is a user-friendly and low-cost alternative to
traditional terrestrial techniques [79]. The SIFT algorithm and its variants provide invariant
image transformation, rotation and scaling and good robustness to light changes, noise
and affine transformation [80]. The photogrammetric process based on the UAV mission is
depicted in Figure 5. The produced orthomosaics are visualized in Figure 6 while the DSMs
based on the six different UAV flights are shown in Figure 7 (elevation height is above mean
sea level). The Geomorphic Change Detection (GCD—available in ArcGIS toolbox) which
is the Riverscapes Consortium’s longest running, best developed software with the largest
user database worldwide [81] was used to compare elevation changes at the streambed. The
GCD software was initially developed to detect topographic changes in rivers, but it can also
work for simple change detection by comparing canopy records of any two surfaces [82].
Volumetric change (digital elevation model of differences—DoD) is calculated from the
difference in the surface elevations from the digital surface models (DSMs) derived from
the repeated topographic surveys [83]. In order to eliminate the vegetation interference,
a mask was used to exclude the riparian vegetation as much as possible and to study the
exact same area, as each DSM covered a different area in dimensions.



Hydrology 2022, 9, 184 8 of 23

Hydrology 2022, 9, x FOR PEER REVIEW 8 of 24 
 

 

mask was used to exclude the riparian vegetation as much as possible and to study the 

exact same area, as each DSM covered a different area in dimensions. 

 

Figure 5. The typical steps followed for UAV-based photogrammetric studies. 

  

(a) (b) 

Figure 5. The typical steps followed for UAV-based photogrammetric studies.

Hydrology 2022, 9, x FOR PEER REVIEW 8 of 24 
 

 

mask was used to exclude the riparian vegetation as much as possible and to study the 

exact same area, as each DSM covered a different area in dimensions. 

 

Figure 5. The typical steps followed for UAV-based photogrammetric studies. 

  

(a) (b) 

Figure 6. Cont.



Hydrology 2022, 9, 184 9 of 23Hydrology 2022, 9, x FOR PEER REVIEW 9 of 24 
 

 

  

(c) (d) 

  

(e) (f) 

Figure 6. The produced orthomosaic for each UAV flight: (a) 24 September 2020, (b) 5 January 2021, 

(c) 11 January 2021, (d) 18 March 2021, (e) 18 June 2022 and (f) 24 August 2022. In addition, the field 

cross-section survey based on the GPS/GNSS is also depicted in each orthomosaic. 

  

(a) (b) 

Figure 6. The produced orthomosaic for each UAV flight: (a) 24 September 2020, (b) 5 January 2021,
(c) 11 January 2021, (d) 18 March 2021, (e) 18 June 2022 and (f) 24 August 2022. In addition, the field
cross-section survey based on the GPS/GNSS is also depicted in each orthomosaic.

Hydrology 2022, 9, x FOR PEER REVIEW 9 of 24 

(c) (d) 

(e) (f)

Figure 6. The produced orthomosaic for each UAV flight: (a) 24 September 2020, (b) 5 January 2021, 

(c) 11 January 2021, (d) 18 March 2021, (e) 18 June 2022 and (f) 24 August 2022. In addition, the field

cross-section survey based on the GPS/GNSS is also depicted in each orthomosaic. 

(a) (b) 

Figure 7. Cont.



Hydrology 2022, 9, 184 10 of 23Hydrology 2022, 9, x FOR PEER REVIEW 10 of 24 
 

 

  

(c) (d) 

  

(e) (f) 

Figure 7. The produced DSMs for each UAV flight: (a) 24 September 2020, (b) 5 January 2021, (c) 11 

January 2021, (d) 18 March 2021, (e) 18 June 2022 and (f) 24 August 2022. In addition, the field cross-

section survey based on the GPS/GNSS is also depicted in each DSM. 

3. Results 

3.1. Erosion Pin Plots Comparison 

In pin plot “A” (Table 1), during the first period of measurements (February–March 

2022), the results showcased that the bottom part of the stream bank (1/3) in four points 

had limited erosion, ranging from 1 to 7 cm. One of the pins had a negative reading, mean-

ing material deposition that reached 7cm. On the upper part of the streambank (2/3), the 

maximum erosion was 10 cm. In pin plot “B” (Table 1), on the bottom part, four of the five 

pins recorded erosion greater than 40 cm. On the upper part, three of the five pins also 

had erosion greater than 50 cm. In pin plot “C” (Table 1), on both the bottom-part and the 

upper-part pins, the erosion was substantially higher (greater than 50 cm) than the other 

two erosion pin plots. The three erosion pin plots showcased the high spatial variability 

in streambank erosion, even within one plot and among plots. 

In the second period of measurements (June 2022), small changes were recorded be-

cause of the low stream flows and absence of rainfall events. In pin plot “A” (Table 1), on 

the bottom part of the stream bank (1/3) in four of the five, no erosion was recorded. On 

the upper part of the stream bank (2/3), the erosion was very limited, ranging from 1 to 2 

cm. In pin plot “B” (Table 1), on the bottom part and on the upper part, erosion was not 

recorded at any of the pins. In pin plot “C” (Table 1), on the bottom part, four of the five 

pins had deposition that ranged from 2 to 23 cm. On the upper part, the maximum erosion 

was recorded as 6 cm. 

3.2. Cross-Section Comparison 

The eight cross-sections (see Figure 2), produced based on the field measurement 

(using the GPS), were compared with those produced from the drone images flown in the 

six different periods along the study’s stream reach. In this comparison, the left bank is 

the north bank and the right bank is the on south (see Figure 2). Firstly, the GPS cross-

Figure 7. The produced DSMs for each UAV flight: (a) 24 September 2020, (b) 5 January 2021, (c) 11
January 2021, (d) 18 March 2021, (e) 18 June 2022 and (f) 24 August 2022. In addition, the field
cross-section survey based on the GPS/GNSS is also depicted in each DSM.

3. Results
3.1. Erosion Pin Plots Comparison

In pin plot “A” (Table 1), during the first period of measurements (February–March
2022), the results showcased that the bottom part of the stream bank (1/3) in four points
had limited erosion, ranging from 1 to 7 cm. One of the pins had a negative reading,
meaning material deposition that reached 7cm. On the upper part of the streambank (2/3),
the maximum erosion was 10 cm. In pin plot “B” (Table 1), on the bottom part, four of the
five pins recorded erosion greater than 40 cm. On the upper part, three of the five pins also
had erosion greater than 50 cm. In pin plot “C” (Table 1), on both the bottom-part and the
upper-part pins, the erosion was substantially higher (greater than 50 cm) than the other
two erosion pin plots. The three erosion pin plots showcased the high spatial variability in
streambank erosion, even within one plot and among plots.

In the second period of measurements (June 2022), small changes were recorded
because of the low stream flows and absence of rainfall events. In pin plot “A” (Table 1), on
the bottom part of the stream bank (1/3) in four of the five, no erosion was recorded. On
the upper part of the stream bank (2/3), the erosion was very limited, ranging from 1 to
2 cm. In pin plot “B” (Table 1), on the bottom part and on the upper part, erosion was not
recorded at any of the pins. In pin plot “C” (Table 1), on the bottom part, four of the five
pins had deposition that ranged from 2 to 23 cm. On the upper part, the maximum erosion
was recorded as 6 cm.

3.2. Cross-Section Comparison

The eight cross-sections (see Figure 2), produced based on the field measurement
(using the GPS), were compared with those produced from the drone images flown in the
six different periods along the study’s stream reach. In this comparison, the left bank is the
north bank and the right bank is the on south (see Figure 2). Firstly, the GPS cross-section
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was compared to the cross-section produced by Flight 6 that took place on the same day as
the GPS measurements. The GPS lines are blue and the drone lines are purple (Figure 8).
Comparison of all eight cross-sections showed an almost identical match along the stream
bed but there were small deviations on the left and right banks as a result of the presence
of the riparian vegetation (Figure 8).
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Figure 8 also includes the drone cross-section produced from the five other flights:
(a) Flight 1 (red line), (b) Flight 2 (orange line), (c) Flight 3 (yellow line), (d) Flight 4 (light
green line) and (e) Flight 5 (green line). Following is a comparison of all six flights together.
When comparing the cross-sections, starting from CS1, we can identify the almost identical
match on the stream bed and on the right bank. However, on the left bank, we can see
slight deviation in the slopes. That should be expected since there is a lot of tall and dense
vegetation that induces those errors on the DSM products (Figure 8a). For CS2, there was a
small deviation again on the left slope because of the vegetation’s presence. In the stream
bed, there is a small fluctuation in the elevation’s values between the different flights. This
is a result of depositional events at this cross-section (Flights 3–5). These deposits were
collected by the municipality’s excavators (Flight 1) (Figure 8b,c). There is a match at
approximately 90% of the different flights at the CS3 (Figure 8c). An increase is observed in
the bed elevation between the bed width distance 10 to 17 m (Flights 5,6) due to deposition
and the water moving around the island developed in the middle of the stream bed due
to the excessive deposition. At CS4 (Figure 8d), the GPS and the three flights (Flights
3,5,6) have the same elevation. Flights 2 and 4 (red and yellow line) are 70 cm lower than
the previous cross-section due to the municipality’s excavator works, which removed the
deposited material. This removal is a significant disturbance to the riverine ecosystem but
is a necessity because, otherwise, even small-scale floods can overflow the Irish bridge and
cause traffic jam problems. At CS5 and CS6 (Figures 8e and 8f, respectively), the elevation
and slopes are the same at approximately 95% of the produced cross-sections. In cross-
section CS7 (Figure 8g), in the middle section of the stream bed, the elevation of the drone
images increases approximately by 1 m and that is because of the riparian vegetation found
in the area. This vegetation appeared taller and denser during the growing season. The
right bank also shows steeper slopes due to the vegetation. Finally, for the last cross-section,
CS8 (Figure 8h), a few small changes were detected only on the right bank, again because
of the density and height of the vegetation.

In the following paragraphs, comparisons of successive pairs of flights for each cross-
section are described. In these comparisons, when the slope profile distance from the stream
centerline increased, we considered erosion occurring (from this point on, mentioned as
“increased”). In contrast, when the slope profile distance decreased from the stream
centerline (from this point on, mentioned as “decreased”), we considered deposition
occurring. In regard to the stream bed, when it is elevated, it indicates deposition, while
when it is lowered, it indicates degradation (erosion).

Specifically, when comparing Flight 1 and 2 at CS1, there were no change on the bed
and the banks. At CS2 and CS3, there was an increase on the stream bed elevation while
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the distance of both banks decreased, indicating material deposition. The slopes at both
banks were the same at CS4, while the stream bed was elevated. In CS5, both bank slopes
increased their distance while the bed elevation was lower, probably because of the erosion.
At CS6, the slope profile was the same. The elevation on the stream bed was higher and, at
the right bank, the slope distance decreased, probably due to deposition. At CS7, we have
no change on the slopes of both banks but we noticed both deposition and erosion along
the stream bed at different locations (elevation both increased and decreased). Finally, in
CS8, erosion was most likely recorded since the slope distance increased and the elevation
of the stream bed decreased.

At CS1, when comparing Flights 2 and 3, it is most likely that we had deposition since
the stream bed was elevated and the bank distances were decreased. CS2 had a different
pattern, with the slope profile distance increasing on the left bank (probably due to erosion),
while the stream bed was elevated (probably due to deposition) and on the right bank,
the slope profiles were similar. The left bank of CS3 had similar slope profiles, while the
stream bed probably had deposition (was elevated) and the right bank had erosion since
its distance increased. Both bank slope profiles at CS4 increased their distance from the
stream centerline (erosion events) while the stream bed was elevated (deposition events).
At CS5 and CS6, the bed elevation and bank slope profiles remained the same. The slope
distance decreased from the stream centerline on the right bank and the stream bed was
elevated (due to deposited material). Finally, at CS8, the stream bed (elevated) and left bank
(increased distance) probably experienced erosion, while the right bank had deposition
(slope profile distance decreased).

For Flights 3 and 4, at CS1, the left bank distance was increased while the stream bed
was elevated and the right bank decreased. Both banks remained the same at CS2, while
the stream bed seemed to be degraded (lowered elevation). At CS3 and CS4, only the left
bank changed, although for part of the slope profile, the distance increased (eroded), while
for another part of the profile, the distance decreased (aggraded). In the stream bed, we
observed an elevation decrease, probably because of erosion. The stream bed seems to be
elevated while for the right bank slope profile, the distance decreased, probably due to
the deposition. CS5 was the most consistent, with banks and beds probably experiencing
erosion (bed with lower elevation and both banks with increased distances). At CS6 and
CS7, only the stream bed lowered (erosion). Finally, at CS8, both phenomena were identified
as the left bank slope profile distance decreased (deposition) while the right bank distance
increased (erosion) and at the stream bed, a lower elevation was recorded (degradation).

Moving on to the comparison between Flights 4 and 5, only the left bank changed
at CS1, with slope profile distance decreasing, indicating deposition. In contrast, at CS2
and CS3, the left banks, the slope profile distance increased, indicating erosion. This was
verified, as the erosion pins in plot C that were installed in exactly the same location as
CS3 on the left bank and measured a similar period with flights 4 and 5. The results of
the pins in plot C can be seen in Table 1, with most pins recording erosion greater than
50 cm, validating the results of the left bank at CS3. At CS4, both banks increased their
distance (erosion) while the stream bed was elevated (deposition). The stream bed at CS5
was also elevated while the banks had opposite trends; the left bank slope profile distance
increased and the right one decreased its distance. Deposition only on the stream bed was
also present at CS6, CS7 and CS8, since they were elevated. Finally, at CS8, the left bank
changed with slope profile, decreasing its distance (deposition).

During the period between Flights 5 and 6, only the left bank changed at CS1 and CS2,
with the slope profile distance decreasing (deposition). At CS3, the left bank also changed
with the slope distance increasing (probably eroded), while the bed elevation increased
(deposition). The stream bed elevation at CS4 decreased (erosion), while the right bank
decreased distance (deposition). In contrast, downstream at CS5, we noticed deposition at
the bed (elevated), while the two banks had opposite trends, with the left bank experiencing
deposition (decreased distance) and the right one erosion (increased distance). Both stream
beds at CS6 and CS7 were elevated. In addition, in CS7, for both bank slope profiles, the
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distance decreased. Finally, at CS8, the stream bed appeared degraded (decreased elevation)
and the right bank increased distance but the left one remained the same.

3.3. DSM Comparison

The GCD tool enabled us to compare the different DSMs created by the drone flights
(Figure 9). More specifically a ten-level scale ranging from <−1 to >1 was developed. For
the positive value scale, the categories were: (a) >0–0.10 low deposition, (b) 0.11–0.20 mod-
erate deposition, (c) 0.21–0.50 high deposition, (d) 0.51–1 very high deposition and (e) >1
severe deposition. For the negative values, the categories were (f) 0–(−0.10) low erosion,
(g) (−0.11)–(−0.20) moderate erosion (h) (−0.21)–(−0.50) high erosion, (i) (−0.51)–(−1) very
high erosion and <−1 severe erosion. In Figure 9a, when comparing the DoD from Flights 1 and
2, it is evident that upstream from the bridge, we have a deposition ranging from 50 cm to 1 m
in the center of the stream bed. For the period between Flights 2 and 3, upstream had erosion on
the left and right bank, ranging from 20 to 50 cm, and deposition at some points along the stream
bed, ranging from 20 to 100 cm (Figure 9b). Increased deposition at the upstream section of the
torrent from the bridge with moderate erosion downstream was also found when comparing
the DoDs of Flights 3 and 4 (Figure 9c). Severe deposition upstream and downstream on the
stream bed was found for the DoD based on Flights 4 and 5, especially near to the north bank
of the torrent. The results of the DoD also match the results from the pins that were installed
upstream (see Figure 2). Specifically, erosion pin plot C recorded erosion greater than 50 cm (see
Table 1) and in Figure 9d, on the north bank, where the pins are placed, the erosion captured
is 0.51–1.00 (gray color) or greater than 1.00 m (white color). In Figure 9e (Flights 5 and 6), the
upstream reach has high erosion while the downstream has high deposition, especially near to
the north bank. Comparing Flight 6 (the last) with Flight 1 (the first) (see Figure 9f) showcases
severe deposition on the upstream and some deposition immediately downstream from the
bridge but further downstream, it has erosion. Finally, when comparing the DoD from Flight 6
with the DoDs from other Flights (2–4), the same trend is present with high deposition upstream,
especially near to the north slope and moderate erosion in the middle section of the stream bed.
Downstream, there is severe deposition in the middle section of the stream bed and to the north
bank and high deposition from the south bank to the middle section of the stream bed. The
results from the DoDs seem to be highly validated in comparison to the field measurements
(erosion pins and cross-sections) during the examined periods. The torrential character of
Kallifitos reach is depicted in Figure 10, with different events of sand extraction (Figure 10a,b,h)
deposition (sediment and other material) (Figure 10c,d,g) and flooding (Figure 10e,f). The
extraction from the streambed was performed using heavy vehicles (trucks and excavators) to
remove the debris, which fills the culverts of concrete pipes under the bridge (Figure 10g,h).
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Figure 9. The produced DoDs extracted when comparing the DSMs for different flights: (a) 2–5
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Figure 10. The Kallifitos torrent: (a) a field of view from the bed of the excavated material on 13
October 2020, (b) a field of view from the bed of the excavated material on 2 June 2022 (tire tracks are
also visible), (c) a field of view from the bed of the deposition material on 8 February 2021, (d) a field
of view from the bed of the deposition material on 5 November 2020, (e) a field of view from the road
of the flooded area on 16 October 2021, (f) a field of view from the right bank of the flooded area on
12 January 2021 (the metal railings were destroyed), (g) a field of view from the bed of the deposition
material at the bridge’s culverts on 24 August 2022 downstream from bridge (h) a field of view from
the bed of the deposition material at the bridge’s culverts on 24 August 2022 upstream from bridge.

4. Discussion

When comparing the eight CSs and the DoDs from flight to flight, many changes
were recorded along the stream banks and bed. In addition, in the comparisons among
the flights, different trends were recoded, even in the same periods from CS to CS, for
example, some having erosion and others deposition. Differences were also recorded for
the same CS (C.S.2 Figure 7b), even in the same period, for example, erosion on one bank,
deposition on the other and deposition on the bed. These trends were expected since
fluvio-geomorphological events, such as bank erosion and deposition and bed degradation,
are typically sudden and episodic events that lead to their high temporal variation [84–86].

For long periods (decades) of monitoring erosion, series of topographic maps or aerial
and satellite images are utilized [87–89]. For shorter time scales, actual field studies are
conducted utilizing either erosion pins [90–92] or CSs [93]. These methods allow one to
estimate stream channel and deposition more accurately (higher resolution) compared to
the long-time-scale methods. The short-term methods are unfortunately time consuming
and are spatially and temporally very limited. The utilization of new technologies (UAVs)
can allow for the shortcomings of the long- and short-term scale methods.

Worldwide, significant yearly and seasonal variations have been recorded in stream
erosion and deposition [94]. Zaimes et al. found significant differences in seasons that
indicate the need for frequent (at least seasonal) measurements, since yearly measurements
can mask some of the processes that are occurring (particularly deposition events) [95]. To
resolve the temporal issue in the past, several tools have been developed, such as photo-
electronic erosion pins (PEEPs) [96], the thermal consonance timing (TCT) [97] and the
Automated Soil Erosion Monitoring System (ASEMS) [98]. All three of these can have very
high temporal resolution but are again limited spatially, as most field methods are. Through
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the use of UAVs, the spatial scale is significantly increased, since it can cover an entire
reach, including both banks and the stream bed. Another advantage is because the flight
covers a larger area, the flight requires significantly less time than field measurements’ and
can be conducted more. Finally, the use of UAVs is safer since the researcher does not enter
the stream channel [99].

It has been recorded in many different regions of the world that watershed area, shape
and slope, watershed and riparian vegetation cover and land use, topography, geology,
soil bank and bed composition and strength, antecedent soil moisture, stream morphology,
pattern and order, channel characteristics and stage, climate and weather cycles, hydrologic
regime, floods and droughts and disturbance history [100,101] are factors that substantially
influence stream bank and bed erosion and deposition processes [102]. The fact that so
many factors influence erosion and deposition is why a more holistic view of the channel is
required to be able to fully understand the complex process taking place. The produced
UAV CS covers both stream banks and the bed but covering a significantly larger area
than the erosion pins. In addition, the UAV drones capture and record substantially
more measuring points than the GPS CS, in significantly less time. Of course, the main
concern is to produce UAV CSs that meet the measuring accuracy of erosion (cm) of the
GPS cross-sections. The results of this study are encouraging, although we believe that
better calibration is a necessity to reach the GPS and other field measurement accuracy.
The images in this study were obtained parallel to the surface plane. The accuracy of
these methods can be increased if images are captured at different angles [103]. Oblique
images, obtained at an angle < 15 degrees, can reduce the image’s deformation and the
systematic topographic error [104]. Of course, this shortcoming of the UAV images can be
compensated because of the other cross-sections that can be developed from them. Even
more advantageous is the development of the orthomosaic that covers the entire reach and
can assess if the dynamic equilibrium is maintained (deposited material equal to eroded
material). Specifically, we can calculate, for the entire reach, how much deposition and
erosion we had for a specific period and actually see if the reach had erosion, deposition or
it maintained its dynamic equilibrium (deposition equal to erosion).

Streams are in a state of dynamic equilibrium and changes or disturbances at the
watershed or reach level, upstream and downstream, lead to the stream responding via
different process (e.g., erosion or deposition of the bank or bed) to reach a new equilibrium
state. The dynamic equilibrium of streams is dependent on discharge, slope, sediment
load and sediment size [105]. In this study, the large deposition of material (Flights 3–6
and CS 2–4), especially upstream from the bridge, indicates significant disturbances are
occurring. Actually, in order to be able to maintain the channel shape, human intervention
is conducted. Specifically, almost every year, the municipality excavators come and remove
the excess sediment deposited. It is essential to try to implement a watershed approach
and try to distinguish what are the disturbances that the area is experiencing that is leading
to this excessive sediment supply and deposition. The use of UAV images that capture
larger areas more frequently and more cost effectively can enhance the ability to identify
the disturbances compared to the traditional methods. This will allow land and water
managers to find more sustainable solutions for the study reach compared to the current
one (removing the sediment with excavators). Nature-based solutions should be adopted
that provide long-term solutions. An example of a successful, simple and inexpensive
method to mitigate erosion is the re-establishment of perennial vegetation along eroding
stream banks and riparian areas [106].

The presence and the condition of the riparian vegetation on stream banks is a
key factor for fluvio-geomorphologic processes, including stream bank erosion and de-
position [107]. Perennial plant communities with vigorous root systems, regardless of
whether they are trees or grasses, increase stream bank stability, especially in headwater
streams [108]. In this study, this was evident in CS2 and CS3 (Flights 1 and 6).

Spatial differences along the stream bank profile have also been recorded in many
cases. Different studies have found contradicting results regarding erosion in the top and
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bottom banks [109]. The traditional methods (pins and CSs) can have a limited number of
points along the profile compared to UAV images. Using a laser scanner appears to be the
optimal solution because of the high resolution of the captured images [110]. Based on the
results of the study, UAV images can also provide the entire bank profile and channel CS
but are more flexible since they will require less set-up time compared to the laser scanner.
For example, in this study, the advantage of UAVs can be seen at CS3 and CS4. When
comparing Flights 3 and 4, erosion was detected on the top part and deposition at the
lower part.

Human infrastructure, at both the reach and watershed scale, can also alter erosion and
deposition process and rates (see Figure 2) [111]. In this case, we focused on the Irish bridge
(See Figure 2). Specifically, four of the cross-sections were upstream from the bridge while the
other four were downstream (Figure 6). The upstream cross-sections (1–4) and channel had
typically more deposition than the downstream cross-sections and areas (see Figures 8 and 9).
This clearly showcases how human intervention can alter the dynamic equilibrium of stream
ecosystems. At this point, we must notice that the Irish bridge, by accident, might be acting as
a protective mechanism since, because of this barrier, the sediment is deposited and does not
move further down, causing potential damage to the city of Drama. Of course, this is just a
short-term solution and a more holistic and watershed solution is required. The use of UAVs
to monitor such problems with infrastructure can help protect them more cost effectively and
provide more sustainable solutions.

5. Conclusions

Overall, the significant yearly and seasonal channel changes indicate the need for
long-term datasets. In addition, the high spatial variations, even within a reach of less
than 1 km, indicate that frequent spatial measurements are needed to fully understand the
fluvio-geomorphological processes occurring. This complex information is required for
managers to be able to understand and predict stream bank and bed erosion and deposition
accurately, thus, to provide sustainable cost-effective mitigation management plans and
practices [112]. This methodology can provide this information by providing data with
high spatial temporal accuracy and at relatively large scales.

The Water Framework Directive (WFD) (2000/60/EC) and the Flood Directive (FD)
(2007/60/EC) are the fundamental European tools on sustainable water management. To be
able to implement these two directives, fluvio-geomorphological research and monitoring
in riverine environments are key components that can be provided by the methodology
described in this study [113]. Developing, identifying and adopting cost-effective methods
for stream channel erosion and deposition are essential for understanding the processes
degrading riverine ecosystems and increasing flooding risk potential [114].

The methodology of this study also helps resolve several issues, highlighted in previ-
ous studies in regard to spatial and temporal scales [115–117]. The use of images captured
by UAVs led to a cost-effective methodology. The spatial and temporal information pro-
vided by these images help explain the timeline of erosional and depositional events in
stream beds and banks. The cross-sections based on the UAV were validated with field
measurements (GPS and cross-sections), with overall good results. Still, the quality of the
results can be impeded by: (a) weather conditions, (b) presence of dense and tall vegetation
in the riparian area, stream banks and bed, (c) flight parameters, e.g., height, (d) shadows
and associated terrain-shading errors and (e) GCPs and georeferencing processes [118–123].
The results of this study showcase progress in enhancing the spatial and temporal accuracy
of stream channel (bank and bed) monitoring. Still, despite its shortcoming, we strongly
recommend the adoption of this method by the responsible management authorities to
assess fluvio-geomorphological changes, particularly in stream reaches near or in cities.
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