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Abstract

Beach-dune systems are among the most dynamic and sensitive elements of coastal
ecosystems in the world. They represent an intersection between human activities, flo-
ra, fauna and economic interests in tourism. The Bulgarian Black Sea shoreline spans
518.7 km and comprises 131 km (25%) of the depositional coast, including beaches
and 46 dune systems. Over the past three decades, heavy anthropogenic impacts have
been observed, significantly altering the cleanliness of the beach-dune systems along
the Bulgarian Black Sea Coast (BBSC). The research initially began as an initial assess-
ment of macrolitter on dunes (MLD) using Unmanned Aerial Systems (UAS). However,
due to concerning data obtained in the first year, it transitioned into a mid-term moni-
toring program conducted between 2018 and 2022. The baseline assessment is based
on a visual census, UAS mapping and manual image screening procedure in a GIS en-
vironment for litter mapping in 40 areas of litter monitoring (ALMs) along the Bulgarian
Coast. Throughout the five-year monitoring period, the most abundant type of MLD was
“Artificial polymer materials,” accounting for 83.4% of the total number, followed by “Pa-
per/Cardboard” (6.2%), “Glass/Ceramics” (2.8%), “Metal” (2.8%), “Processed/Worked
wood” (1.83%), “Rubber” (1.29%), and “Cloth/Textile” (1.17%). Generally, 95% of the total
litter amount was assessed from Land-based sources and 5% from Sea-based sourc-
es. The COVID-19 pandemic indirectly affected the cleanliness of the Bulgarian dunes
due to restrictions on foreign travel, which increased the domestic tourist pressure on
the Bulgarian beaches, resulting in a more significant amount of waste accumulating
on the beaches and dunes. The abundance experienced an increase of 39% between
2018 and 2021. A similar upward trend (+41%) was observed in the density of macro-
litter on the dunes. Based on visual census data, the average density was estimated to
be 0.54 + 0.35 items/m?2. The spatial distribution of MLD is a complex combination of
anthropogenic impact and wind processes that affect various eco-geomorphological
elements of the beach-dune system. The embryonic dunes retained only 16% of the
total items (Dav: 0.32 + 0.12 items/m?). The highest litter density was registered on the
foredunes (Dav: 0.71 + 0.21 items/m? 28% of total items). The backdunes contained
the highest litter abundance, accounting for 55% in larger areas (Dav:0.59 items/m?).
Density litter maps established that dune vegetation acted as a natural trap, retaining
40% more macrolitter compared to areas without dune plants. A Clean Dune Index (CDI)
was developed to evaluate the cleanliness of Bulgarian dunes. Based on aggregated CDI
data for 2018-2022, the cleanliness of the dunes along the Bulgarian Coast was cate-
gorised as “moderate” (CDlav:10.89). Dune systems near the most visited resorts were
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classified as “extremely dirty”, with the highest CDI values recorded at Kavatsite (27.22),
Nessebar — South (25.01), Bolata (24.69), Asparuhovo - Varna (24.33) and Slanchev
bryag (24.09). On the other hand, the dune systems at Ropotamo and Lipite were rated
with the lowest CDI — 0.95 and 1.2. Dunes are sensitive habitats and require minimal
anthropogenic impact, which requires the intensification of the use of high-resolution
remote sensing methods for litter mapping. The quality of the presented data and the
results obtained outline drones as a future primary tool for beach and dune surveys.

Key words: Abundance, baseline assessment, Bulgarian Black Sea Coast, dune pollu-
tion, macrolitter, monitoring, unmanned aerial systems (UAS)

Introduction
World Ocean and marine litter

Sandy beaches and coastal dunes are widespread landforms along coastlines
worldwide (Martinez et al. 2008; Bird 2011; Luijendijk et al. 2018, etc.) and
hold significant geological, biological, and ecological importance (Hesp 2002;
Masselink et al. 2011; Jackson et al. 2019, etc.). Currently, the impact of anthro-
pogenic marine litter (AML) on these landforms and the marine environment
is recognised as a threat to marine wildlife under Directive 2008/56/EC of the
European Parliament and of the Council of 17 June 2008 establishing a frame-
work for community action in the field of marine environmental policy, MSFD
(European Commission 2008) and international provisions such as the United
Nations Sustainable Development Goal 14 (UN RES/70/1 2015). Recent global
efforts have led to the United Nations signing the first resolution specifically
targeting plastic pollution. This resolution aims to guide the development of a
legally binding treaty by 2024 (UNEP 2022).

In recent decades, there has been a noticeable increase in the accumula-
tion of AML, especially plastic debris, in various environmental compartments
spanning from the north to the south pole (Galgani 2015; Galgani et al. 2015;
Monteiro et al. 2018, etc.). Marine litter (ML) consists of plastic, glass/ceramic,
metal, wood/paper, textiles, and rubber (Galgani et al. 2013a), with plastic being
the predominant type, comprising 60-80% of all litter (Barboza et al. 2019).
Anthropogenic debris has become a significant pollutant in marine, coastal and
terrestrial environments, posing risks to species’ survival and potential adverse
effects on human health (Galgani et al. 2013b;Wright et al. 2013; Panti et al.
2019). The most significant threats to human health and implications for en-
vironmental and ecological well-being are associated with anthropogenic ML
(Leal Filho et al. 2019). Negative impacts of microplastic pollution on the ma-
rine environment include entanglement (Gregory 2009; Thiel et al. 2018), inges-
tion (Savoca et al. 2021), bioaccumulation of persistent organic and inorganic
pollutants (Teuten et al. 2009; Ranjani et al. 2022) and a transfer of non-native
species through hitchhiking (Al-Khayat et al. 2021). Furthermore, ML has det-
rimental effects on the economies of coastal countries (Mcllgorm et al. 2011;
Brouwer et al. 2017; Beaumont et al. 2019), apart from its negative impact on
marine biodiversity. Land-based sources contributed to nearly 80% of the anthro-
pogenic microplastics entering the oceans (UNEP Regional Seas Programme
2005; Allsopp et al. 2006; Eunomia 2016). Borrelle et al. (2020) estimated that
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in 2016, global plastic waste production ranged from 19 to 23 million tons, a
substantial portion of which eventually found its way into aquatic ecosystems.

Growing global environmental concerns have led to increased efforts to mon-
itor and quantify the accumulation of anthropogenic litter in marine environ-
ments. Consequently, numerous surveillance programs have been established
worldwide in recent decades to assess the extent of litter found in oceans and
coastal areas (e.g., Maes et al. 2019). Beach-dune ecosystems are particularly
important to monitor in the context of ML or beach litter (BL) due to the various
anthropogenic pressures (recreational activities, fisheries, urbanization, etc.)
and environmental factors (wind, waves, tides, etc.) that can contribute to their
contamination. However, many strategies proposed for collecting stranded ML
in coastal areas primarily focus on the subaerial beach (e.g., OSPAR 2010; Gal-
gani et al. 2013a; GESAMP 2019). A notable global initiative addressing the
issue of plastic pollution in oceans and coastal areas is the Marine Beach Lit-
ter Strategy, which provides valuable data on the extent of the AML problem
(Bhuyan et al. 2021; Zielinski et al. 2022; Cesarano et al. 2023; Diem et al. 2023;
Mugilarasan et al. 2023, etc.).

Marine litter in the Black Sea

Regarding the marine environment of the Black Sea, land-based waste is iden-
tified as the primary contributor, accounting for over 70% of all marine pollution
(World Bank 2020). Alongside issues such as nutrient runoff, eutrophication,
wastewater discharges and heavy metal accumulation, ML is recognised as
a significant and complex environmental concern in the Black Sea basin (BSC
2019; World Bank 2020). The enclosed nature of this sea, with limited water re-
plenishment, restricted vertical mixing and dynamic surface circulation, makes
it highly vulnerable to environmental degradation. Additionally, ML pollution is a
relatively recent problem for the Black Sea, exacerbating its vulnerability to en-
vironmental harm. Consequently, the countries surrounding the Black Sea have
undertaken numerous surveys in recent years to gain a comprehensive under-
standing of the scale of the issue and develop strategies to reduce the inflow of
ML into the basin. For instance, the Project “Assessing the vulnerability of the
Black Sea marine ecosystem to human pressures — ANEMONE” has played a
significant role in these efforts (Paiu et al. 2020; ANEMONE 2021).

Over the past decade (after 2013), the countries surrounding the Black Sea
have conducted numerous studies to comprehend the extent of the issue and
develop strategies to reduce the inflow of ML into the basin. These studies
have revealed concerning levels of anthropogenic litter at various sites along
the coastlines of Romania (Muresan et al. 2017; Paiu et al. 2017, etc.), Bulgar-
ia (Brouwer et al. 2017; Simeonova et al. 2017, 2020; Bobchev 2018; Simeon-
ova and Chuturkova 2019, 2020; Toneva et al. 2019; Panayotova et al. 2020;
Chuturkova and Simeonova 2021; Bekova 2023; Bekova and Prodanov 2023,
etc.), Georgia (Machitadze et al. 2020) and Turkey (Topgu et al. 2013; Terzi and
Seyhan 2017; Sahin et al. 2018; Aytan et al. 2020; Giileng et al. 2020; Oztekin
et al. 2020; Terzi et al. 2020; Bat et al. 2022; Eriiz et al. 2023, etc.). Significant
amounts of floating and seafloor ML, as well as ML sourced from rivers, were
identified (BSC 2007; loakeimidis et al. 2014; Lechner et al. 2014; Suaria et al.
2015; Moncheva et al. 2016; Oztekin and Bat 2017; Slobodnik et al. 2018; Stanev
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and Ricker 2019; Aytan et al. 2020; Berov and Klayn 2020; Doncheva et al. 2020;
Miladinova et al. 2020; Raykov et al. 2020; Slabakova et al. 2020; Terzi et al.
2020; Panayotova et al. 2021; Erliz et al. 2022; Gonzdlez-Fernandez et al. 2022;
Pogojeva et al. 2023). ML was also reported in biota (Tonay et al. 2020; Aytan
et al. 2021, 2022; Terzi et al. 2022; Mihova et al. 2023; Zlateva et al. 2023) and
in archaeological contexts (Prahov et al. 2021) in the Black Sea area. Georgieva
et al. (2023) also highlighted alarming data regarding the widespread distribu-
tion of microplastic pollution along the Bulgarian Black Sea Coast. In general,
these studies emphasize the necessity of assessing the distribution of micro-,
meso- and macrolitter in the Black Sea and their potential risks to humans and
coastal ecosystems.

There is a lot of research on mapping anthropogenic debris on coastal
dunes (Poeta et al. 2014; de Francesco et al. 2018; Rangel-Buitrago et al. 2018,
2021; Silc et al. 2018; Menicagli et al. 2019, 2023; Andriolo et al. 2020a, 2020b,
20214, 2021b; Gongalves et al. 2020a, 2020b; Turner et al. 2021; Andriolo and
Gongalves 2022; Corbau et al. 2023, Gallitelli et al. 2023; Mancuso et al. 2023,
etc.). Unfortunately, the litter on dunes along the Bulgarian Black Sea coast
has not been studied until now. Given the results we obtained (mostly land-
based), especially for the dunes studied, it is appropriate to avoid the common-
ly accepted term “Marine Litter” (ML) and use instead the term “MacroLitter on
Dunes” (MLD) with the size of the items > 2.5 cm.

UAS approaches in litter mapping

The Unmanned Aerial Systems (UAS), also known as Unmanned Aerial
vehicles (UAV) or drones, should be considered not only as an alternative to
the conventional visual census but also as a new methodology to advance
knowledge on the dynamics of litter, with the potential to play a significant
role in providing data for the development of litter models on coasts over time
(Gongalves et al. 2022). A new survey strategy that is based on UAS has been
used in recent years to map and detect (manual image screening and machine
learning techniques) the abundance and distribution of accumulated macrolitter
items on sandy beaches (e.g., Deidun et al. 2018; Fallati et al. 2019; Andriolo et
al. 2020a, 2020b, 20214, 2021b, 2023; Gongalves et al. 2020a, 2020b; Lo et al.
2020; Escobar-Sanchez et al. 2021; Merlino et al. 2021; Papakonstantinou et
al. 2021; Andriolo and Gongalves 2022). This method has been demonstrated
to be efficient in terms of both time and cost while enhancing the accuracy
of measurements of coastal macrolitter pollution with RTK mode drones.
Andriolo et al. (2020a, 2020b, 2021a) proposed a new framework based on
the combined use of UAS and a mobile application to map and quantify marine
litter accumulation on coastal dunes. Drones were introduced in Bulgaria for
mapping anthropogenic waste and its influence on beach-dune systems in
2018, launching long-term monitoring studies of beach-dune systems (Prahov
et al. 2021; Bekova 2023; Bekova and Prodanov 2023; Prodanov et al. 2023a).

Aim of the study

One of the significant gaps in scientific knowledge that requires attention is
monitoring macrolitter on coastal dunes in the Black Sea region. This article
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aims to fill a gap in the research on dune pollution with macrolitter as well as
draw attention to this ignored issue. After worrisome results in the first year, our
study switched to mid-term monitoring using a standard visual census aided
by UAS photogrammetry. The work aims to obtain an answer to the question
“How dirty are the dunes along the Bulgarian Black Sea coast?” and, on the
other hand, to understand “How significant is the role of plants on mobile and
stabilized dunes for trapping litter?”. The paper aims to present a baseline as-
sessment of abundance, density, spatial distribution, litter sources and catego-
ries and an evaluation of cleanliness in 40 dune systems along the Bulgarian
Black Sea Coast.

Materials and methods

Dune systems along the Bulgarian Black Sea Coast

According to the latest data from UAS of the Institute of Oceanology at the Bul-
garian Academy of Sciences (I0-BAS), the Bulgarian Black Sea shoreline length
is 518.7 km (Prodanov et al. 20203, 2023a, 2023b). Between Cape Sivriburun
and Rezovo, approximately 25% (131 km) of its length presents depositional
landforms consisting of beaches and 46 beach-dune systems (Prodanov et al.
2023a). During the years, dunes along the Bulgarian Coast have been relatively
understudied in geomorphological, morphodynamic (Peychev 2004; Peychev
and Peev 2006; Prodanov et al. 2019a, 2019b, 2020b, 20213, 2021b, 2023a;
Prodanov 2023) and geological aspects (Petrov 2013; Valchev 2014, 2015;
Sinnyovsky and Sinnyovska 2016, 2017), or as habitats (Gussev and Tzonev
2015; Tzonev 2015a, 2015b, 2015c, 2015d, 2015e, 2015f; Valcheva et al. 2019,
2020, 2021). Anthropogenic macrolitter on coastal dunes has not been studied.
Our research focused on the largest dune systems that had been significantly
impacted by anthropogenic activities in recent years (Fig. 1). The study sites
are located on embryonic dunes, foredunes with dune crest to 7-8 m and back-
dunes (blowouts and interdune slacks) covered by plants that trap the litter
(Prodanov et al. 2023a).

Areas of litter monitoring

The first step was to pre-define the areas for litter monitoring (ALM), also called
Sampling Units (SU) in the dune systems (DS) and create vector shape files
with study areas as templates for subsequent campaigns (seasons). The MLD
surveys were conducted in the spring and autumn seasons from 2018 to 2022
(Fig. 2A). The Bulgarian coastal dune systems have never been subject to mon-
itoring for anthropogenic pollution. This study used the master list in the Guide-
lines for monitoring marine litter in European seas to classify macrolitter (Galgani
et al. 2013a). An area of litter monitoring was planned in 87% of all dune systems
along the Bulgarian Black Sea Coast. The 40 selected areas (with a minimum
size of 100 m length x 50 m width) were defined according to the spatial distribu-
tion of dune landforms varying in height, often covered by dune vegetation that
retains significantly more litter than the active beach (Fig. 2B). The area of moni-
tored dunes was assessed at 242 359 m? (2.45% of the total area of dunes). They
embrace 5 174 m along the coastline, which is equal to 1% of the current length
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of the Bulgarian shoreline of 518.7 km (Prodanov et al. 20234, 2023b). In order to
facilitate the creation of a density litter correlation with previous data, the back-
dunes of the beaches from the national monitoring program (BLKBG-D10-Marine
litter 2016; Simeonova et al. 2020; Kalinov et al. 2021; Bekova 2023; Bekova and
Prodanov 2023) were included in the present research.

C. List of Areas of Litter Monitoring

Coastal dune systems  Area, m22018 2019 2020 2021 2022

I Durankulak - North 732004+ | + | 4+F | + |+
12 Durankulak - South 7536 + | +* | + | +* | +
3 Krapets - North 8399+ | + | +* || L
4 Shabla - North 6827 + |+ | + | +F | +
5 Shabla - South 5546+ | + | += + | 4=
6 Bolata 1175 + | +% | + | += | +
7 Kranevo - Albena 6114+ | + | += + | +=*
8 Asparuhovo (Varna) 5604 + |+ | + | +F | +
9 Pasha Dere 7435 += | + | += + | 4=
10 Kamchiya (Mouth) 6708 + | ++ | + | += | +
ii'(ﬁf}ng:’g;;oviol;dzf:ch) 4894 4+ | + | +* i
12 Shkorpilovtsi 5591 + |+ | + | +% | +
13 Shkorpilovtsi - South 4826+ | + | +* + | 4=
:Z % ;;I:::)a Dere - North 5368 4+ |45 | + | 4|
(=] = = o
; ?%ﬁ ;;,,I::‘:)a Dere - South 57850 45 | 4 | 4+ s
Q <t |16 Slanchev bryag 7753 + | += | + | += | +
5§ 17 Nessebar - South 7087 4+ | + | 4% | + | 4=
%‘ 18 Aheloy 5612 + | +% | + | += | +
8 19 Pomorie Sand Spit S114|+= | + | += + | +=*
120 Burgas Port Wall 5087 + | +% | + | +* | +
21 Vromos 8125 += | + | += s
Z, i 122 Campsite Gradina 9451 + |+ | + | +* | +
S 2 BULGARIAN gl SRl fad) e s
2 UG BLACK SEA Il SEE7 Il K I S
N 215 25 Alepu 541245 | + | +x | + |+
B y ala 126 Arkutino 5088 + | ++ | + | +% | +
127 Ropotamo S144) +% | + | +* | ot
m 26" Primorsko 415 + |45 | + | 4= | +
\L, {6 (AStamAapqu)
Nesse 17 29 Prfmorsko (Mladost 5750 e | 4 | 4= | & |4
518 aY(e)
Z 19 . ',:Z 30 Atliman 5009 + [ += | + | +* | +
ig Pomorie g 31 Dyavolska Mouth 6296 += | + | +% | + | +=*
4 $ 132 Koral 5120 + |+ | + |+ | +
< ~ 83 Ouzis 52390+ | + |+ | + |+
34 Arapya 6560/ + | +% | + | +* | +
5230 Primorsko 35 Nestinarka 4438 += | + | += + | 4=
33 36 Ahtopol 5635 + |+ | + |+ | +
\’\r)/r 323f; 1 Tsarevo 37 Veleka Mouth 2064 5| + |+ | + | ++
138 Butamyata 5089 + | +% | + | +F | +
Z Z |39 Lipite 3441/ +% | + |+ | + | +=
2 PPl ¥ Sy oSilistap S o sitistar S8 + |+ | + |+ | +
i\lr e $ + UAS mapping, manual collecting and visual census

27°30'0"E 28°0'0"E. 28°30'0"E (autumn/spring):

*Manual collecting and visual census — four seasons

Figure 1. Dune areas for litter monitoring along the Bulgarian Coast in 2018-2022.
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A. Timeline of monitoring campaigns (2018-2022)

2018 2019 2020 2021 2022 Macrolitt.er monitoring of the

Bulgarian Coastal Dunes

Spring: April March/April March/April  April April + MLD abundance (items)
* MLD density (items/m?)
O Data @ Data Data @ Data * Density Litter Map
analyses analyses analyses analyses * MLD composition
Autumn: October October September September September|/ :iig :g::;isdis aribution
November October October  October

* Clean Dune Index (CDI)

B. Methodology of UAS mapping and Visual Census of MLLD

UnmannedFAeriall QV‘M oriDrones i GPS Surlvlet ‘Ewpmenﬁm
- o et ~ (GNSS/RTK)

Visual:censustand:manualicollection
injfoppositeidirectionsiof
theldifferentigroups-of-researchers

Figure 2. Timeline, methodology of field survey and example of MS procedure along the Bulgarian Coast.
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Field surveys
UAS missions and acquired data

A multirotor quadcopter DJI Phantom 4 RTK (DJI-P4RTK), equipped with a
20M pixel camera, was used to collect high-resolution aerial images on dune
systems during spring and autumn in the period 2018-2022 (Fig. 2A), follow-
ing standard procedures (Prodanov et al. 2020a; Gongalves et al. 2022). A
drone-mounted multi-frequency on-board GNSS receiver provided reliable cen-
timetre-level accuracy in positioning. Minimum five ground control points were
collected within the study areas by a Hi-Target V90 GNSS RTK system (Fig. 2B).
Flying at the height of 20 m with the camera lens placed perpendicular to the
flight direction, the drone acquired images (4000 x 3000) with an overlap of
90% front and 90% side. The drone needed about 60 min to complete the study
sector (3 flight missions). Following the double-grid photogrammetric survey,
imagery in an oblique camera mode was taken from 5 meters above the dune
surface to provide a high-resolution image that could be used to support the
classification of litter during MS, if necessary.

Agisoft Metashape (v1.5.3-v.1.7.2) was used for the Structure from Motion
Multi-View Stereo (SfM-MVS) post-processing stage to generate a Digital Surface
Model (DSM) and raster RGB orthophotomosaic (OM) (Fig. 2B, 2C). The nominal
spatial resolution of the final mosaic was GSD 0.3 cm raised by low-altitude flight
settings. In the period 2018-2022, a large amount of photogrammetric data from
different surveys was used, ultimately aiding in wrapping up the monitoring cam-
paigns (Prodanov et al. 20193, 2019b, 20203, 2020b, 20214, 2021b, 2023a, 2023b;
Kotsev et al. 2020; Bekova 2023; Bekova and Prodanov 2023; Prodanov 2023).

Visual census, composition and source identification

A primary monitoring strategy consisting of a two-season visual census of
MLD larger than 2.5 centimetres was implemented in the second phase. A crit-
ical component of the monitoring procedure involved assuring the quality and
accuracy of MLD identification through observers. During the five years of the
campaigns, the objective was to achieve full coverage of visual census and
classification at least once in each area of litter monitoring (Fig. 1). Follow-
ing the observers in the opposite direction methodology (Fig. 2B), a minimum
of three 10-BAS researchers conducted visual census and classifications. The
classification of macrolitter was performed using the Marine Litter (ML) cat-
egories outlined by Galgani et al. (2013a), ensuring consistency in the clas-
sification and characterization of the identified litter. Level 1 - Materials from
the MSFD: Artificial polymer materials, Rubber, Cloth/textile, Paper/Cardboard,
Processed/worked wood, Metal, Glass/Ceramics, Unidentified.

To investigate for correlation between litter sources on beaches and dunes, we
used a bottom-up strategy (found litter types were attributed to possible sources),
more specifically, the attribution-by-litter type method, which was in line with the
approach provided by Veiga et al. (2016), as it was used for the Bulgarian beaches
by Chuturkova and Simeonova (2021). The possible sources are given below:

+ Public litter - Items dropped or left by the public on the coast or inland and
carried by winds and rivers;
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+ Fishing litter - Includes commercial and recreational items - e.g., fishing
line, nets, rope, weights and buoys;

+ Sewage-related debris - Items flushed down the toilet, such as cotton bud
sticks, tampons and panty liners;

+ Shipping litter - ltems dropped or lost from ships;

+ Fly-tipped litter - Illegal disposal of waste, including furnishings, pottery
and ceramics;

+ Medical litter - Includes anything medical such as inhalers, plasters, syringes;

+ Non-sourced litter - tems too small or damaged to identify or not obvious-
ly attributable to a given source.

Abundance and density of litter

As stated above, the dunes along the Bulgarian Black Sea coast have not been
studied in the pollution context. The lack of data and increased anthropogenic
pressure on the dunes, particularly over the past three years (Prodanov et al.
2023a), prompted us to ponder two primary aspects: the cleanliness of coastal
dunes and the role of vegetation in trapping litter. To understand the cleanli-
ness status of the Bulgarian dunes and how important vegetation is in litter
trapping, we investigated the abundance (items) and density (items/m?) based
on the visual census. The values were given as mean + SD. The visual descrip-
tion of MLD density in the assessment areas is presented in Table 1. The MLD
densities in each sampling unit were calculated by Formula (1):

D . .
ALM,Year,Season = (Total number of lltter) |:number of ltems} (1 )

Assessment area m?

Manual image screening procedure and Litter Maps

Using MS data, Density Litter Maps were generated for each assessment area
for analysis of the distribution of MLD (Fig. 3B). To survey the distribution
and density of the macrolitter, the orthophotomosaics were subdivided into
2 m x 2 m plots in which the density was quantified in items/m? (Fig. 3C), fol-
lowing the workflow of Gongalves et al. (2020b). The DLM results allowed for
the identification of MLD hotspots (or fly-tipped areas) and a future correlation
between the density of litter on beaches and dunes (Fig. 3C).

In line with the methodology employed by Gongalves et al. (2020b), our ap-
proach involved the systematic division of each image into a 2-meter square

Table 1. MLD density and visual description adopted for the dune survey.

Densit Visual description Adopted visual description for dune surveys
y (Alkalay et al. 2007) (Present study)
_ no litter is seen no litter is seen
0.1-0.25 items/m? no litter is seen over a no litter is seen over a large dune area
large area
0.25-0.5 items/m?  a few pieces of litter can a few pieces of litter can be detected
be detected
0.5-1 items/m? a lot of waste on the shore a lot of waste in the dune area

most of the shore is covered = most of the dune area is covered with debris
with plastic debris
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grid, establishing a structured and consistent framework for manual image
screening (MS). The operator followed MS, encompassing several key steps:

i. Visual Screening: The operator was tasked with visually examining the
RGB orthophotomosaic uploaded in a GIS.

ii. Identification: They were required to identify any litter items present.

iii. Classification: When image quality permitted accurate recognition, the op-
erators classified the litter items according to the categories outlined by
Galgani et al. (2013a) and litter sources (Veiga et al. 2016). In this study,
when assigning a specific category to an ML object during the image
screening was impossible, the feature was characterised with the attri-
bute “unidentified”.

iv. Geospatial Marking: A critical component of the procedure involved plac-
ing a geospatial placemark at the approximate centre of each identified
item within a Geographic Information System (GIS) environment (Fig. 2C).

v. Shapefile Creation: Operators generated individual shapefiles for each
designated area of litter monitoring.

This comprehensive procedure facilitated the precise mapping of MLD and
its precise localization, enabling the creation of a Dune Litter Map (as illustrat-
ed in Fig. 3A). Furthermore, it allowed for the analysis of BL density, as depicted
in Fig. 3B.

Results
Abundance and density of macrolitter on dunes

The launch of monitoring on dunes in 2018, aided by unmanned aerial sys-
tems, provided accurate data on the MLD abundance, density, composition and
spatial distribution. The results provided a new perspective on the pollution
mechanism existing between the shoreline and the backdunes. The presented
results for abundance, litter density and Clean Coast Index are based on visual
census data, as well as MS data for analysis of the spatial distribution of MLD.

It was determined that there was a long-term trend toward an increase in
both key parameters: abundance (the number of litter items) and density of
macrolitter (items/m?), shown in Fig. 4, Appendix 1 and 2. The abundance
reached its maximum during 2021 with average values of 3 710 + 2 678 items
per assessment area. The average abundance experienced an increase of 39%
between 2018 and 2021. It is pertinent to acknowledge that this period coincid-
ed with the occurrence of force majeure circumstances, notably the COVID-19
epidemic, which exerted significant pressure on the Bulgarian Black Sea coast
due to the influx of local tourists.

Over 5% of the dune area has been under strong anthropogenic influence in
recent years due to recreational activities and interventions, camping and inade-
quate management of dunes (Prodanov et al. 2023a). Along the Bulgarian coast,
these factors have a negative effect on the density and concentration of hotspots.
The map of average densities (Appendix 1) illustrates the significant imprint left
by tourists in the most frequently visited beach-dune systems. In 15% of the as-
sessment areas, the highest litter density (Dav > 1 items/m?) was recorded: (24)
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Figure 4. Mid-term variation (2018-2022) of total abundance (items) and average densities
(items/m2) based on visual assessment of macrolitter on dunes along the Bulgarian Coast.

Kavatsite — 1.36; (17) Nessebar - South - 1.25; (6) Bolata — 1.23; (8) Asparuhovo
(Varna) - 1.22; (16) Slanchev bryag - 1.25; and (20) Burgas Port Wall - 1.03.

Regarding density, most assessment areas were categorised as “a few piec-
es of litter can be detected” - 38% (0.26-0.5 items/m?) and “a lot of waste in
the dune area” - 30% (0.5-1 items/m?). They were prevalent along the entire
coastline, especially near campsites and resorts such as Krapets, Arkutino, etc.
Still, there were relatively clean dunes with a low density of macrolitter, despite
the strong anthropogenization, lack of maintenance and systematic cleaning.
They were categorised as “no litter is seen over a large dune area” - 12% (0.1
to 0.25 items/m?) and “no litter is seen” - 5% (0 to 0.1 items/m?). A total of two
assessment areas were categorised as “no litter” representing areas with low
tourist impact: (39) Lipite and (27) Ropotamo (Appendix 1).

Seasonal variation of macrolitter on dunes

According to Simeonova et al. (2017), the amount of litter on the beach had
the highest values in summer. Terzi and Seyhan (2017) and Aytan et al. (2020)
reported an increase in pollution during the spring season in the southwestern
part of the Black Sea. Panayotova et al. (2020) found that Asparuhovo Beach
was the most polluted in spring. Our research indicated that the highest density
(Dav,18-22,Autumn: 0.62 items/m?) occurred in autumn, after the end of the
tourist season. In winter, strong north, northeast and east winds blew some
of the litter off the dunes and spring monitoring campaigns registered lower
densities (Dav,18—22,Spring: 0.46 items/m?). This study found a significant
seasonal variation in MLD density of approximately 25%, with the greatest litter
amount discovered in autumn, following the peak of the tourist season.

Composition of macrolitter on dunes

The identified MLD was classified according to the Master List of Categories of
Litter Items - Level 1 by MSFD Technical Subgroup on Marine Litter (Galgani et
al. 2013a): Artificial polymer materials, Rubber, Cloth/textile, Paper/Cardboard,
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Processed/worked wood, Metal, Glass/ceramics, Unidentified. It was not surpris-
ing that the high dominance of plastic litter (artificial polymer materials) on the
beach (Simeonova et al. 2017, 2020; Simeonova and Chuturkova 2019; Toneva et
al. 2019; Panayotova et al. 2020; Chuturkova and Simeonova 2021; Kalinov et al.
2021) was also found on the dunes. Over the past five years, low variations in the
amount of plastic polymer litter were observed, and in terms of percentage, it was
the most prevalent waste along the Bulgarian Black Sea coast (Figs 5A, 6; Appen-
dix 3). Special consideration should be given to the category “Paper/Cardboard”
- 6.17%. That was the second most prevalent type of litter on our dunes. Due to
inadequate waste-disposal facilities, a significant amount of that litter category
was wind-transported from the active beach to the dunes. The unique conditions
provided by the plants on the dunes aided in the trapping of paper waste. Rubber,
Cloth/textile, Processed/worked wood, Metal, and Glass/ceramics were scarce
on the dunes and did not exceed the 2% threshold (Fig. 5A; Appendix 3).

Sources of macrolitter on dunes

The results obtained during the monitoring campaigns are an initial assess-
ment of the sources, composition and density of macrolitter on the Bulgarian
Black Sea dunes. Understanding how increasing human pressure affects sen-
sitive dune habitats is of the utmost importance when studying coastal dunes
in the context of litter pollution. Sources of MLD were separated into two main
classes: land-based sources (LS) and sea-based sources (SS). To a large ex-
tent, SS were dominated by waste discarded by fishing and shipping. Small-
mass macrolitter, such as fishing nets and ropes, was successfully transported
to the dunes. Our study found that the high frontal dunes covered with vege-
tation played an important trapping role in the retention of SS litter. SS did not
exceed 5% of the total litter during any of the monitoring campaigns, with an
average prevalence of 4.79%. At the same time, recreational areas, resorts and
campsites were the main LS (95.21% of the total amount of macrolitter).

Even though the produced data were a pilot for the dune systems, it was es-
sential to investigate the connection between the litter on the dunes and the litter
on the beaches adjacent to them (if possible). Therefore, we went beyond the
previous studies of beach litter (Panayotova et al. 2020; Chuturkova and Sime-
onova 2021) and examined the differences in the obtained results in an eco-geo-
morphological aspect. According to Veiga et al. (2016), the summary data for the
period 2018-2022 is shown in Fig. 5B. The Public litter comprised the majority
of MLD, accounting for 44.3% of the total number of items registered during that
time. In contrast to the beach, where Fly tipped litter was 5.2% of the total amount
(Chuturkova and Simeonova 2021), on dunes, that source generated 33.6% of lit-
ter items. The contribution of the other sources (Medical - 13.6%, Fishing - 2.8%,
Shipping - 1.1, and Sewage Related Debris - 0.4%) was considered insignificant.
Therefore, the estimated Non-sourced anthropogenic litter was 4.2%.

Spatial distribution of MLD

In contrast to active beaches, which are dominated by wave processes and
tourism, dunes are dominated by the trapping function of dune vegetation. But
are plants the most essential for waste retention?
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Figure 5. A average percentage distribution (%) of MLD materials according to Master List of Categories of Litter ltems
(Galgani et al. 2013a) for 2018-2022 B sources of MLD aggregated in 2018-2022.
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Geomorphologically, the main types of dunes that comprise the accumula-
tive landscape are embryonic, foredunes (frontal) and secondary (backdunes),
which are not currently subject to wave action. From an ecological point of view,
dunes are habitats with unique vegetation (Gussev and Tzonev 2015; Tzonev
20154, 2015b, 2015¢, 2015d; Valcheva et al. 2019, 2020, 2021). The embryon-
ic dunes represent the initial barrier against marine debris. They “armour” the
frontal dunes and retain only 16% of the total litter items (Fig. 7). The average

Beach litter
D, litems/m?]: 0.44

I I
223 m
Embryo Foredunes Backdunes Type of dunes

Litter Categories /6% 28% 35% \Litter distribution, | %]
Artificial polymer materials 8% 18.5% 73.5%
Rubber 28% 53% 19%
Cloth/textile 3% 46% 51%
Paper/Cardboard 11% 81% 8%
Processed/worked wood 13% 16% 71%
Metal 8% 3% 89%
Glass/ceramics 16% 8% 76%
Unidentified 44% 2% 54%

Figure 7. A general profile with CDI categorisation, average densities, composition and spatial distribution of litter on dunes
along the Bulgarian Black Sea Coast for the monitoring period 2018-2022 (example: Shkorpilovtsi beach-dune system).

Nature Conservation 54: 13-54 (2023), DOI: 10.3897/natureconservation.54.111350 27



Bogdan Prodanov & Radoslava Bekova: A baseline assessment of anthropogenic macrolitter on dunes

density was estimated to be 0.23 items/m? with Rubber, Paper/Cardboard, Pro-
cessed/worked wood and Glass/ceramics dominating the litter composition.

The highest litter density was observed on the foredunes, with an average
value of 0.80 items/m? (28% of total items). The backdunes contained the high-
est amount of litter items (55%), with an average density of 0.58 items/m?2.
Land-based sources were the main cause of that great abundance of litter. A
significant portion of litter was found in the dune vegetation, increasing the
litter density in the backdunes by 20—-25% compared to the beaches and fore-
dunes (see example DLM in Fig. 3B). It should be noted that there were small
areas where fly-tipped waste was observed in 38 out of 40 assessment areas,
negatively impacting the beach (Fig. 2A, B).

Discussion
Effectiveness of drones in litter mapping on dunes

In our examination, drones are practical and convenient for operation. However,
there is still uncertainty and subjectivity when it comes to classifying small-size
litter, especially in stabilized vegetated dunes. The discussion highlights the
advantages of using drones for pollution research. One more reason for the
future application of drones for litter mapping on the dunes is their protective
nature, and manual collecting should be avoided. An analysis of collected data
reveals that the MS procedure was highly effective, identifying 92.1% of the BL
items initially identified by a visual survey (Fig. 8). Notably, the MS procedure
was supported with low-altitude video imaging at 5 m above each beach sur-
face using an oblique camera, which an operator used to classify items more
accurately. The identification of BL from the video contributed an additional 2%,
as the final score increased to 94.1%. Furthermore, the “hidden” macro litter
in the dune plants compelled us to reduce the flying height to 20 m (in some
areas to 10 m), resulting in very high-resolution orthophotomosaics between

Litter
Items 0
00 000 . 7 6% 97% 98% 100%
93 'V 95%
80 000 : og0;, 9%
90%
60 000
. 85%
40000  82% 2%
80%
0 70%
2018 2019 2020 2021 2022
Visual census (items) mmmm MS ident. (items) mmmm MS recog. (Items)
==0=MS ident. (%) MS recog. [%]

Figure 8. Comparison between the results from visual census and MS procedure of RGB
orthophotomosaics along the Bulgarian Black Sea Coast.
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0.3-0.5 cm/pix GSD. Of course, very low-altitude missions necessitated longer
flight times, but, on the other hand, that expedited the macrolitter image screen-
ing process from orthophotomosaics. This recognition was successful on 84%
of the items in our study. However, it is important to note that the operator
was familiar with the categories of objects commonly found along Bulgarian
coastlines and dunes (Bekova 2023; Prodanov and Bekova 2023) and actively
participated in the field manual collecting and visual census.

From another point of view, the development of orthophoto and DSM also
enables an objective definition of the various dune types (embryonic, foredunes
and backdunes) and features (dune blowouts, trails, or dune pathways). Future
research could combine litter mapping/monitoring with coastal geomorpholog-
ical studies (Bastos et al. 2018; Duo et al. 2018; Gongalves et al. 2018, 20204,
2020b; Laporte-Fauret et al. 2019; Pagan et al. 2019; Andriolo et al. 20203,
2020b; Bekova and Prodanov 2023; Corbau et al. 2023; Prodanov et al. 2023a,
etc.) and coastal dune vegetation mapping (Meng et al. 2017; Suo et al. 2018)
using drone data.

Still, there is no sustainable solution for automatically detecting and clas-
sifying litter on dunes. In contrast, for beaches, uniform standards of opera-
tion are being discussed to enhance the reliability of research (Gongalves et
al. 2022, etc.). Despite the successful application for litter mapping (Andriolo
et al. 2020a, 2020b, 2021a; Gongalves et al. 2020a, 2020b, etc.), we believe
that the use of an automated object-based image segmentation technique and
the service of a machine-learning classifier is not yet sufficiently improved to
identify and recognize litter on/in high dune vegetation (white/grey/wooded
dunes), which comprises more than 70% of the assessment areas along Bul-
garian coast (Figs 2, 7).

Our experience shows that the opportunities of the UAS-based methodology
presented in the study outweigh the disadvantages. The main line of controversy
is between “time-consuming manual collecting with intrusive impact on dunes”
versus “fast UAS mapping with minimal dune impact”. According to the results
of our research, traditional field measurements could, under ideal conditions,
survey two study sites per day, while drone surveys mapped four assessment
areas per day, including beaches that were close to one another (Bekova and
Prodanov 2023). Due to the sensitive coastal dune habitats, we need to continue
to conduct our research using remotely non-destructive drone-based technolo-
gy with minimal anthropogenic impact, following a trend away from minimizing
manual sampling, which inevitably has a negative impact on dune habitats.

Development of a Clean Dune Index (CDI) for evaluation of the Bulgarian
Black Sea coastal dunes

Data pertaining to the density, composition and sources of litter on the dunes
have been presented as a means to assess the level of dune cleanliness. As
Alkalay et al. (2007) proposed, a Clean Coast Index (CCl) was calculated based
on the density of anthropogenic litter covering the beaches. But should CCI
threshold values actually apply to dunes?

The configuration of the coastal system is influenced by various factors
such as morphology, anthropogenic activities, climatic conditions and vege-
tation type. However, it is important to note that the impact of these factors
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on beach and dune forms is not uniform. Thus, it can be concluded that the
CClI proposed by Alkalay et al. (2007) may not be suitable due to its mapping
of different eco-geomorphological components. The present study established
significant differences in density values, exceeding 50%, between dunes and
beaches in some locations. This finding is consistent with the results reported
by Simeonova et al. (2020), Kalinov et al. (2021), Bekova and Prodanov (2023)
in their respective studies. The beach-dune system located at Veleka Mouth is
considered to be one of the emblematic cases. According to Simeonova et al.
(2020), beach litter density was estimated to be 0.09 items/m? in 2019. Beko-
va and Prodanov (2023) conducted UAS orthophoto screening and identified a
density of 0.55 items/m?. At the same time, our study found a density value of
0.66 items/m? of macrolitter on the dunes.

A comparative analysis was performed using data from standardised UAS
mapping of beach and dune assessment areas (Table 2) to determine the ex-
tent to which dunes are more polluted than beaches and whether that was valid
for all beach-dune systems. The observed dissimilarities in density between BL
and DL suggested that the threshold values of the widely accepted CCIl index
(Alkalay et al. 2007) were not fully applicable for evaluating the spatial distribu-
tion of MLD. In order to conduct a comprehensive evaluation of cleanliness, a
Clean Dune Index (CDI) was developed using the CCI (Alkalay et al. 2007) as a
basis. However, the threshold values were increased to account for the signifi-
cant trapping role of dune vegetation that spans up to 200 m inland and reach-
es up to 0.5 min height. The primary objective of the CDI, as introduced for the
first time in this study, is to provide data consumers with a clear indication that
the outcomes exclusively pertain to dune formations and do not encompass
any statistical information concerning litter disposal on the beach. Formula (2)
was used to determine the CDI of each area of litter monitoring during the mon-
itoring campaigns.

Total number of litter items

)xK @

CDI =
ALM Year Season Area of assessment

where K is a coefficient and equals 20, the assessment area (m?) between the
dune toe (foot line of the seaward dune slope) and the dune hee of the back-
dunes (or minimum 50 m length inland) was estimated, as shown in Fig. 3A. The
disparity between the suggested CDI and CCI (Alkalay et al. 2007) was solely at-
tributed to the tolerance in threshold values and interpretation of the definition.

Table 2. Comparison of average litter density on dunes and beaches (Bekova and
Prodanov 2023) in 2018-2022 (see the full table in Appendix 4).

Year D, .ches £ SD D,,.. ¥ SD
2018 0.21+0.14 0.44+0.28
2019 0.35+0.23 0.48 +0.30
2020 0.63 +0.39 0.61+0.40
2021 0.73+0.43 0.62+0.40
2022 0.31+0.22 0.57 £0.40
Average density 0.44+0.28 0.54 +0.35
Total Average Percentage difference, [%] 21.12% ~ 20%
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The thresholds of the CDI were increased by the total average percentage dif-
ference between the density of macrolitter found on beaches and dunes, which
was established to be 20% for the Bulgarian coastal dunes (Appendix 4). The
variability of the 20% difference may be subject to modification in accordance
with the specific eco-geomorphological conditions of various countries, dune
systems/dune habitats. It is recommended that litter surveys be conducted on
the beach and back dunes whenever possible. It will provide insight into the
general pattern of macrolitter distribution in beach-dune systems.

Are the dunes clean or dirty along the Bulgarian Black Sea coast?

Based on an in-depth evaluation of data obtained from the mid-term monitor-
ing, the Bulgarian Black Sea dune systems were categorised as “moderate” with
CDlav,18-22: 10.89 (Fig. 9; Appendix 1). Throughout the monitoring campaigns
spanning from 2018 to 2022, an equal distribution was observed among the pri-
mary categories of CDI, namely, very clean to clean (20%), moderate (45%) and
dirty to extremely dirty (35%). Nevertheless, trends could be discerned among
the sampling unit in relation to their proximity to leisure areas, such as Kavat-
site and Gradina campsites, etc.

Moderately clean dunes at Dobrudzha Coast

The elongated dune systems were classified as “moderate” Dobrudzha dunes
(Fig. 9; Appendix 1). They are located in the following assessment areas: (1)
Durankulak - North, (2) Durankulak - South, (3) Krapets - North, (4) Shabla - North
and (5) Shabla - South. The beach-dune systems are oriented in a meridional di-
rection, extending from Durankulak to Shabla. The moderate pollution observed
on the dunes at the area assessments (3) Krapets-North could be attributed to
the unauthorised camping activities taking place in the backdunes. The beach-
dune systems found in the northernmost regions were typically less affected by
anthropogenic activities owing to the relatively lower influx of tourists compared
to the southern coast. The units (6) Bolata stands in contrast to the aforemen-

Cc1 CDI

Exceedingly
dirty dunes

Extremely
dirty

most of the beach is covered
with plastic debris
Extremely dirty

dunes

a lot of debris on the dunes

a lot of debris on the shore

2 a few pieces of litter can be

a few pieces of litter can be detected

detected
no litter is seen over a large area 2.4 N0 litter is seen over a large area

no litter is seen 0 nolitteris seen

Clean Coast Index Clean Dune Index
(Alkalay et al. 2007) (Prodanov and Bekova)

Figure 9. Clean Dune Index (CDI) for evaluation of the Bulgarian Black Sea coastal dunes
with an additional class of Exceedingly dirty dunes.
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tioned statements. Bolata dunes are well-shaped compact sand forms covered
by dense vegetation. Recently, vehicle access has been allowed in the immedi-
ate vicinity. Consequently, there is an increase in tourist pressure. Bolata Cove
is characterised by its scenic beauty and limited spatial extent. The dynamic of
debris within the cove is constrained by the presence of high cliffs behind the
dunes, designated as “extremely dirty” status (CDlav,Bolata,18-22: 24.69).

Dunes along the Central Coast

This group comprises the coastal dunes stretching from Cape Galata to Cape
Emine (Fig. 9; Appendix 1). The preserved coastal dunes of the central coast
section encompass the assessment areas (9) Pasha Dere, (10) Kamchiya
(Mouth), (11) Kamchiya - South (Novo Oryahovo Beach), (12) Shkorpilovtsi, (13)
Shkorpilovtsi - South, (14) Kara Dere - North (Byala), (15) Kara Dere - South (Bya-
la). The study identified two distinct areas, namely (14) Kara Dere - North (Bya-
la) and (15) Kara Dere - South (Byala), based on their geographical location.
Due to the comparable CDI values, the scope of the research was broadened to
encompass the clean dunes of Pasha Dere and Kara Dere, which had been pro-
tected from pollution owing to the limited number of tourists. The CDI values
observed in these assessment areas varied between 2.77 and 7.42.

Extremely dirty dunes at Slanchev bryag and Nessebar Coast

A significant human footprint was detected on the assessment units (16)
Slanchev Bryag and (17) Nessebar—South, located south of Cape Emine (Fig. 9;
Appendix 1). The anthropogenic impact was reflected in “extremely dirty” dunes
at the abovementioned assessment areas (CDlav,Slanchev bryag,18—22: 24.09
and CDlav,Nessebar,18—22: 25.01). The plastic litter most commonly found in the
environment comprises cigarette butts, plastic bottles and medical masks. The in-
sufficiency of waste disposal facilities for tourists is a pressing issue. In addition,
the coastal region is subject to severe wind conditions that facilitate the transpor-
tation of substantial quantities of litter from the beach to the inland backdunes.

Dirty dunes along Burgas-Medni Rid Coast

The present group provides a concise overview of the dune systems located
within the assessment areas: (20) Burgas Port Wall, (21) Vromos, (22) Camp-
site Gradina, (23) Harmanite, (24) Kavatsite, (25) Alepu, (26) Arkutino and (27)
Ropotamo (Fig. 10). The distribution of MLD did not exhibit a discernible trend,
as evidenced by the CDI values encompassing from 0.95 to 27.22. Notably, the
Bulgarian coastal dunes showed high and low cleanliness levels.

“Extremely dirty” dunes at Kavatsite. The locality is emblematic, with the
wide beach strip visited by thousands of tourists in summer. The well-devel-
oped, irregularly dune ridges have “sheltered” the vast amount of litter from the
beach. The DLM (Fig. 3C) demonstrated the role of plants with a considerable
supply of litter from the beach. The index reached alarming values, CDlav,Ka-
vatsite,18—22: 27.22. It is also an important fact that in the dune systems (24)
Kavatsite and (16) Slanchev Bryag, the highest values of plastic waste (92%)
for the Bulgarian coast were recorded (Fig. 9).
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Figure 10. Evaluation of cleanliness of the Bulgarian Black Sea dunes according to the Clean Dune Index for macrolitter
(size > 2.5 cm) pollution.

Dirty dunes at Strandzha Coast

The southernmost coast of Bulgaria is characterised by small settlements and
villages surrounded by areas intended for recreational activities/camping. In
summer, many tourists visit the area extending from Primorsko to Silistar, sig-
nificantly reflecting the local ecosystem. Most dune systems were classified
as “dirty” or “moderate” according to CDI values (Fig. 9; Appendix 1). The “dirty”
dunes included assessment areas (29) Primorsko, (30) Atliman, (31) Dyavol-
ska Mouth, (32) Koral, (33) Oazis, (34) Arapya, (35) Nestinarka, (36) Ahtopol
and (37) Veleka Mouth. As “Moderate” polluted dunes were categorised: (28)
Primorsko, (34) Arapya, (35) Nestinarka, (36) Ahtopol, (38) Butamyata and (40)
Silistar. Their CDI values ranged between 7 and 19. Many assessment areas
experienced significant human-induced pressure on dune systems, which were
often close to commercial establishments such as beach bars and pubs. Plas-
tic litter included items such as bottles, cigarette butts, and filters.

Ropotamo and Lipite - the cleanest dunes along the Bulgarian Coast

The study sites were deliberately chosen to include dune systems that were hard
to reach, isolated from recreational activities, with limited tourist presence and a
minimal anthropogenic impact on the beach. Based on the established criteria,
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two dune systems, (27) Ropotamo and (39) Lipite, were chosen. As expected, af-
ter a 5-year observation period, the assessment areas were categorised as “very
clean”. In fact, these assessment areas exhibited the highest level of cleanliness
among the study dune systems along the Bulgarian coast. The study determined
that both assessment areas showed low abundance and density of litter, resulting
in the lowest values of CDlav, Ropotamo, 18-22: 0.95 and CDlav, Lipite, 18—22:
1.20. Plastic litter, comprising items such as cigarette butts, bottles and fishing
equipment, was prevalent on their territory. Despite the discovery of camping rem-
nants during the field surveys, these dune systems remained relatively unaffect-
ed by human intervention. Due to their “pristine” eco-geomorphological settings,
their exceptional cleanliness has earned them recognition as a reference for “very
clean” coastal dunes on the Bulgarian Black Sea coast (Fig. 9; Appendix 1).

COVID-19 pandemic impact on dune cleanliness

The impact of the COVID-19 pandemic on plastic pollution in coastal and marine
environments has been a subject of study in various parts of the world. For ex-
ample, in neighbouring Greece, Kouvara et al. (2022) examined the impact of the
ended COVID-19 pandemic on plastic pollution in the coastal/marine environ-
ment. The presence of personal protective equipment (PPE) such as face masks,
gloves, and wet wipes significantly increased during the pandemic, contributing
to plastic pollution. Face masks constituted the majority of PPE items found
in the marine environment. COVID-19-related items accounted for a small per-
centage of the total litter, while wet wipes showed higher densities compared to
the pre-pandemic period. Similar results of the negative impact of the COVID-19
pandemic on coastal environments have been documented in a wide range of
studies worldwide (e.g., Okuku et al. 2021; Ormaza-Gonzailez et al. 2021; Hayati
et al. 2022; Segal et al. 2022), especially the role of PPE associated with the
epidemic (Akhbarizadeh et al. 2021; Benson et al. 2021; Chowdhury et al. 2021;
De-la-Torre and Aragaw 2021; De-la-Torre et al. 2021; Haddad et al. 2021; Sa-
jorne et al. 2022). From another point of view, Souza Filho et al. (2023) reported
a decreasing abundance of beach litter. During the COVID-19 pandemic, beach
closures and reduced public traffic led to a significant reduction of up to 83% in
litter on the surveyed beaches, mostly related to recreational activities. But what
was the situation during the COVID-19 epidemic on the Bulgarian beaches?
First, the 5-year timeline for monitoring dune litter remained unaffected by
the COVID-19 pandemic. Bulgaria introduced a short lockdown in early March
2020, which coincided with the winter season and the beginning of spring when
vacationers and campers were not expected due to low temperatures.
Second, in an effort to regulate international travel, Europe imposed restric-
tions during the summer seasons of 2020 and 2021. Consequently, the dunes
in Bulgaria indirectly experienced the impact of the pandemic. The imposition
of travel restrictions resulted in an immediate increase in domestic tourist ac-
tivity on Bulgarian beaches. As a result, there was a notable 39% increase in
litter abundance and a corresponding 41% rise in litter density (Figs 5, 10B).
The final map of the Clean Dune Index (CDI) clearly outlines a significant jump
in the amount of macrolitter, particularly single-use plastic packaging, plastic
bottles, and discarded face masks. The index values revealed an increase in
38 out of the 40 areas of litter monitoring (Fig. 9B). In addition to the findings
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mentioned earlier, it is worth noting that the period 2020-2022 presented a
new challenge for dune ecosystems: the availability of face masks. With the
advent of the COVID-19 pandemic, face masks became an essential protective
measure, but unfortunately, their improper disposal resulted in an increased
accumulation of litter in the dune vegetation (Fig. 11). This observation shed
light on the weaknesses in waste management infrastructures and the need for
improved systems to deal with the disposal of these pandemic-related items.

Conclusions

This research article presents various aspects, trends and results of mid-term
5-year monitoring of macrolitter on the Bulgarian Black Sea dunes. The 2018-
2022 monitoring assessed macrolitter (size > 2.5 cm) abundance, density,
composition, and sources on dunes within 40 assessment areas. According
to the Master List of Categories of Litter Items in the Guidance on Monitoring
of Marine Litter in European Seas (Galgani et al. 2013a), “Artificial polymer ma-
terials” accounted for 83.4% of MLD during the five-year monitoring, followed
by “Paper/Cardboard” (6.2%), “Glass/ceramics” (2.8%), “Metal” (2.8%), “Pro-
cessed/worked wood” (1.83%), “Rubber” (1.29%), and “Cloth/Textile” (1.17%).
The COVID-19 pandemic indirectly affected Bulgarian dunes’ cleanliness by in-
creasing domestic tourist pressure due to foreign travel restrictions. MLD abun-
dance increased by 39%, peaking in 2021. The average density was assessed
as Dav,18-22: 0.54 + 0.35 items/m? - “a lot of waste in the dune area” - with a
maximum of Dav,21: 0.62 in summer 2021.

The spatial distribution of macrolitter on dunes is a complicated combination
of anthropogenic impact and wind processes affecting the various eco-geo-
morphological elements of the beach-dune system. Only 16% of items were
retained by embryonic dunes (Dav,Embryo,18-22: 0.23 items/m?). Foredunes
had the most litter (28% of total items; Dav,Foredunes,18-22: 0.80 items/m?).
In larger areas, backdunes had 55% litter (Dav,Backdunes,18-22: 0.58 items/
m?). The Density Litter Maps showed that dune vegetation trapped 40% more
macrolitter than sand forms without dune plants.

The Clean Dune Index was developed to assess the Bulgarian Black Sea
coast dune systems’ cleanliness. Dune cleanliness along the Bulgarian coast
was categorised as “moderate” by aggregated CDI data for assessment units
(CDlav,18-22: 10.89). In 2018-2022, the dunes near the most popular re-
sorts were classified as “extremely dirty”: (24) Kavatsite: 27.22, (17) Nesse-
bar — South: 25.01, (6) Bolata: 24.69, (8) Asparuhovo (Varna): 24.33, and (16)
Slanchev bryag: 24.09. The lowest CDI was for the Ropotamo and Lipite dune
systems. Ropotamo 0.95 and Lipite 1.2 were “very clean”.

The manual screening procedure on the UAS orthophotos identified 93.1% of
litter items initially identified by a visual survey. This recognition worked on 87%
of registered litter items. UAS data is invaluable for litter location, but classify-
ing it requires an orthophotomosaic with GSD between 0.3-0.5 cm/px. Due to
the sensitive coastal dune habitats, we are obligated to continue to conduct our
research using remotely non-destructive drone-based technology with minimal
anthropogenic impact, following a trend away from minimizing manual sam-
pling, which inevitably has a negative impact on dune habitats (Bekova 2023;
Bekova and Prodanov 2023).
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Figure 11. Example of macrolitter on dunes in assessment areas along the Bulgarian Coast.
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The research on macrolitter pollution along Bulgarian dunes shows that poor
management, tourist non-eco culture, and lack of clean-up activities after every
summer season have resulted in a high number of dirty and extremely dirty
dunes (35% of monitored dune systems).
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Appendix 2

A 27°30'0"E 28°0'0"E 28°30'0"E 29°0'0"E i B. Composition of Macrolitter on dunes (average values for 2018-2022)

1 Durankulak - North

2 Durankulal - South

3 Krapets - Nordr

4 Shabla - North

5 Shabl - South

6 Bolara

7 Kranevo - Albena

8 Asparulovo (Varna)

9 Pasha Dere

10 Kamchiya (Mouth)

11 Kamchiya - South

12 Shkorpilovisi

13 Shkorpilovisi - South

14 Kara Dere - North (Byatu)
15 Kara Dere - South (Byata)
16 Slanchev bryag

17 Nessebar - South

| 18 Ahetoy
|

|

43°30'0"N

19 Pomorie Sand Spit
20 Burgas Port Wall

Z
=}
=
o

o
<

43°0'0"N

21 Vromos

| 22 campsite Gradina
[ 23 Harmanite

| 24 Kavassite

| 25 Atepue

| 26 Arkutino

| 27 Ropotamo
|

[

28 Primorsko (Stamopolu)
29 Primorsko (Mladost MMC)

Z % | 30 Arliman
=4 = | 31 Dyavolska Mouth
2 I | 32 Koral
° & Y
Q ~ | 33 Oagis
| 34.Arapya
| 35 Nestinarka
| 36 Ahtopol
S ses Ol 87 Veleka Moush
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27°30'0"E 28°0'0"E 28°30'0"E 29°0'0"E U Unidentified

Figure A1. A Map of the average densities of MLD along the BBSC B the average values of litter composition on the ALMs
in 2018-2022 (see Appendix 1).

Appendix 3

Table A2. Composition of litter on dunes along the Bulgarian Black Sea Coast in 2018-2022.

Area of litter monitoring Artificial polymer | Rubber @ Cloth/ = Paper/ Processed/ | Metal Glass/ @ Unidentified
materials Textile Cardboard Worked wood Ceramics

[%] [%] [%] [%] [%] [%] [%] [%]
1 Durankulak - North 85.0 1.1 0.8 4.9 1.9 1.9 3.8 0.6
2 Durankulak - South 83.4 1.4 1.0 4.2 2.9 3.6 3.0 0.6
3 Krapets - North 83.4 1.1 1.0 5.1 2.3 3.6 3.0 0.6
4 Shabla - North 87.0 0.9 1.0 54 1.5 2.6 1.0 0.6
5 Shabla - South 86.0 1.1 1.0 7.1 1.2 1.0 2.0 0.6
6 Bolata 92.0 0.8 1.0 1.6 1.3 1.6 1.1 0.6
7 Kranevo - Albena 84.0 1.2 1.0 10.0 0.3 1.6 1.4 0.5
8 Asparuhovo (Varna) 87.0 1.2 1.0 5.7 0.8 1.8 2.0 0.6
9 Pasha Dere 83.0 1.2 1.0 8.0 2.3 2.3 2.0 0.2
10 Kamchiya (Mouth) 79.0 0.9 1.0 9.3 2.3 29 4.0 0.6
11 Kamchiya - South 76.0 1.2 1.0 11.3 2.3 3.6 4.0 0.6
(Novo Oryahovo Beach)

Nature Conservation 54: 13-54 (2023), DOI: 10.3897/natureconservation.54.111350 59



Bogdan Prodanov & Radoslava Bekova: A baseline assessment of anthropogenic macrolitter on dunes

Area of litter monitoring

12 Shkorpilovtsi

13 Shkorpilovtsi - South

14 Kara Dere - North (Byala)
15 Kara Dere - South (Byala)
16 Slanchev bryag

17 Nessebar - South

18 Aheloy

19 Pomorie Sand Spit

20 Burgas Port Wall

21 Vromos

22 Campsite Gradina

23 Harmanite

24 Kavatsite

25 Alepu

26 Arkutino

27 Ropotamo

28 Primorsko (Stamopolu)
29 Primorsko (Mladost MMC)
30 Atliman

31 Dyavolska Mouth

32 Koral

33 Oazis

34 Arapya

35 Nestinarka

36 Ahtopol

37 Veleka Mouth

38 Butamyata

39 Lipite

40 Silistar

Average, [%]

Artificial polymer
materials

[%]
83.1
82.0
721
76.0
92.0
89.0
83.0
69.0
86.4
82.7
87.0
83.0
92.0
83.0
83.1
76.0
86.5
83.0
84.1
86.5
83.4
87.0
84.0
83.4
83.0
86.5
82.7
76.0
85.0
83.4

Appendix 4

Rubber | Cloth/ | Paper/ Processed/ | Metal Glass/
Textile Cardboard Worked wood Ceramics
[%] [%] [%] [%] [%] [%]
1.1 1.0 71 2.3 2.8 2.0
0.9 1.0 6.9 1.4 3.3 3.9
3.1 2.8 10.0 2.3 5.1 4.0
2.7 1.0 12.0 2.3 2.6 2.8
0.8 0.3 3.0 0.8 1.9 0.6
1.4 1.0 1.7 1.8 2.1 2.6
1.2 1.0 4.3 2.3 3.6 4.0
1.0 3.1 11.2 3.3 6.1 47
1.1 2.3 4.3 1.3 1.3 3.1
1.1 1.8 4.3 2.3 3.6 4.0
1.3 0.6 5.6 0.8 1.8 2.3
1.2 0.9 4.3 2.3 3.6 4.1
0.8 0.3 3.0 0.8 1.9 0.6
1.2 0.8 4.3 2.3 3.6 4.2
1.4 0.6 7.0 2.3 2.8 2.2
2.7 1.1 11.9 2.3 2.6 2.8
1.2 1.5 5.6 0.8 1.8 2.0
1.4 1.3 4.9 2.3 3.6 3.0
1.1 1.0 6.6 1.8 2.8 2.0
0.8 1.9 5.6 0.8 1.8 2.0
1.3 1.7 4.6 2.3 33 3.0
1.0 0.9 5.9 0.8 1.8 2.0
1.2 1.0 4.3 2.3 3.6 3.0
1.1 1.4 4.9 2.3 3.6 3.0
1.2 1.2 4.3 2.3 3.6 4.0
1.4 1.3 5.6 0.8 1.8 2.0
1.1 1.4 4.3 2.3 3.6 4.0
2.7 1.0 12.0 2.3 2.6 2.8
1.2 0.8 4.9 1.9 1.9 3.8
1.3 1.2 6.2 1.8 2.8 2.8

Unidentified

[%]
0.6
0.6
0.6
0.6
0.6
0.5
0.6
1.6
0.2
0.2
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.6
0.4
0.6
0.6
0.3
0.4
0.6
0.6
0.6
0.5
0.6

Table A3. Comparison of average litter density on dunes and beaches (Bekova and Prodanov 2023) in 2018-2022.

Year

D-dunes; B-beaches

Areas of Litter Monitoring (Dune system)

1 Durankulak - North
2 Durankulak - South
3 Krapets - North

4 Shabla - North

5 Shabla - South

2018

D

0.23
0.22
0.32
0.28
0.22

0.11
0.11
0.12
0.10
0.12
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2019

D

0.24
0.24
0.39
0.30
0.24

2020

D

2021

D

Litter Density, [items/m?]

0.14
0.18
0.18
0.15
0.19

0.30
0.30
0.53
0.37
0.35

0.32
0.33
0.35
0.29
0.36

0.33
0.35
0.58
0.35
0.36

0.41
0.39
0.41
0.34
0.44

2022

D

0.44
0.39
0.37
0.32
0.34

0.17
0.09
0.11
0.13
0.10

53
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Year
D-dunes; B-beaches
Areas of Litter Monitoring (Dune system)
6 Bolata
7 Kranevo - Albena
8 Asparuhovo (Varna)
9 Pasha Dere
10 Kamchiya (Mouth)
11 Kamchiya - South
12 Shkorpilovtsi
13 Shkorpilovtsi South
14 Kara Dere - North (Byala)
15 Kara Dere - South (Byala)
16 Slanchev bryag
17 Nessebar - South
18 Aheloy
19 Pomorie Sand Spit
20 Burgas Port Wall
21 Vromos
22 Campsite Gradina
23 Harmanite
24 Kavatsite
25 Alepu
26 Arkutino
27 Ropotamo
28 Primorsko (Stamopolu)
29 Primorsko (Mladost MMC)
30 Atliman
31 Dyavolska Mouth
32 Koral
33 Oazis
34 Arapya
35 Nestinarka
36 Ahtopol
37 Veleka Mouth
38 Butamyata
39 Lipite
40 Silistar
Average annual density, [items/m?]
Total Average density, Time period 2018-2022, [items/m?]

Total Average Percentage difference, [%]

2018

0.92
0.35
0.86
0.12
0.15
0.15
0.32
0.32
0.21
0.15
0.93
1.02
0.37
0.16
0.88
0.27
0.60
0.65
1.00
0.33
0.23
0.03
0.48
0.55
0.53
0.68
0.55
0.82
0.50
0.46
0.27
0.61
0.37
0.05
0.48
0.44

0.51
0.18
0.49
0.06
0.07
0.10
0.15
0.15
0.10
0.07
0.48
0.49
0.16
0.10
0.43
0.15
0.30
0.32
0.57
0.17
0.09
0.02
0.23
0.27
0.26
0.29
0.27
0.26
0.21
0.22
0.15
0.30
0.18
0.02
0.21
0.21

2019

D

0.99
0.38
0.93
0.13
0.16
0.17
0.34
0.34
0.23
0.16
1.00
1.09
0.40
0.17
0.95
0.29
0.64
0.70
1.13
0.35
0.25
0.03
0.51
0.59
0.57
0.73
0.59
0.89
0.45
0.50
0.29
0.66
0.40
0.06
0.52
0.48

2020

D

2021

D

Litter Density, [items/m?]

0.82
0.28
0.78
0.09
0.12
0.16
0.25
0.25
0.16
0.12
0.77
0.79
0.25
0.16
0.69
0.23
0.48
0.51
0.90
0.27
0.14
0.03
0.37
0.43
0.41
0.46
0.42
0.56
0.34
0.36
0.24
0.48
0.29
0.04
0.33
0.35

Dunes — 0.54
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1.33
0.51
1.56
0.16
0.20
0.29
0.42
0.42
0.39
0.20
1.25
1.36
0.50
0.21
1.18
0.37
0.80
0.87
1.52
0.44
0.31
0.04
0.66
0.74
0.71
0.91
0.73
1.10
0.56
0.62
0.45
0.82
0.50
0.07
0.64
0.61

21.12% ~ 20%

1.54
0.53
1.10
0.17
0.22
0.31
0.46
0.46
0.31
0.22
1.45
1.48
0.47
0.29
1.08
0.44
0.90
0.95
1.34
0.50
0.27
0.06
0.70
0.80
0.77
0.87
0.80
1.05
0.63
0.67
0.45
0.89
0.54
0.07
0.62
0.63

1.49
0.45
1.28
0.15
0.19
0.29
0.40
0.40
0.32
0.19
1.52
1.29
0.56
0.29
1.12
0.51
0.87
0.83
1.58
0.50
0.30
0.10
0.61
0.70
0.67
0.86
0.69
1.04
0.53
0.59
0.46
0.78
0.47
0.07
0.61
0.64

1.85
0.63
1.22
0.21
0.27
0.37
0.55
0.56
0.37
0.27
1.55
1.44
0.56
0.35
1.31
0.53
1.08
1.14
1.49
0.60
0.32
0.07
0.84
0.96
0.93
1.04
0.96
1.1
0.75
0.81
0.54
1.07
0.65
0.09
0.74
0.73

2022

1.44
0.41
1.46
0.14
0.18
0.34
0.37
0.37
0.36
0.18
1.32
1.50
0.43
0.33
1.02
0.32
0.69
0.75
1.58
0.38
0.27
0.04
0.55
0.64
0.61
0.79
0.63
0.95
0.48
0.53
0.32
0.71
0.43
0.06
0.56
0.53

Beaches - 0.44

0.41
0.32
0.26
0.05
0.06
0.08
0.10
0.07
0.18
0.13
0.82
0.86
0.27
0.17
0.76
0.26
0.53
0.56
0.75
0.25
0.16
0.03
0.37
0.36
0.34
0.51
0.35
0.55
0.27
0.38
0.26
0.52
0.32
0.04
0.36
0.31

54



	A baseline assessment of anthropogenic macrolitter on dunes along the Bulgarian Black Sea Coast using visual census and Unmanned Aerial Systems
	Abstract
	Introduction
	World Ocean and marine litter
	Marine litter in the Black Sea
	UAS approaches in litter mapping
	Aim of the study

	Materials and methods
	Dune systems along the Bulgarian Black Sea Coast
	Areas of litter monitoring
	Field surveys
	UAS missions and acquired data
	Visual census, composition and source identification

	Abundance and density of litter
	Manual image screening procedure and Litter Maps

	Results
	Abundance and density of macrolitter on dunes
	Seasonal variation of macrolitter on dunes
	Composition of macrolitter on dunes
	Sources of macrolitter on dunes
	Spatial distribution of MLD

	Discussion
	Effectiveness of drones in litter mapping on dunes
	Development of a Clean Dune Index (CDI) for evaluation of the Bulgarian Black Sea coastal dunes
	Are the dunes clean or dirty along the Bulgarian Black Sea coast?
	Moderately clean dunes at Dobrudzha Coast
	Dunes along the Central Coast
	Extremely dirty dunes at Slanchev bryag and Nessebar Coast
	Dirty dunes along Burgas-Medni Rid Coast
	Dirty dunes at Strandzha Coast

	Ropotamo and Lipite - the cleanest dunes along the Bulgarian Coast
	COVID-19 pandemic impact on dune cleanliness

	Conclusions
	Acknowledgments
	Additional information
	References
	Appendix 1
	Appendix 2
	Appendix 3
	Appendix 4

