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W N e

Abstract: Arctic rivers bring litter from their basins to the sea, but accurate data for the Arctic do
not exist yet. This study presents the first assessment of floating macro litter input (>2.5 cm) from
the Northern Dvina and Onega rivers to the White Sea. The observations were performed based
on the European Marine Strategy Framework Directive (MSFD) methodology and using the mobile
application of the Joint Research Centre (Ispra, Italy). The results of observations from May 2021 to
November 2021 show that 77% of floating objects were of natural origin (mainly leaves, wood and
bird feathers). Of the particles of anthropogenic origin, 59.6% were represented by various types
of plastics, 27.7% were processed wood, 8.5% paper/cardboard, 2.7% metal, 1.1% were rubber and
<1% textiles. The average monthly input of anthropogenic macro litter by the Northern Dvina varies
from 250 to 1700 items/hour, and by Onega from 520 to 2350 items/hour. The level of pollution of the
studied rivers was found to be higher than in some Europeans rivers but lower than in China. The
mass discharge of macroplastics in the Northern Dvina River was compared with the estimates of the
discharge of meso- and microplastics; that allowed us to show that the discharge of macroplastics in
mass units is much higher than of micro- and mesoplastics.

Keywords: marine pollution; marine litter; plastic; Arctic rivers; riverine litter; floating litter; marine

environmental monitoring

1. Introduction

The pollution of the world’s oceans with anthropogenic, especially plastic, litter is
one of the most pressing problems. The accumulation density of macroplastics in the
northern hemisphere, especially near large cities, is very high [1]. Between 5 and 13 million
tons of plastic litter enter the marine environment from land every year, of which almost
2 million tons are garbage coming from various marine sources [2]. Plastic garbage is
distributed extremely heterogeneously in the sea. The reasons for this are primarily local
wind, current conditions, the shape of the coastline and points of discharge into the water,
for example, sewage, coastal urban areas and shipping routes [3]. Macroplastics transfer
depends on the hydrodynamics of the river [4] and the types of aquatic vegetation [5]. A
comparison of the processes of organic and plastic litter entering the World Ocean shows
the difference between these processes. While the input of organic waste mainly depends
only on natural processes (storms, landslides, coastal erosion, etc.), the plastics supply
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depends on both natural (wind, coastal runoff) and anthropogenic factors (waste disposal,
population density, urbanization) [6]. Indicators of the accumulation rates of plastic garbage
vary unevenly, and there are fairly stable trends of both increase and decrease [1].

Many plastics do not have natural sedimentary analogues due to their lightness,
durability and flexibility; therefore, they can be considered as a new type of sediment
particles and, consequently, as a new type of load on river sediments [7]. Assessment of the
amount and composition of macro litter is important not only in the sea but also in various
drains, including rivers. The study of freshwater river systems is necessary to understand
the future fate of floating macro debris in the ocean. According to recent estimates, global
riverine plastic emissions are 0.5-3.2 million tons of plastic waste [8,9].

The large rivers of the Arctic region—the Pechora, Onega, Northern Dvina, Yenisei,
Ob, Kolyma and Lena—take out all the garbage that gets into their pools to the sea and
the coastal zone. A significant source of various household waste to the Arctic coasts is the
mainland runoff. Household waste is characterised by the presence of a significant amount
of plastic. Therefore, the rivers are the main way of transporting this waste to the Arctic
Ocean from land.

According to the studies in the Arctic Ocean, the western part of the Barents Sea is
more polluted than the Siberian Arctic [10,11]. One of the important factors for Siberian
rivers is the fact that only the areas located upstream of these rivers are inhabited, which
can be a source of environmental pollution [12]. However, the plastic litter produced in the
upstream regions can be lost along the river coasts in the downstream regions with low
population, and as a result these rivers bring low-polluted water to the seas. On the other
hand, the basins of the European Arctic rivers flowing to the White Sea and the Barents Sea
are populated both in upstream and downstream regions, and can be a significant source
of anthropogenic litter.

The main objective of this work was to study the input of plastic litter with the largest
rivers of the European North—the Northern Dvina and Onega, which flow through the
populated regions into the White Sea. We aimed at estimating of the value of the inflowing
plastic litter, and its potential seasonal variability in comparison with the other rivers.

2. Materials and Methods

Two large Arctic rivers, the Northern Dvina and the Onega, were selected to analyse
the floating macro litter flux into the White Sea (Figure 1). These 2 rivers are the only Arctic
rivers flowing through the populated regions in their downstreams and, therefore, can be a
significant source of the plastic going to the Arctic. The Northern Dvina is the largest of the
analysed rivers, with a length of 744 km, the basin area is about 357,000 km?2, and average
annual water flow at the mouth is 3420 m?/s, which is higher from April to June. The
length of the Onega is 416 km, the basin area is about 56,900 km?, and the average annual
water flow at the mouth is 535 m? /s, which is higher from April to June. Nourishment of
the river is mixed, and is mainly snow-derived [13].

Observations were carried out in the delta of the Northern Dvina and Onega rivers
(Figure 1) from 5 May to 5 November 2021 by trained observers from the P. P. Shirshov
Institute of Oceanology (RAS) and the Center for Collective Use of Scientific Equipment
“Arctic” (M. V. Lomonosov NARFU). The MSFD riverine litter monitoring methodology
which is described in “Guidance on Monitoring of Marine Litter in European Seas” was
used in order to receive harmonized data. Observations were carried out several times
a month from the observation positions on the right coast of the rivers. The observers
conducted observation sessions with a duration of 30-50 min, with an average interval of
about 7 days in the Northern Dvina River and with an average interval of a month in the
Onega River. In different locations, the height of the observation position above the water
level varied from 2 to 5 m. The observation width was selected depending on the observing
conditions and height, in order to identify floating objects larger than 2.5 cm according to
the methodology [14]. During the surveys, the observation width varied from 2 to 20 m.
The rivers’ widths at the observation points were 785 m for the Northern Dvina River and
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Figure 1. Observation sites in the basins of the Northern Dvina and Onega rivers. Blue dots show
positions of the observations.

In this study, the Floating Macro Litter mobile application developed by the Joint
Research Centre (JRC, Ispra, Italy) [14] was for the first time applied for Arctic rivers. The
application allows the registering of GPS position, time, marine item category according
to the “Guidance on Monitoring of Marine Litter in European Seas” [14] and a range of
item sizes. The categorization list includes 42 items. The items are divided into 7 types:
not litter, processed /worked wood, artificial polymers (including plastic/polystyrene),
paper/cardboard, metal, rubber, clothing /textiles. The following size ranges are considered:
2.5-5 cm; 5-10 cm; 10-20 cm; 20-30 cm; 30-50 cm; >50 cm. In this study, we included
cigarette butts, which could be slightly less than 2.5 cm, in the category 2.5-5 cm. In the
category of Plastic bottles 2.5-5 cm, bottle caps were registered. The resulting riverine litter
flux was calculated as items per hour.

The calculated discharge was adjusted by linearly scaling the amount of surface macro
litter by the widths of the rivers mentioned above. In this work, we used statistical analysis
based on Spearman’s rank correlation and Kendall’s rank correlation [15] to assess the
correlations between the size of objects with the frequency of occurrence.

3. Results
3.1. Litter Categories

A total of 1713 particles were registered during the observations in both rivers during
the period of observations in 2021. Most of the observed macro litter >2.5 cm, about
77%, are objects of natural origin (leaves, bird feathers, etc.). Particles of anthropogenic
origin were represented by artificial polymers (59.6%), processed /worked wood (27.7%),
paper/cardboard (8.5%), metal (2.7%), rubber (1.1%) and textiles (<1%) (Figure 2).
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Figure 2. Ratio of anthropogenic litter categories.

Table 1 demonstrates the percentages of the most common categories of anthropogenic
items divided by size. These categories account for 72 percent of all recorded anthropogenic
particles. The most abundant type of plastic litter was plastic pieces, with absolute domi-
nance of the smallest objects, 2.5-5 cm. Among the plastic bottles (and corks) prevailed the
size class 20-30 cm. In the Other plastic/polystyrene items 2.5-5 cm category, 74% were the
cigarette butts. Bags sized 10-30 cm were registered relatively rarely (about 3% of total).

The frequency of occurrence of the various sizes classes is shown in Figure 3. This
figure demonstrates that the number of records decreases with the increasing size of objects.
Statistical analysis also showed a strong negative correlation between the size and frequency
of occurrence (Spearman’s rank correlation p = —1.0, P = 0; Kendall’s rank correlation T = —1.0,
P <0.028).

Table 1. The most common types of anthropogenic items and their percentages from the total amount.

Top Categories of Anthropogenic Items Size, cm % of All Anthropogenic Particles

2.5-5 5.3
5-10 5.3
10-20 2.1

Wood boards 22
20-30 5.8
30-50 2.6
>50 0.9

Other plastic/polystyrene items 2.5-5 14 14
2.5-5 10.1
5-10 29

Plastic pieces 14
10-20 0.5
20-30 0.5
2.5-5 2.1
10-20 3.7

Plastic bottl 12
astiebotte 20-30 57

30-50 0.5
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Table 1. Cont.
Top Categories of Anthropogenic Items Size, cm % of All Anthropogenic Particles

2.5-5 2.7

Other paper 5-10 0.8 5
10-20 15
5-10 1.3

Bag 10-20 1.6 5
20-30 1.6
30-50 0.5
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Figure 3. Percentage of recorded number of items in the different size classes.

3.2. Litter Discharge Estimates
3.2.1. Northern Dvina

The average amount of floating anthropogenic litter in the Northern Dvina River
was 250-1720 (£54) items/hour. The calculated discharges of floating garbage for each
observation session in different seasons are shown in Figure 4. This figure shows higher
values in June and July than in other months. The recorded highs in September and October
could not be explained either by natural phenomena (wind, rain) or anthropogenic activities
(shipping, holidays, etc.).

For statistical analysis, the correlation of the anthropogenic particles discharge (Figure 4)
with the average water discharge was calculated. We used data collected in a hydrological
post near the Ust’-Penega, 137 km from the mouth [16]. Figure 4 shows water discharge
during 2021 from January to December.

A weak correlation between the monthly average items discharge and the monthly
average water discharge was observed (Spearman’s rank correlation p = 0.3, P < 0.5;
Kendall’s rank correlation T = 0.23, P < 0.56). This is perhaps due to the fact that the mouth
of the river delta is riddled with many channels and branches, and there is a large distance
between the observation site and the flow measurement site. The correlation of the average
daily discharge of anthropogenic items with the average water discharge for the same
days by day was also calculated (Spearman’s rank correlation p = 0, P < 1; Kendall’s rank
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correlation T = 0, P < 1). These correlations are not statistically significant. Most likely, the
difference between the correlations of monthly average values and correlations by day is
due to the fact that the flow rate changed quite smoothly, so the averaging better reflects
the convergence with the macro litter flow.
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Figure 4. 1. The discharge of anthropogenic particles normalized to items per hour extrapolated
to the width of the Northern Dvina River (left axis). 2. Water discharge recorded during 1 year at
Ust’-Penega hydrological post (right axis).
3.2.2. Onega
The average amount of floating litter in the Onega River was 520-2350 (£:150) items /hour.
The calculated flux of floating litter for each observation session in different seasons is
shown in Figure 5. The figure shows that higher values were recorded in June than in
other months.
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Figure 5. 1. The discharge of anthropogenic particles normalized to items per hour extrapolated to
the width of the Onega (left axis). 2. Water discharge recorded during 1 year at Porog (right axis).
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For statistical analysis, the correlation of the average monthly discharge of anthro-
pogenic items with the average water discharge was calculated. Measurements were made
at a hydrological post near the Porog, 30 km from the Onega River mouth [16]. Figure 5
shows the water flow during 2021 from January to December.

No correlation between the monthly average items discharge and the monthly average
water discharge was found (Spearman’s rank correlation p = 0, P < 1; Kendall’s rank
correlation T = 0, P < 1). The correlation of the average discharge of anthropogenic items
with the average water discharge by day was also calculated (Spearman’s rank correlation
p = 0.3, P < 0.6; Kendall’s rank correlation T = 0.2, P < 0.8). These correlations are not
statistically significant. Most likely, the difference between the correlations of monthly
average values and correlations by day is due to the fact that the flow rate changed
dramatically from day to day, and has many maxima, so convergence by day is better.

3.3. Calculation of the Mass Discharge of Macro Plastic

The mass discharge of plastic can be approximately estimated using the formula [17]:
Mp=p x my @

Mjp—calculated mass discharge
p—particle flux/hour
mp—average weight of one plastic product

This formula was used by Vriend et al. [17] to determine the discharge of floating
macroplastics in the Rhine River.

In our case, the total flow of the plastic garbage pieces amount carried out by the Northern
Dvina varies from 250 to 1720 items/hour, and the Onega from 520 to 2350 items/hour. If we
take the average mass of plastic objects > 5 cm m,=5.38 g [17], then the estimated mass removal
of the Northern Dvina will be 373.8— 2570.6 (+80) mg/s, Onega 776.6-3511.6 (+214) mg/s.
If we estimate the average mass mp = 3.2 g [18], then the estimated mass removal of the
Northern Dvina will be 222.2-1528.9 (+£48) mg/s and the Onega 461.8-2089.1 (£133) mg/s.
The calculated with average mass of plastic objects > 5 cm m,=5.38 g [17] mass removal for
each observation session in different seasons for both rivers is shown in Figure 6.

° River
= ®- Northern Dvina
®- Onega

.....

.. iN0......... iy @,

May 2021 Jun 2021 Jul 2021 Aug 2021 Sep 2021 Oct 2021 Nov 2021

Figure 6. The mass discharge of plastic items from the Northern Dvina and Onega. The average

weight of one plastic product is taken from [17].

3.4. Macroplastics Composition Estimation

Here, we assume that all registered particles of plastic debris, such as Other plas-
tic/polystyrene items or Plastic pieces, consist of polystyrene (PS), all bottles encountered
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are made of polyethylene terephthalate (PET), and various bags are made of polyethylene
(PE). With such assumptions, we show the distribution of the chemical composition of
plastic macro litter by month on the Northern Dvina in Figure 7.

m PS
m PET
® PE

I
May June July August September October November

Figure 7. Chemical composition of macroplastics debris registered on the Northern Dvina River in
an assumption described in the text.

We compared our data with data on the chemical composition of micro- and mesoplastics
collected in 2019-2020 on the Northern Dvina River [19]. In their study, the predominant was
PE, followed by PP and others. The chemical composition of macro-, micro- and mesoplastics
was generally similar, but as can be seen from Figure 8 most of the macroplastic particles
collected were PS, but not PE, which dominated among micro- and mesoplastics [19]. De-
pending on application, the PS density can be higher or lower (i.e., EPS) than that of PP and
PE; therefore, PS is more abundant directly on the water surface as macroplastics, and also in
the sediments, as was recently shown for the Northern Dvina [20].

m PS
® PET
® PE

—
May June July August September October November

Figure 8. Chemical composition of macroplastics debris registered on the Northern Dvina River in an
assumption described in the text in mass units. The average weight of one plastic product is taken from [17].
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4. Discussion

Table 2 compares the macro litter flux in the current research with fluxes in other rivers
measured with the same methodology. Our estimates are on average an order of magnitude
higher than the flow in Europe, but lower than the average flow in Asia.

Table 2. Comparison of riverine litter flux in different rivers.

River Flux, Items/Hour Reference

Northern Dvina 250-1720 Our research

Onega 520-2350 Our research
Rhine 10-75 [17]
Tiber 85 [21]
Saigon 15,000-66,000 [18]
Ciliwung 3000-20,000 [22]
Rach Cai Khe 700 [23]
Rhone 0-300 [24]
Sochi 1-107 [25]

The average number of plastic products per hour for Southeast Asia is approximately
7100 items /hour; the average number of plastic items/hour in Europe is 250 items /hour [23].
Of course, we understand that the accuracy of the measurements is very bad, and different
methods were applied in different regions, but the general tendency of higher plastic flux
in the Asian rivers compared with the Arctic ones seems logical, due to a much higher
density of population in Asia and connected plastic pollution. On the other hand, the
smaller values in some European rivers can be explained (leaving alone a difference in the
methods) by better cleaning of the waste. Another reason is that the studied Arctic rivers
are covered with ice, making surface plastic discharge impossible in the winter period.
That means that the flux in summer should be higher than the year-average, because all the
garbage accumulated in the snow and ice will be discharged in the Spring-Summer period.
To confirm this, we need more observations.

In Figure 9, we summarize together mass discharges of macro-, meso- and microplas-
tics to the Northern Dvina River. In the research [19], the input of meso- and microplastics
was calculated as a multiplication of the water discharge on the particles’” concentration.
In their work, they found no significant seasonal changes in the concentration and the
seasonal changes of the meso- and microplastics discharge are explained by the water
discharge changes. Our estimates of the macroplastics discharge are independent from
the water discharge, and we found no correlation between them, but we also can mark
out an increased discharge in June-July (Figure 6). The mass discharge of micro- and
mesoplastics (10-800 mg/s), as expected, is much less than the discharge of macroplastics
(600-2500 mg/s). Comparable values of discharges of these to plastic sources are observed
only during the flood period in May, but in the rest of the ice-free period macroplastics
discharge is absolutely dominant.

In the study by [19], microplastics are represented by primary microplastics and
secondary microplastics formed during decomposition of the larger pieces of mezo- and
macroplastics. Here, we show that the mass concentration of macroplastics is dominant
and, being transported to the sea, it will apparently become a source of secondary mi-
croplastics. This source is significant enough and should not be ignored in the studies of
the microplastics’ fate in the sea water. First of all, this form of plastic pollution should be
taken into account in the numerical models of plastics transport.
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Figure 9. Seasonal variability of total plastics discharge and shares of microplastics (blue), mezoplas-
tics (red) and macroplastics (green). The data about micro- and mesoplastics are taken from [19].

5. Conclusions

In this work, we have evaluated pollution with macroplastics from the two main
rivers, Northern Dvina and Onega, flowing to the White Sea. These rivers are the only
Arctic rivers flowing through populated regions in their downstream. The observations
were performed based on the MSFD methodology using the mobile application of the Joint
Research Centre (Ispra, Italy). The results of observations from May 2021 to November
2021 show that 77% of floating objects were of natural origin (mainly leaves, wood and bird
feathers). Among the particles of anthropogenic origin, 59.6% were represented by various
types of plastics, 27.7% were processed wood, 8.5% paper/cardboard, 2.7% metal, 1.1%
were rubber and <1% textiles. The average monthly discharge of anthropogenic macro
litter by the Northern Dvina varies from 250 to 1700 items/hour, and by Onega from 520
to 2350 items/hour. The level of pollution of the studied rivers was found to be higher
than in some Europeans rivers but lower than in China. Therefore, flowing through the
populated regions, rivers of the White Sea basin can be considered as a detectable source of
the plastic pollution of the Arctic. How important this source is compared with the other
potential sources, such as transport with currents from the Atlantic and Pacific Oceans,
and discharges of Siberian rivers flowing through non-populated regions, remains an open
question that should be studied.

The mass discharge of macroplastics in the Northern Dvina River was compared
with the estimates of the discharge of meso- and microplastics; that allowed us to show
that the discharge of macro-plastics in mass units is much higher than that of micro- and
mesoplastics This can be important information for parameterizing the coastal discharge of
plastic in mathematical models.
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