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Abstract: Pollution with microplastics (MPs), nanoplastics (NPs) and trace elements (TEs) remains a
considerable threat for mangrove biomes due to their capability to capture pollutants suspended in
the water. This study investigated the abundance and composition of plastics and TEs contained in
the soil and pneumatophores of Avicennia alba sampled in experimental areas (hotel, market, river
mouth, port, and rural areas) differentiated in anthropopressure, located in Bima Bay, Indonesia.
Polymers were extracted and analyzed with the use of a modified sediment isolation method and
Fourier transform infrared spectroscopy. Trace elements were detected by inductively coupled plasma
optical emission spectrometry. The lowest and highest quantities of MPs in soil were recorded in
rural and hotel areas, respectively. The rural site was characterized by distinct MP composition. The
amounts of sediment-trapped MPs in the tested localities should be considered as high, and the
recognized polymers partly corresponded with local human activity. Concentrations of seven plastic
types found in plant tissues did not entirely reflect sediment pollution with nine types, suggesting a
selective accumulation (particularly of polyamides and vinylidene chloride) and substance migration
from other areas. Very low concentrations of non-biogenic TEs were observed, both in sediments and
pneumatophores. The results highlight the relevance of environmental contamination with plastics.

Keywords: absorption; adsorption; Avicennia alba; microplastic; nanoplastic; pneumatophores;
polyamide; selective accumulation; soil sediments; vinylidene chloride

1. Introduction

Coastal and marine ecosystems are continuously being threatened by eutrophication,
the influx of toxic substances (including trace elements and plastic fragments), and acidi-
fication, originating mainly from land-based industry and agriculture, which generate c.
80% of the pollution load [1-4]. Indonesia has struggled with anthropogenic pressures on
its coastal ecosystems in recent decades due to its increasing population proportionally
contributing to the intensified contamination of the seashore zone [5].

Plastic is one of the main pollutants of coastal areas [5]. It is estimated to constitute up
to 54% (by mass) of the anthropogenic waste released into the environment [6]. Besides the
oceans and coastlines, plastics have been so far detected in rivers [7,8] and lakes [9], wherein
they create a so-called “plastisphere’ [10]. The prevalence of plastics in the environment
is a consequence of the global demographic explosion combined with the contemporary
‘single-use plastic culture’, mismanaged plastic waste and its low biodegradability [11-13].
The material undergoes fragmentation and due to aging, physical, chemical and biological
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forces, degrades into so-called microplastics (MPs). Microplastic is defined as a synthetic,
solid particle or polymeric matrix of differentiated chemical composition, regular or ir-
regular in shape, and size ranging from 1 pm to 5 mm. The further fragmentation results
in nanoplastics (NPs; 1-100 nm) [14-17]. Their principal sources in water reservoirs are
domestic wastewater effluents, sewage discharges, the plastic manufacturing industry
and decomposition products of larger pieces [18]; therefore, their abundance is highly
dependent on population density and the types of human activities [19].

Seashore areas are vulnerable to the dispersion of trace elements (TEs), which are also
a consequence of anthropopressure [20]. Increasing TE inflows into coastal wetlands, rivers,
lakes and bays has become a serious concern, posing threats to biodiversity and human
health [21-25]. This type of contamination has been recognized, also along the Indonesian
coast, in sediments surrounding spots with developed industry and mining, agriculture,
and paint and battery factories as well as industrial waste disposal zones [22,26-28]. Trace
elements are absorbed from the environment in ionic form via roots along with water and
nutrients. The process is shaped mainly by the substrate acidity, amount of organic matter,
presence of clay minerals and interactions between given elements [29].

Mangrove forests cover approximately 180,000 km? of the Earth, accounting for 0.12%
of the total land surface and 0.5% of the world’s coastal areas [30,31]. Mangroves are broad-
leaved evergreen pioneer halophytes [32]. These plants are habitats, breeding grounds
and food sources for a variety of animals, but also stabilize marine ecosystems [33]. They
are key carbon reservoirs [31], regulate regional climate [34-36], reduce coastal erosion,
encourage sediment deposition and link sea and fresh waters [37]. Mangroves vegetate
in shallow, brackish to salty water and are influenced by the tidal current, which is a
factor shaping the entry of nutrients and freshwater [37]. Such a changing habitat implies
anatomical adaptations. Avicennia spp. trees have a few types of roots. Among them,
aerial roots or pneumatophores are responsible for gas exchange in muddy substratum.
These erect organs are covered by water and airtight, spongy periderm, except for the
lenticels—crater-like holes enabling oxygen intake [38].

The mangrove biome is recognized worldwide as constantly threatened due to its
proximity to urban and industrial zones that dump a wide range of pollutants with little
or no treatment [39,40]. Mangrove thickets are natural filters for the contaminants that do
not readily decompose, such as MPs [9,40-43], and thereby play an important role in the
ecological purification of water [44,45]. The muddy mangrove sediment can contain up to
eight times more MP than non-mangrove residues [42]. These plants are also considerable
depositional stores of sediment-associated TEs due to their ability to control the redox
conditions of diagenetic reactions and to enrich the sediments in organic matter that is
capable of binding TEs [22]. The presence of TEs was also detected in Avicennia spp.
plants [4,22,46]; however, the identified concentrations in plants were generally lower than
in the sediment [22].

The highly negative influence of the plastisphere results not only from its ubiquity
in the water environment and trophic chains, but also from its affinity to adsorb toxins
(including TEs and organic compounds) and its provision of favorable conditions for bacte-
rial biofilms harboring pathogenic and opportunistic bacteria [17,47-49]. These properties
result from large, uneven and chemically active surfaces of plastic particles, acting as
vectors that transfer adsorbed contaminants, among other materials, to the rhizosphere,
thus increasing their concentrations [30,50]. The types and sizes of particles, given ele-
ments, physical conditions and microbial activity affect the adsorption/desorption of TEs
on MPs [11,51]. Nonetheless, the observed TE concentrations on MP particles are several
times higher than in the water column [47].

As outlined above, both plastics and TEs tend to deposit and accumulate in the
mangrove forests. Therefore, in this study, we examined mangrove sediments as well as
pneumatophores of Avicennia alba plants for the presence of plastic and trace elements. Our
objective was the quantitative and qualitative analysis of plastic polymers and TEs. In order
to assess the relation linking the anthropogenization and contamination levels, samples
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were collected in five mangrove zones, differentiated with regard to human activity (i.e.,
rural location, hotel area, marketplace, river mouth and port area), in the vicinity of Bima
city, Indonesia.

2. Results
2.1. Salinity Levels and Length of the Pneumatophores

The lengths of pneumatophores from five experimental locations corresponded well
with the salinity values (Figure 1). The higher the salinity value, the longer the pneu-
matophores were. The longest roots came from the rural area (57.6 cm), while the shortest
were from the area surrounding the port (34.4 cm) (Figure 1). The pH value was 8.0 and
did not differ between locations (data not shown).

M Salinity (g-L7') ®Pneumatophores length (cm)

Hotel area Market area River Portarea Rural area
mouth area

Figure 1. Salinity and length of pneumatophores from five mangrove areas in Bima City Bay. Data
are mean £ SE, n = 5. * Capital letters indicate significant differences between salinity levels,
** Lowercase letters indicate significant differences between lengths of pneumatophores.

2.2. Weight of MPs in Soil Samples

The mean weights of the MPs separated from the soil samples collected in the experi-
mental locations are presented in Figure 2. Samples from the mangrove vegetation near the
hotel area revealed the highest MP content (116.9 mg per kg of dry soil). Large amounts of
plastic were also found in soil samples from the market and river mouth areas. Significantly
the smallest amounts of MPs were found in the soil samples from the rural location, with
an average MP mass of 64.2 mg per kg of dry soil (Figure 2).
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Figure 2. Weight of MPs in the soil from five mangrove areas in Bima City Bay. Data are mean + SE,
n = 5. * Capital letters indicate significant differences between weights of MP.
2.3. Discriminant Analysis of Soil and Pneumatophore Samples Based on Presence of Plastic
The distances between centroid groups indicated that in the rural site, both soil and
pneumatophores generated different IR spectra, due to different polymer compositions,
compared to the samples taken from the more anthropogenized locations (Figure 3).
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Figure 3. Distances between the centroids of soil samples (A) and pneumatophores (B); red—rural
area; orange—market area; turquoise—port area; dark blue—hotel area; yellow—river mouth; no
contamination—apparently very low plastic content in (rural) site (therefore, used as a reference),
contamination—four anthropogenized locations visibly polluted with plastic.

Obtained distance values between different centroids are presented in Table 1. For
both soil and pneumatophore samples, the distances between samples from the rural area
and the samples from the port area were the closest (1.076 and 0.387, respectively) (Table 1).
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The experimental site with the farthest centroid from the rural location was the river mouth,
with 1.738 for the soil and 0.534 for pneumatophores (Table 1).

Table 1. Distance values between centroids of soil and pneumatophore samples from five mangrove
areas in Bima City Bay.

Soil Pneumatophores
Location Rural Hotel Market River Port Rural Hotel Market River Port
Mouth Mouth
Area Area Area Area Area Area Area
Area Area
Rural 0 0
area
Hotel 1.146 0.524 0
area
Market 1215 0 0471 0.071 0
area
River
mouth 1.738 0.958 0 0.534 0.345 0.378 0
area
Port area 1.076 0.702 0.665 0 0.387 0.137 0.095 0.329 0

The soil sample group from the hotel area showed the most similar spectral signals
resulting from chemical properties similar to those of samples from the market area; the
distance between them was 0.657 (Table 1). High similarity also characterized soil samples
from the river mouth and the port area (0.665). Among the soil samples from the anthro-
pogenized zones, the farthest apart were those from the hotel site and the river mouth
(1.613) (Table 1).

As for the pneumatophore samples, the distances between centroids of groups from
the anthropogenized locations showed that those from the marketplace possessed chemical
compositions very close to those of samples from the hotel area, with the distance between
them being only 0.071 (Table 1). The farthest distance between centroids, thus the greatest
difference in chemical properties, was recorded between groups from the market area and
the river mouth (0.378) (Table 1).

2.4. Polymer Identification

Polymers detected in soil and pneumatophore samples from the experimental sites
are shown in Figure 4. In total, nine polymers were identified in the soil from five experi-
mental locations, and seven polymers were found in the pneumatophores. The differences
in the soil and pneumatophore polymer composition were related to differences in the
percentages of individual polymers. The presence of poly (ethylene: propylene: diene),
poly (ethylene: propylene), poly (isobutene) was detected only in the soil, while polyamide
6 and polyamide 66 were associated solely with pneumatophores.

The smallest numbers of polymer types in soil samples were found in those from the
river mouth and hotel areas. In most locations, cyanoguanidine was identified, being espe-
cially abundant in the river mouth and port areas. The lowest percentage of cyanoguanidine
was detected in the rural area. On the other hand, in contrast to the rural site, vinylidene
chloride was less common in the polluted areas. Samples from the market and hotel areas
showed the most even percentages of detected polymers.
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Figure 4. Percentages of polymers identified in the overall spectra of soil and plant (pneu-
matophore) samples (general comparison), and in the particular experimental areas. Abbrevia-
tions: C—cyanoguanidine; MVK—methyl vinyl ketone; VC—vinylidene chloride; CE—cellophane;
AR—alkyd resin; PEPD—poly(ethylene: propylene: diene); PEP—poly (ethylene: propylene);
PI—poly (isobutene); P6+P66—polyamide 6 + polyamide 66, P6—polyamide 6.

In pneumatophores, the least diverse polymer composition was found in samples
from the river mouth, whereas the highest diversity was recorded in the market area. The
polymers mostly prevalent in plants were identified as polyamide 6 and polyamide 66
along with vinylidene chloride, especially in mangrove samples from the river mouth and
the hotel zone. In the rural samples, polyamides were less numerous.

2.5. Trace Element Detection

Recorded concentrations of Mn, Mo, Ni, Pb and Zn were higher in pneumatophores,
while concentrations of Ba, Fe, Cd, Co, Cr and Cu were higher in soil sediments (Table 2).
Concentrations of all elements were differentiated between the studied areas; however, the
differences were not always statistically significant (Table 2).



Plants 2023, 12, 462

7 of 19

Table 2. Concentrations (mg-kg ') of TEs found in sediments and pneumatophores of A. alba. Data
are mean £ SE, n =5.

. Fe Ba Cd Co Cr Cu Mn Mo Ni Pb Zn
Location
Soil
Rural ~ 3099b*  7.09P 0.25b 1.65b 1.27 be 3.60P 9052 0.11b 0.67b 0.80 be 7.55b
area (£59.5)  (£0.73)  (£0.01)  (£0.02) (£0.04) (£0.52) (£185) (£0.01) (£0.04) (£0.09) (+0.42)
Hotel 2015 © 5.69P 0.14¢ 1.17°¢ 1.09 1.06 © 46.1° 0.19 @b 043¢ 0.42¢ 351¢
area (£104)  (£0.02) (£0.01)  (£0.04) (£0.06) (£0.16)  (£2.84) (£0.01) (£0.04) (£0.06)  (£0.41)
Market 3459 ab 17.42 0.30 @b 2.002 131 4053  g3ab 0232 0.83b 1.69 2P 8.39b
area (£91.5)  (£3.08) (£0.01) (£0.08) (+0.04) (+0.41) (£7.40) (£0.02) (£0.04) (+0.36) (£0.57)
Ilji"i; 36842 1202 0352 2,042 1.792 5532 7253 222 1.042 1.882 13.72
a‘;za (£122)  (£0.46) (£0.02)  (£0.07) (£0.10) (£0.32) (£5.89) (£0.03) (£0.07) (£0.30) (+1.45)
Port 3762 2 10.2P 0342 2192 1.36P 265 7603 (.18 0.83P 0.83 be 7.91b
area (£155)  (+1.59) (£0.03)  (£0.09) (£0.05) (£0.49) (£7.31) (+£0.03) (+£0.05) (+0.08)  (+0.46)
Pneumatophores
Rural 11302 3574 0.05P 0.54 2 1.302 1.98 be 1262 0.232 1.202 6.08 2 14.02
area (£162)  (£0.32)  (£0.01) (£0.06) (£0.18)  (£0.28) (£26.6) (£0.05) (£0.19) (+£0.41) (x1.11)
Hotel 738 ab 1.45P 0.082 0.26P 1122 139¢ 34.1P 0.272 2423 5.09 ab 1152
area (£133)  (£021)  (£0.00) (£0.02) (£027) (£0.13) (£3.56) (£0.05) (£0.95) (+£0.39) (+1.44)
Market 724 b 3.142 0.063b  039ab 0.742 3.492 41.0b 0.162 0.822 404b 11.12
area (£130)  (£0.44)  (£0.01) (£0.05) (£0.15) (£0.35) (+£4.45) (£0.01) (£0.05) (+0.08) (+0.98)
Iﬁévuet; 4710 162 004bc 034D 1632 2563  368b 0252 2892 367D 11.32
area (+41.3)  (+0.14)  (£0.00) (£0.03) (£0.80) (£0.11) (£3.46) (£0.07) (£1.48) (+041) (+1.83)
Port 533 P 2.37ab 0.03¢ 031P 0.832 1.61bc 34.0P 0.132 1.132 5.62 1142
area (£61.9)  (£0.23)  (£0.00)  (£0.02) (£0.03) (£0.21) (£4.58) (£0.02) (£0.31) (+0.42) (£1.08)

* Different letters indicate significant differences between locations.

In the case of soil samples, the hotel area was characterized by the lowest concentra-
tions of Ba and heavy metals, while the river mouth, the market and the port areas were
more polluted (Table 2). The river mouth seemed to be the most polluted location, with the
highest or mutually highest concentrations of Cd, Co, Cr, Cu, Mo, Ni, Pb and Zn. The rural
area revealed higher concentration values than the hotel zone, but lower values than the
other sites (Table 2).

The trace elements found in pneumatophores revealed ambiguous patterns (Table 2).
Concentrations of Ba and heavy metals, except for Pb, were usually the lowest in sam-
ples from the river mouth and port areas. The rural area, in turn, was characterized by
significantly higher concentrations of Fe, Ba, Co, Mn and Pb (Table 2).

3. Discussion

Plastics and TEs were found in all examined locations in Bima City Bay, both in
soil sediments and pneumatophores, but their concentrations/amounts and chemical
compositions varied between locations.

3.1. Contamination, Chemical Composition and Distribution of MPs in Bima City Bay

Mean amounts of MPs recorded in this work from the sediments were very high,
ranging from 64.2 to 117.3 mg-kg ! of soil dry weight. These concentrations were con-
siderably higher than recorded in cultivated regions in China (0 to 0.5 mg-kg~1!) [52,53]
and agricultural and grassland areas in Iran (0.2 to 1.2 mg-kg’l) [54], Sweden (0.3 to
3.4 mg-kg~1) [55] and Chile (0.6 to 12.9 mg-kg~!) [56], but lower than the 915 mg-kg !
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found in a municipal area in Germany [57] or the extremely high values obtained from
industrial zones in Sydney, Australia, where amounts of MPs in the soil ranged from 300 to
67,500 mg-kg ! (DW) [58]. In Denmark, amounts of MPs found in agricultural soil samples
ranged from 0 up to 224.3 mg-kg ! (with a median value of 5.8 mg-kg ! for areas fertilized
with sewage sludge and 12 mg-kg ! for untreated soil) [59] and were the most similar to
the values obtained in this work. This means that the amounts of MPs in the sediments
in Bima City Bay were higher than those recorded on agricultural land, but lower than
those of heavily industrialized or urbanized areas. Large amounts of MPs in Bima Bay
can be explained by the lack of care for the environment by the inhabitants of the city and
bay and possibly inefficient waste management. Microplastic is a very mobile, generally
mismanaged substance, which continuously enters the environment as a result of everyday
human activities. Darmawan [60] reported that 61.13% of Bima City residents did not
discard garbage into government-managed landfills, while 13.97% admitted discarding
garbage directly into water areas such as the nearby river and sea. This explains the large
amounts of MPs close to the market and the port. The very high amounts of MPs in the
vicinity of the hotel area may be a result of pollution drift from the nearby market. MPs
were also found in the rural area; although the number of MPs in this location was signifi-
cantly lower, it could still be considered relatively high. It seems that although MPs have
been a problem for a relatively short time, their presence in the environment has become
widespread regardless of the degree of anthropogenization of the location.

Microplastics, especially air and water pollutants, can quite easily move through the
environment and contaminate areas distant from their emission sources [61]. The migration
of MPs in the environment is affected by the type of pollution and the characteristics
of the site. This is no different in Bima Bay, where pollution has been found not only
in the highly anthropogenized city, but also in a rural location more than 30 km away
from urbanized areas. In a rural location that was free from everyday human activity and
industry, the most important sources of mangrove pollution, distinct and quite numerous
types of polymers were detected. The lack of plastic sources in the rural area suggests
their influx into this location. This site is situated at the top of a narrow and elongated
bay wherein waves and currents naturally push in and deposit pollutants that are emitted
in other areas. Additionally, the mangrove roots are very prone to trapping plastic [43].
The discriminant analysis showed that in the rural area, both the sediments and mangrove
pneumatophores were chemically significantly different from those in other locations.
This may suggest that some plastics migrate in the environment more easily than others.
Substances that distinguished the sediments in the rural area from those at other locations
were methyl vinyl ketone and vinylidene chloride. Vinylidene chloride is used to make
plastics, including flexible films (e.g., food wrap) and packaging materials. It is also utilized
to make flame-retardant coatings for fiber and carpet backings and in piping, coatings for
steel pipes, and adhesive applications [62]. It is a dangerous and toxic compound [63]. The
analysis of an accidental spill from a damaged tank proved that the substance could migrate
through the soil layers within an area of almost 7 ha and reach a lake and wells [64]. Methyl
vinyl ketone is a cytotoxic compound classified as industrial waste, as it is utilized in
plastics, resins, pesticides, and steroids and in vitamin A and perfume manufacturing. It is
also present in tobacco smoke and exhaust gases [65,66]. It has potential for spreading in the
environment due to its solubility in water and high volatility [67]. Another location where
the chemical composition of sediments was different than in other sites was the river mouth
area. Plastic contamination of the river mouth area probably came from different sources
than in the port and market areas. Land sources were probably dominant in the river
mouth area. Plastic pollution in the oceans usually comes from plastic disposal on land,
and unfortunately, it increases every year [68,69]. According to Atwood et al. [70] 70-80%
of the MPs on beaches come from activity on land, e.g., due to improper waste management
in residential areas [71]. Interestingly, only three types of plastics were identified in the
river mouth area, the fewest among all locations studied. The low diversity of polymers
in the river mouth area may be due to water currents of the flowing river in which plastic
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particles are more mobile and deposition in sediment is hindered. The remaining locations
(market, port and hotel areas) did not differ significantly in terms of chemical composition.
In sediments of mangroves growing near the market, as many as six types of plastics were
found. The great variety of plastics around the market area can be explained by the presence
of commodities, packages and wrappings of all kinds that are sources of polypropylene,
typically used in the production of plastic bags and single-use items, but that were not
found in the other locations. Moreover, there are not enough rubbish bins at the Bima
market, and the residents still lack ecological awareness that could help limit the littering
of water bodies [60]. It is also surprising that there were no significant differences in the
chemical composition of samples taken from the hotel area, the port and the market. The
reason is probably the migration of polymers from the market to the nearby recreational
and hotel areas.

3.2. Contamination, Chemical Composition and Distribution of TEs in Bima City Bay

In contrast to plastics, detected concentrations of TEs, particularly heavy metals,
in sediments and mangrove pneumatophores were very low regardless of the sampled
location and level of anthropogenization. This indicates that the bay, at least the coastal
zone, is free from heavy metal pollution. For comparison, soil and A. alba pneumatophore
samples collected in formerly industrialized Homebush Bay, Australia, were much more
contaminated with TEs (Cd: 1.4-3.3 and 0.03-0.57ug-g !, Co: 7.0-20 and 0.56-6.7 ug-g !, Cr:
99-200 and 1.3-23 pg-g~!, Cu: 50-156 and 19-49 pg-g~!, Mn: 93-460 and 38-450 ug-g~!,
Ni: 15-48 and 0.97-8.8 ug-g~!, Pb: 230-520 and 2.8-98 ug-g~!, and Zn: 254-680 and
24-193 pg-g~! in soil and plants, respectively) [72]. High concentrations of Cu, Pb, Mn, Fe,
and Zn were recorded in A. officinalis leaves in Tamil Nadu, India [73] and in A. marina roots
in the Persian Gulf [74] and highly saline Red Sea coast [46]. Low concentrations of TEs
in sediments and mangrove organs are also not unusual. A low accumulation (i.e., below
the maximum residue levels) of heavy metals in mangrove leaves was found in the natural
area of Tuticorin coast (Hare Island), Gulf of Mannar Marine Biosphere Reserve, India [75].
An explanation for the lack of TE contamination could be the general characteristics of
Bima City Bay. It is a site moderately urbanized without intensively industrialized zones.
For this reason, the soil sediment was not contaminated with TEs, and consequently, the
concentrations of heavy metals were very low in the pneumatophores of A. alba. It is
worth noting that, even if the concentrations of TEs in the sediments were higher, a high
pH would favor the precipitation of metals rather than their uptake by plants. Locations
with the greatest anthropopressure (the market area, port area and especially river mouth
area) were characterized by sediments more contaminated with TEs. Higher sediment
contamination with trace elements in urban and commercial areas was also found in the
Potomac and Anacostia rivers [76]. The highest concentrations of TEs in sediments were
recorded in the river mouth area, where water currents systematically deposit element-rich
sediments amassed along the river’s course. The lowest concentrations of heavy metals
in the soil around the hotels could be explained by the fact that tourist zones must be
well-maintained to remain attractive, thus no toxic pollution would have been allowed.
Somewhat surprising findings were the presence of TEs in the rural area at the same levels
as those in highly anthropogenic locations, and the significantly higher concentrations of
TEs in mangrove pneumatophores growing in this location. This might be linked to the
above assumption, namely that due to its position, this location is affected by pollutants
inflowing from Bima city. Moreover, 6 km from the sampling site, there is an airport. It
should be noted, however, that despite significant differences, the concentrations of TEs in
the pneumatophores of the mangrove trees were very low in all locations and did not pose
a threat to plants.

3.3. Composition of Plastics and Concentrations of TEs in the Soil and Plant Samples

A comparison between the composition and percentages of sediment-associated MPs
and plastics detected in pneumatophores (the source of which could probably be NPs
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trapped in the sediments or suspended in the water or air) indicated the varying affinity
of plant tissues for polymer types, resulting in selective absorption or adsorption on the
pneumatophores’ surfaces. The selectivity of absorption/adsorption could also be inferred
from the Mahalanobis distances obtained from the discriminant analysis of plant- and
soil-associated plastics. Values calculated for plant samples were lower than to those for
the soil samples. This indicated more complex polymer composition in the sediments.
Sediments sampled from the market area, one of the most polluted locations, contained
poly (ethylene: propylene), poly (ethylene: propylene: diene), cellophane, vinylidene
chloride and cyanoguanidine, while the plastic content in pneumatophores was similar only
regarding the presence of vinylidene chloride and cellophane. Similarly, in the river mouth,
despite only identifying three types of plastic, selectivity in their absorption/adsorption by
plants was noticeable. In the sediments, cyanoguanidine, vinylidene chloride and methyl
vinyl ketone were found. Of these, only the vinylidene chloride was also present in the
pneumatophore samples.

An interesting case is cyanoguanidine. This polymer was detected in the sediment of
each experimental site and was particularly abundant in the river mouth and the neigh-
boring port. The presence of cyanoguanidine in sediments did not correspond with its
accumulation in the pneumatophores. Plant samples revealed zero to low percentages of
this nitrile. The two types of polypropylene, which could be detected solely in the soil
neighboring the market, were not observed in the pneumatophores of A. alba. Additionally,
the polyisobutene that distinguished the soil from the rural location was not found in
the mangroves at all. The reverse and at the same time clearest trend could be seen in
polyamides. In each location, their content in plant pneumatophores was considerably
higher than in the soil. Vinylidene chloride also showed a tendency to accumulate in
pneumatophores, regardless of its abundance in the soil. The alkyd resin was mostly absent
in the soil and pneumatophores or occurred at low levels, whereas the cellophane and
methyl vinyl ketone revealed the most ambiguous patterns of soil and tissue concentrations.
It is also worth noting that the chemical differences shown in the discriminant analysis were
smaller in pneumatophore samples than in soil samples. This may suggest that only se-
lected polymers can be taken up from the sediments and accumulated by pneumatophores
or adsorbed on their surfaces. There are no studies on absorption/adsorption of plastics
by mangrove pneumatophores so far. It is noteworthy, however, that due to evolutionary
adaptations to a harsh environment, it is not easy for mangrove roots to absorb unknown
chemical particles from the environment [77]. Lignification of the exodermis could directly
prevent excessive amounts of chemical compounds from entering the roots [78]. This could,
at least to some extent, explain why the plastic composition detected in the mangrove
spectra was less diverse (lower distances between centroids) than in the soil spectra.

Several reviews have demonstrated that plants other than mangroves can adsorb and
absorb nanoplastics [79-81]; however, no detailed data are available on selective accumula-
tion when a variety of substances are present in the soil. Research performed on the model
of Arabidopsis thaliana revealed that the accumulation of polystyrene-based nanoplastics
and its influence on plants depends on the particles” charge [82]. Plastic absorption and
accumulation may cause adverse effects on plants, as it affects the environment in which
plants grow. It happens through changes in the physico-chemical properties of the soil by
causing alterations in the water cycle and soil-plant interactions [83,84]. Contamination
with MPs harmfully impacts the microbial communities in the environment, as biofilms
covering MP particles and natural substances differ considerably in their composition of
microorganisms [17]. Finally, plastics may interact with cell membranes and organelles,
causing direct toxicity and physical injuries [79,85]. Pignattelli et al. [13] described acute
and chronic toxicity caused by polymers, especially PVC, in Lepidium sativum. Additionally,
as elaborated herein, plastic accumulation in the environment could have a negative effect
on A. alba plants. The lengths of pneumatophores of A. alba plants were the shortest in the
hotel area, the location with the highest concentrations of MPs in its sediments.
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In general, Bima Bay is not polluted with TEs. Concentrations of TEs both in sediments
and plants were very low. Slightly higher concentrations of Ba, Fe, Cd, Co, Cr and Cu were
recorded in sediments, and of Mn, Mo, Ni, Pb and Zn in mangrove roots. A particularly
interesting result was obtained for Pb. Despite the high pH (slightly alkaline) and low
mobility of Pb in the environment, in every experimental location its concentration in
pneumatophores was higher than in the soil. This is in contrast to observations made in
Australia, on A. marina pneumatophores, in which the amount of Pb was always lower
than in soil [72]. In addition, research carried out on mangrove vegetation from Ennore
(east coast of India) pointed out that more Pb was detected in sediments than in A. marina
roots [86]. The accumulation of Pb by mangroves growing in Bima Bay was certainly
extended in time and not necessarily related to the current level of Pb in the sediments.

MPs may be TE vectors in the environment. Trace element sorption onto MPs exhibits
a clear dependence on pH—with increasing pH in water, adsorption of TEs on MPs
increases [28,76]. However, as pH continues to increase to neutral or alkaline levels, TEs
may not be as readily adsorbed due to passivation or precipitation [28]. In the locations
in this study with the highest TE concentrations (river mouth, port and market areas),
cyanoguanidine was also abundant, which may suggest that this polymer has a considerable
affinity for TEs, despite the high pH.

4. Materials and Methods
4.1. Experimental Locations

Experimental locations were selected in five mangrove areas in the bay of Bima City,
characterized by different degrees of anthropopressure. Bima is the largest and most
populated city on Sumbawa island. Four areas showed contamination with MPs (visible
presence of plastic) and included mangrove thickets neighboring a hotel area (Spot 1,
2.38 hectares, Figure 5A), market area (Spot 2, 0.38 hectares), river mouth area (Spot 3,
0.37 hectares) and port area (Spot 4, 0.41 hectares). The last and most remote area, which
seemed to be free of plastic pollution (no apparent presence of plastics) was the rural area
(Spot 5, 4.72 hectares, Figure 5B). The experimental areas are shown in Figure 6.

Figure 5. Sampling locations in market (A) and rural areas (B).
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Figure 6. Map of the five sampling locations in Bima City Bay.

Details of human activity and contamination degrees in the experimental locations are
presented in supplementary materials (Table S1).

In every experimental location, the pH value (pH stripes, Macherey Nagel) and salt
concentration (refractometer TI-SAT100, Trans Instruments) in the water were measured
using field methods.

4.2. Sample Collection

Soil (eutric regosol) and pneumatophore samples were collected pairwise from each
experimental location, in five replicates (sub-locations) during low tide. The sub-location
spots within each location were determined by the point intercept transect (PIT) method;
the distance between sub-locations was 25 m. The total transect length at each location
was 100 m.

Soil samples were collected by inserting a 7.62 cm diameter PVC pipe into the soil to
10 cm depth. Collected soil samples were dried in an oven at 90 °C for 24 h and stored in
labeled plastic bags.

Pneumatophore samples were taken from the mangrove species Avicennia alba Blume,
1826 (Lamiales: Acanthaceae), which is categorized as a tree and is the dominant mangrove
species in Bima City. The soil around each pneumatophore was dug using a scoop until the
cable root was clearly seen. The samples were removed from the root by knife and cleaned
with running tap water. Gentle hand washing (c. 1 min) was performed in order to remove
mud. Sampled pneumatophore parts started from the root tip, and were harvested together
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with the whole part located above the ground surface. Collected samples were dried as
described above. The length of the dry fragment was measured with a ruler.

4.3. Quantitative Assessment of the Presence of Microplastics in Soil Sediments

The modified sediment microplastic isolation (SMI) method was used to separate MPs
from the soil sediments [87]. Dry soil (50 g) was mixed with NaCl solution (1.2 g cm~3,
700 mL). The obtained solution was stirred for 5 min in the SMI unit with a magnetic stirrer
and then was left for 5 min. until the sediment settled to the bottom. When the supernatant
was clear, the valve was closed, and the supernatant in the head chamber was filtered with
a 30 mm diameter nylon mesh. Then, MPs were separated from macroplastics according to
size. Fragments larger than 5 mm were excluded from the analyses. Collected MPs were
placed on Petri dishes and weighed per sub-location and presented as mg of MPs per kg of
dry weight (DW) soil.

4.4. Analysis of MPs with Fourier Transform Infrared Spectroscopy (FT-IR)

Plastics contained in both soil and the pneumatophore tissues of mangroves growing
in all specified locations was analyzed with FT-IR spectroscopy, allowing the study of
chemical composition based on specific chemical bonds of polymers [18]. For this purpose,
1 mg of MP, extracted from the soil samples or powdered mangrove pneumatophores, and
300 mg of high-grade purity potassium bromide powder (KBr) were transferred into an
agate mortar and ground together with an agate pestle until both were well mixed and had
the consistency of fine powder. The obtained mixture was pressed into pellets with the use
of a dedicated pellet-maker device and a hydraulic press with a pressure of 10-15 tons. The
pellets were then placed into a pellet-holder, which was in turn placed in the measuring
chamber of a Perkin-Elmer System 2000 spectrometer.

Pegram’s 2000 software operating on a Windows system managed the measurement
procedure. The spectrum of each sample was registered in the medium IR spectral range,
i.e.,, 4000-400 cm~!. The resolution was set to 1 cm~!. Twenty-five scans were pet-
formed for both background spectrum (no sample in the measuring chamber) and the
working sample.

4.5. Polymer Identification

Thermo Fisher Scientific’s OMNIC 9 software was applied for the identification of
polymers present in the soil and pneumatophore fragments. Experimentally registered
spectra of each sample were entered into a software database and matched with the ref-
erence spectra (Hummel Polymer Sample Library and the HR Nicolet Sampler Library).
Because soil and pneumatophore samples were not previously purified with the wet perox-
ide oxidation (WPO) method (which could have damaged the samples), the compatibility
of polymers was inferred from the compound rating displayed by the software, not from
the percentage value (Figure 7).
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Figure 7. The appearance of the polymer type with the highest compatibility rating with the reference
spectra displayed by the OMNIC 9 software.

4.6. Plant Metal Extractions and ICP-OES

All dried pneumatophores were individually hammer-milled (Retsch SM100) to obtain
a fine powder. To determine total trace metal concentrations in the biomass, this powder
was wet-digested in Pyrex glass tubes in a heating block. The digestion consisted of three
cycles in 1 mL HNOj (70%) and one cycle in 1 mL HCl (37%) at 120 °C for 4 h. Samples
were thereafter dissolved in HCI (37%) and diluted to a final volume of 5 mL (2% HCI) with
Millipore water. The extracts were subsequently analyzed with inductively coupled plasma
optical emission spectrometry (ICP-OES, Agilent Technologies 700 Series). All samples
(five biological replications per location) were examined at least in triplicate. Blanks and
certified reference material R (trace elements in spinach, Standard Reference Material 1570a,
National Institute of Standards and Technology, USA, Department of Commerce) were
included for quality control of the data. The recovery percentages of Cd, Cu, Fe, Mn, Mo,
Ni and Zn varied from 72.0% (Cu) to 92.2% (Fe, Zn).

4.7. Soil Metal Extractions and ICP-OES

Soil was oven-dried (60 °C) and sieved (<2 mm). Pseudo-total metal concentrations of
the soil samples were estimated by aqua regia digestion [88]. For this, 0.5 g of oven-dried
soil was microwaved (MLS 1200 Mega high performance microwave digestion, Milestone,
Italy) and digested in an HNO3-HCl solution (1:3 v:v) at 160 °C (25 min ramp time, 10 min
ventilation). The extracts were analyzed using the ICP-OES as described above. A reference
soil (CRM 143 R Sewage Sludge Amended Soil, Community Bureau of Reference—BCR N
230) was included for confirmation of the analysis. The recovery percentages of Cd, Co, Cr,
Cu, Mn, Ni, Pb and Zn varied from 72.3% (Ni) to 105.7% (Co).

4.8. Statistical Analysis

SPSS 16 software was used for the statistical evaluation of the length of pneumatophores,
level of salinity and weight of microplastics in soil samples. Data were analyzed with
ANOVA. The results were subjected to an analysis of variance at a significance level of
p < 0.05. Tukey’s honestly significant difference (HSD) test was used to determine the
significance of differences between the means.

Discriminant analysis with TQ Analyst software (Thermo Fisher Scientific Inc., Waltham,
MA, USA) was performed to classify the MP samples based on their spectral differences.
The spectral regions were determined by the degree of separability from the sample groups.
IR spectra of samples collected in different locations were considered standards. The pro-
cedure that differentiates spectra and gathers them into homologous groups is known as
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discriminant analysis. This is an option in Omnic software used for this type of analysis.
It is based on calculation of Mahalanobis distances. They allow grouping samples in ho-
mologous groups and separating each group from another if the difference is statistically
significant. First, the calculation of the average spectrum out of all spectra used in the
calibration process is conducted. Then, a specific algorithm is used to determine distance
from the average.

With following notation used: D—distance (scalar); A—a data vector (n x 1);
Aaverage—the average data vector (n x 1); M—covariance matrix (n x n); n—the number
of data points in A, (A—A average)—the transpose of (A—A Aaverage), the formula:

\/(A — Aaverage)T x M~1 x (A — Aaverage)

is applied to determine the distance of a given sample from the average. This formula is
included in the software applied.

Repeated testing allowed for obtaining the correct spectral regions and made it easy for
classification and interpretation. Besides testing the samples with the standard procedure,
selections of spectral regions were analyzed with the data on the potential wavelengths
detecting plastic obtained from the literature. Here, the discriminant analysis was con-
ducted on FTIR spectra with four wavelength ranges: 1700-1500 cm~!, 14001300 cm !,
1200-1000 cm ™! and 900700 cm ™.

The Mahalanobis distances obtained from the discriminant analysis of MP samples
were used to find the centroid points of each sample group. The centroid distances be-
tween groups indicated similarities/differences in chemical composition of each sample
group [89]. The samples used to calculate a given centroid were similar to each other at a
statistically significant level, in terms of chemical bonds present in them; hence, principal
components obtained from spectral data registered for each sample formed a homologous
group (centroid). If the sample was out of a given centroid (i.e., belonged to another
centroid-homologous group) it meant that this sample was different (had different chemical
bonds) from those forming the given centroid.

5. Conclusions

The results suggest that microplastics, rather than trace elements, are the main pol-
lution issue in Bima City Bay sediments. The accumulation of different plastics in the
environment may result in their adsorption/absorption into air root tissues of A. alba. The
detection of plastics with slightly different compositions in the roots compared to those in
soil sediments indicated a differential affinity of polymers for pneumatophores.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants12030462/s1, Table S1: Experimental areas.
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