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Vietnamese rivers are among the top ten contributors of anthropogenic debris to the
ocean. However, there is limited empirical research documenting debris and its effects in
Northern Vietnam. The goal of our research was to conduct the first baseline assessment
of anthropogenic debris in the Red River. We aimed to understand the sources,
accumulation patterns, and ecological effects of anthropogenic debris in the Red River
(Song Hong) estuary. To assess debris patterns, we conducted standing stock debris
surveys at sites in the mouth, and upstream of the Red River. To assess the ecological
effects of anthropogenic debris on mangrove ecosystems, we measured mangrove
diameter, canopy cover, and number of crab burrows/m? in the same debris
transects. Anthropogenic debris was found at all sites, and plastic was the most
common material. We identified a non-significant trend, whereby ecological indices
declined with increasing amounts of debris. Overall, our results demonstrate that
anthropogenic debris is ubiquitous in the Red River estuary, composition varies among
sites, and this debris may have adverse or neutral ecological effects on mangrove
ecosystem health. Future work should conduct debris assessments at larger spatial
scales, and assess ecological responses at the community or population level over
extended time periods.

Keywords: anthropogenic marine debris, ecological impact, environmental stressor, plastic pollution, mangrove,
estuary, river

INTRODUCTION

Anthropogenic debris, defined as any man-made item produced by people that is discarded or abandoned in
the environment (Coe and Rogers, 1997), has been documented in marine environments around the world
for decades (Bergmann et al., 2015; Seeruttun et al., 2021). It is now so ubiquitous that it is found in remote
ecosystems, including gyres in the middle of the oceans (Law et al., 2014; Pham et al,, 2014; Lebreton et al.,
2018; Eriksen et al,, 2019), beaches of remote islands (Gregory, 1978), the Arctic and Antarctic (Bergmann
etal, 2017), and the deep sea (Chiba et al., 2018). Marine debris has also been found smothering, entangling,
or in the stomachs of flora and fauna (Gall and Thompson, 2015; Poeta et al,, 2017; Battisti et al., 2019b;
Staffieri et al.,, 2019) which continues to raise concerns about its impacts to human and environmental health.
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Given it’s ubiquity in the environment, considerable efforts
have gone into identifying the major sources of marine
anthropogenic debris (hereinafter referred to as marine
debris). This is because understanding the sources of marine
debris can inform mitigation. Generally, it is agreed upon that
marine debris comes from land-based or ocean-based sources
(Coe and Rogers, 1997; Sheavly and Register, 2007; Willis et al.,
2017), which can be determined by the composition of items and
diversity of material types (Cheshire et al., 2009; Battisti et al.,
2017). Land-based debris items tend to be made up of consumer
products composed of diverse materials, including glass (e.g.,
bottles), metal (e.g., cans), and plastic (Honorato-Zimmer et al.,
2019a). Single-use items [e.g., plastic cutlery, food containers,
beverage containers; (Honorato-Zimmer et al., 2019a; Terzi et al.,
2020)] tend to be the most common. Another common type of
land-based debris is plastic preproduction resin pellets (Karlsson
etal., 2018). Land-based sources represent the majority of marine
debris found in marine environments (Kershaw and Rochman,
2016; Meijer et al., 2020). On the contrary, ocean-based debris is
dominated by more durable plastic items, with metal and glass
typically less prevalent (Honorato-Zimmer et al., 2019a). Items
such as fishing nets, lines, and buoys are characteristic of ocean-
based debris (Battisti et al., 2019a). Irrespective of source, plastic
represents a large proportion of the total marine debris found on
beaches, and in mangrove ecosystems (Sheavly and Register,
2007; Kershaw and Rochman, 2016; Chen et al, 2020;
Seeruttun et al., 2021).

A major pathway for land-based plastic debris to get to the
oceans is via rivers and streams (Lebreton et al, 2017; Meijer
et al., 2020; Terzi et al., 2020). Recent research suggests that
approximately 80% of the plastic debris in the oceans comes from
rivers (Meijer et al.,, 2020). Many of these rivers are found in
rapidly developing countries in Asia, where increased production
and consumption of plastic, waste importation, insufficient waste
collection systems, and illegal dumping have resulted in large
amounts of plastic pollution (Lebreton et al., 2017; Dauvergne,
2018; Meijer et al., 2020). This marine debris can accumulate in
rivers, transport to the oceans, be washed up along beaches, or
trapped in coastal ecosystems such as mangrove forests (Martin
etal,, 2019; Li et al., 2020; Seeruttun et al., 2021). Given that a high
proportion of debris comes from rivers in Southeast Asia, local
research in this region is needed to understand sources, pathways,
and accumulation patterns in these “debris hotspots” to inform
mitigation strategies.

In addition to better understanding the sources and fate of
marine debris, it is important to understand whether any
ecological impacts are associated with it. Currently, we know
that marine debris interacts with hundreds of species worldwide
(Gall and Thompson, 2015; Poeta et al., 2017; Battisti et al., 2019a;
Staffieri et al., 2019), and that the impacts of marine debris to
biota occur at the individual or population level. Examples of
these impacts include entanglement, ingestion, and the provision
of new habitat for dispersal of macro- and micro-biota (Gall and
Thompson, 2015). Despite the fact that marine debris is
recognized as a threat to marine ecosystems (Whitacre, 2012;
Pham et al., 2014), it is still unclear whether marine debris, and in
particular plastic, impacts biota at higher levels of biological
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organization (e.g., community or ecosystem; Koelmans et al,
2017). Assuming that individual and population level effects will
“trickle up” to higher levels of biological organization, we might
expect that marine debris will have impacts at the community, or
ecosystem level (Browne et al., 2015b).

Vietnamese rivers are expected to be a significant source of
plastic debris to the oceans (Jambeck et al., 2015; Meijer et al.,
2020). In fact, a recent study ranked Vietnam eighth in terms of
annual plastic emissions to the ocean (Meijer et al., 2020). Prior to
beginning this research, there were no empirical assessments of
anthropogenic debris in the Red River. This research represents
the first documented baseline assessment of anthropogenic debris
in the Red River. Here, we aimed to understand the sources,
accumulation patterns, and ecological effects of marine debris in
the Red River estuary-the second largest river in Vietnam.
Passing through two major urban areas including the capital,
Hanoi, and Nam Dinh city, it serves as an ideal site to address
these questions about marine debris. Located at the mouth of the
Red River (Song Hong) is Xuan Thuy National Park (XTNP),
which is home to 14 species of mangroves, 116 species of water
and shore birds, 111 aquatic plant species, and over 500 species of
benthos and zooplankton, including shrimp, fish, crab, and
oysters. The park also provides habitat for rare species of
otter, porpoise, and whale (Xuan Thuy National Park, 2019).
This site is of significant ecological importance which is
highlighted by its designation as the first Ramsar site in South
East Asia. Our first objective was to assess the amount and
composition of anthropogenic debris in the park in order to
identify potential sources. We hypothesized that the Red River
was a source of land-based marine debris to XTNP, and that
fisheries in the region may be a source of ocean-based debris.
Thus, we predicted that land-based items would be found within
and close to the river mouth, and ocean-based items would be
found further from the river mouth and at sites facing the open
ocean. We also expected that the most marine debris would be
found near the high tide line (McDermid and McMullen, 2004;
Browne et al., 2015a; Lavers and Bond, 2017). Our second
objective was to determine whether marine debris had
ecological effects on mangrove ecosystems. We hypothesized
that anthropogenic debris would impact mangrove health. We
predicted that diversity indices (mangrove diameter, mangrove
canopy cover, crab burrow holes/m®) would decrease as debris
concentrations increased. Combined, we aim for this work to
inform future mitigation strategies relevant to reducing marine
debris and protecting affected ecosystems.

MATERIALS AND METHODS
Study Site

Our research was conducted within and just outside the border of
Xuan Thuy National Park (XTNP), in Nam Dinh province,
Vietnam. XTNP is located along, and at the mouth of, the Red
River Estuary, approximately 150 km southeast of Hanoi. As the
first Ramsar site in southeast Asia, the park was formally
established in 1989 due to its significance for creating
migratory bird habitat. Dominated by mangrove ecosystems
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FIGURE 1 | (A) Site overview. Five sites were surveyed for anthropogenic debris (1-5) and four were surveyed for ecological indices (1 - 4 for crab burrows and 1 -3
for mangrove health). (B) Blue rectangles demarcate where triplicate transects were surveyed for anthropogenic debris and ecological health in transects that include the
high tide line. These transects were located within the mangroves where possible. Red rectangles demarcate where transects were surveyed for anthropogenic debris
along the tidal flats moving away from the high tide line. Tidal flat transects, located 5 and 15 m below the high tide transects, were only surveyed at Sites 1, 2, and 3.

C_tidal_15

and mud flats, the park is home to over 100 bird species, and
countless other biota including invertebrates and plants (Xuan
Thuy National Park, 2019). Despite being a conservation area,
there remains a significant amount of economic activity within
the park. Shrimp and clam aquaculture covers approximately 9
and 9.5% of the park lands respectively (Department of
Agriculture and Rural Development, 2015; Department of
Agriculture and Rural Development, 2018). Artisanal fishers
enter the park to dig for clams in non-aquaculture areas.

To quantify and characterize debris and its ecological impacts
in the park, we conducted two types of surveys: anthropogenic
debris and ecological surveys. Debris surveys were conducted to
quantify the amount, distribution, and composition of debris.
Ecological surveys were conducted to understand the impacts of
the debris on mangrove ecosystems. We selected five sites within
the park that we felt would be informative regarding the potential
sources of marine debris (Figure 1). Sites were located upstream

of the Red River mouth (Site 5, Figure 1), at the river mouth (Site
1, Figure 1), facing the open ocean (Site 2, Figure 1), protected
but ocean-facing (Site 3, Figure 1), and ocean-facing close to
fishing boats (Site 4, Figure 1). By choosing sites both upstream of
the mouth of the river, near the mouth, and beyond the river
mouth, we were able to assess the potential for both land-based
and ocean-based sources of marine debris. At each site, we
completed between three and five replicate debris surveys.
Ecological surveys were carried out at Sites 1-4, and only
included mangroves where feasible (Sites 1-3).

Debris Surveys

Across all five sites, we conducted assessments in a total of 19
transects. We used a modified standing stock survey protocol
from NOAA (Opfer et al., 2012), reducing transect size to 50 x
5 m or smaller when necessary (5A, 5B, 5C), due to topography or
large amounts of debris. At each site, except Site 4, we conducted
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triplicate standing stock surveys parallel to the coastline
(Figure 1B, blue). We included the high tide line in the
middle of the transect (1A, 1B, 1C, 2A, 2B, 2C, 3A, 3B, 3C,
5A, 5B, 5C; Figure 1B, blue). At Sites 1-3, we conducted two
additional standing stock surveys (1C_tidal 5, 1C_tidal_15,
2C_tidal_5, 2C_tidal_15, 3A_tidal_5, 3A_tidal_15) that were
positioned moving toward the ocean from one of the transects
at high tide (Figure 1B, red). These two transects were spaced
approximately 5 m apart and were located approximately 5 and
15 m from the high tide line along the tidal flat toward the ocean
(Figure 1B, red). For Site 4, we did not conduct the tidal flat
surveys nor the triplicate standing stock debris surveys because
this site was a pilot site. Here, we conducted a single debris survey
and included it in our dataset due to the large amount of debris.
For Site 5, along the river, our three transects were conducted
further apart (>10 m) compared to other sites because we were
limited to sites with accessibility (Figure 1A).

To quantify and characterize marine debris, we laid out the
transect tape, marked the four corners of the transect, recorded
the GPS coordinates of each corner, and took photographs of the
transect. We then split the transect into three approximately
equal sections, and three pairs of researchers surveyed one section
each. Each team had one counter and one recorder. The counter
walked within the transect in a zig zag motion, scanning their
section for any visible debris items larger than 2.5 cm. As items
were identified, the counter verbally reported to the recorder to
document each item on a datasheet. All items were recorded to
product and material type where possible (e.g., plastic straw,
plastic container, metal can). For analyses, debris amounts were
expressed as the number of items/m?.

Ecological Surveys

To measure how debris impacts mangrove ecosystem health, we
measured crab burrows, mangrove diameter, and mangrove
canopy cover in transects where crab burrows and/or
mangroves were present. Crab burrows were measured in all
transects, except for those at Site 5, i.e., the sites along the river,
where crabs were absent. Mangrove indices were measured in
transects at the high tide line at Sites 1-3. These bioindicators
have been used in previous assessments of mangrove ecosystem
health (Environmental Protection (Water) Policy 2009; Giil and
Griffen 2018). To measure the number of crab burrows, we
randomly dropped a 1m by 1m quadrat and counted the
number of crab holes larger than 1cm in diameter. This was
repeated three times in each transect to obtain an average number
of crab holes/m”. To obtain an average measure of mangrove
diameter, we recorded the diameter around the trunk of ten
mangrove trees, spaced approximately 5 m apart along the length
of each transect. Although diameter at breast height (DBH) is the
standard measurement used for mangrove health, we had to
modify DBH measurements because the mangroves in XTNP are
much shorter compared to those measured in standard
monitoring protocols (Environmental (Water)
Policy 2009). For bush-like mangroves, the largest stem of the
mangrove was selected and measured below where it first began
to branch. For tree-like mangroves, the main trunk was measured
below where it began to branch. Measures from all ten trees

Protection
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within the transect were then averaged to obtain a measure of
mangrove diameter per transect. Last, a proxy for canopy cover
was determined by subtracting the light intensity underneath the
canopy from the light intensity of the open air. We used the Light
meter Pro App (v2; Elena Polyanskaya, iOS, United States) on our
smart phones to obtain measurements. We collected ten
measurements for each transect, from the same trees that were
measured above, and used these values to calculate an average
light intensity for each transect. In general, the larger the light
intensity difference between the canopy and open air, the more
leaves are found in the canopy, reflecting better mangrove health.
Small light intensity differences reflect fewer leaves in the canopy,
indicating poorer mangrove health.

Statistical Analysis

All statistical analyses were performed using R Statistical Software
version 3.5.2 using RStudio version 1.1.463 (RStudio Team,
2016). To assess patterns of debris composition across sites,
we visualized our data in an nMDS plot using the Bray-Curtis
dissimilarity metric plotted in two dimensions. Data was not
transformed, and we measured stress to see if the pattern within
the plot was a good fit. We used the function “metaMDS” in the
vegan community ecology package (Oksanen et al., 2008) in R. To
determine whether there were significant differences between the
types of debris among sites, we ran a PERMANOVA. Differences
were considered significant when p < 0.05. We used the function
“adonis2” in the vegan community ecology package (Oksanen
et al,, 2008) in R. To better assess what debris types were driving
these patterns, we visualized the top five most common debris
items for each site. Data from all transects surveyed within a site
were pooled, to obtain one list of debris items per site. To
determine whether there was a significant difference in the
total amount of debris in the transects that included the high
tide line compared to those in the tidal flats, we performed a
single factor ANOVA. For Sites 1, 2, and 3, we included transects
in the high tide line that were directly above the tidal transects
(n = 3), transects that were 5 m from the high tide line (n = 3), and
transects that were 15 m from the high tide line (n = 3). We used
the “aov” function in base R. To assess the ecological effects of
anthropogenic debris on the mangrove ecosystems, we ran simple
linear regressions to assess the relationship between the amount
of marine debris and each ecological index individually, i.e., crab
holes, mangrove diameter, and light intensity difference (canopy
cover).

RESULTS

Debris Surveys

Marine debris was found at all sites within and around the Red
River in XTNP (Supplementary Table S1). Overall, the number
of debris items varied from 0.14 to 16.9 items/m”, with an average
of 2.81 items/m”. From greatest to least, Site five had the highest
average debris density (14.25 items/m” + 2.72 SD), followed by
Site 4 (6.15 items/m?), Site 2 (4.85 items/m” + 4.98 SD), Site 1
(2.16 items/m” + 3.59 SD), and Site 3 (0.76 items/m” + 0.63 SD).
The density of debris was highest in transects that included the
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TABLE 1 | Summary of debris data across the five sites and within the 19 transects surveyed.

Site Site Area Number Plastic Cloth/ Glass Metal Rubber Lumber Other Top 5
code number  surveyed of debris (%) fabric (%) (%) (%) (%) (%) items
(m? items/ (%)
m2
1A 1 250 0.39 43.88 5.10 0.00 0.00 0.00 1.02 0.000 1. Food wrappers
1B 1 250 8.49 48.49 1.13 0.05 0.00 0.14 0.05 0.00 2. Bags
1C 1 250 1.65 44.66 5.10 0.24 0.00 0.00 0.00 0.00 3. Fishing lines
1C_tidal_5 1 250 0.14 44.44 5.56 0.00 0.00 0.00 0.00 0.00 4. Film fragments
1C_tidal_1g 1 250 0.14 47.22 2.78 0.00 0.00 0.00 0.00 0.00 5. Cups
2A 2 250 3.65 40.96 6.68 1.31 0.22 0.33 0.33 0.22 1. Foam fragments
2B 2 250 5.05 45.53 2.38 1.11 0.08 0.63 0.16 0.00 2. Rope and net pieces
2C 2 250 13.14 47.20 0.64 1.25 0.12 0.37 0.37 0.12 3. Bags
2C_tidal_5 2 250 2.24 46.35 1.07 0.53 0.00 0.36 1.60 0.18 4. Food wrappers
2C_tidal_15 2 250 0.14 4412 2.94 0.00 0.00 0.00 2.94 0.00 5. Hard plastic fragments
3A 3 250 0.52 48.46 1.54 0.00 0.00 0.00 0.00 0.00 1. Rope and Net Pieces
3A_tidal_5 3 250 0.23 50.00 0.00 0.00 0.00 0.00 0.00 0.00 2. Fishing Lines
3A_tidal_15 3 250 0.34 43.02 5.81 0.00 1.16 0.00 0.00 0.00 3. Bags
3B 3 250 0.93 46.78 3.00 0.00 0.00 0.00 0.00 0.43 4. Fim Fragments
3C 3 125 1.78 46.85 3.15 0.00 0.00 0.00 0.00 0.00 5. Food Wrappers
4 4 250 6.15 47.04 2.60 0.20 0.00 0.13 0.00 0.07 1. Bags
2. Food wrappers
3. Fabric pieces
4. Foam fragments
5. Other plastic items
5A 5 150 16.91 3212 14.39 0.63 0.35 0.43 0.59 2.96 1. Food wrappers
5B 5 150 11.47 34.05 715 3.66 0.29 0.35 1.63 5.69 2. Fabric pieces
5C 5 90 14.36 42.72 4.49 0.23 0.23 0.15 1.01 2.32 3. Bags
4. Other unclassifiable
items
5. Foam fragments
Transects that were sampled along the tidal flats are denoted with the ending “_tidal_5" and “_tidal_15", denoting their approximate distance from the high tide line.

high tide line (Table 1; Figure 2), although the trend was not
significant [F(,6) = 1.256, p = 0.35]. Transects that included the
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FIGURE 2 | Bar graph showing the total amount of items of
anthropogenic debris per m? surveyed in each transect within all five sites. The
colors represent the proportion of each material type surveyed in the transect.

high tide line (1A, 1B, 1C, 2A, 2B, 2C, 3A, 3B, 3C, 5A, 5B, 5C) had
an average of 5.10 + 6.99 debris items/m”, while transects five and
15 m toward the ocean (1C_tidal_5, 1C_tidal_15, 2C_tidal_5,
2C_tidal_15, 3A_tidal_5, 3A_tidal_15) had an average of 0.87 +
1.19,and 0.21 + 0.12 items/m” respectively. Across all sites, plastic
comprised the majority of all surveyed debris, making up 86.6%
of surveyed debris items (Figure 2). The top five debris items
across all sites, in order of most to least, were plastic food
wrappers, foam fragments, plastic bags, fabric pieces, pieces of
plastic rope and nets (Figure 3).

Overall, the PERMANOVA showed that the composition of
debris items varied significantly between sites (Figure 4;
p = 0.004). The patterns of similarities in debris composition
between sites can be seen in the nMDS plot (Figure 4). Sites
plotted closer together have more similar debris composition.
The sites cluster into two groups; Sites 1, 2, and 3; and Sites 4
and 5 (Figure 4). This suggests that debris compositions are
similar amongst these groups of sites. Foam, fishing lines, and
rope were common amongst Sites 1, 2, and 3; food wrappers,
plastic bags, and fabric pieces were common amongst Sites 4
and 5 (Figure 3). Fabric/cloth pieces were uniquely dominant
in Sites 4 and 5 (Figure 3). Although Site 4 is plotted close to
Site 5 (Figure 4), it is closer geographically to Sites 1, 2, and 3
(Figure 1).
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(right). Plastic items shown in shades of blue represent the majority of the top five items.
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FIGURE 4 | An nMDS plot created using data collected regarding all
debris items across all locations within each of the five sites using the Bray-
Curtis dissimilarity metric and plotted in two dimensions. Data was not
transformed. Each point on the figure represents a transect, and the
different shapes represent each of the five sites.

Ecological Surveys

All ecological indices showed a trend whereby the ecological
index reduced with increasing amounts of marine debris. Still,
none of these trends were significant. Light intensity difference
represents the amount of light reaching the base of the mangrove
tree; a smaller light intensity difference infers a lower density of
leaves, indicating a less healthy plant. We observed a non-significant
decrease in light intensity difference with increasing debris density
represented by a decrease in light intensity difference (Figure 5B; r*
= 0.0756, p = 0.51). We observed a weak, non-significant negative

relationship between mangrove diameter and debris density
(Figure 5A; * = 0.0565, p value = 0.61). Similarly, we observed
a negative, non-significant relationship between crab burrows and
marine debris (Figure 6; ¥ = 0.1321, p=017).

DISCUSSION

The aim of our project was to quantify and characterize patterns of
marine debris and assess ecological effects in the Red River,
Vietnam. Our results demonstrate that debris is ubiquitous in
the Red River, composition varies among sites, and that debris may
have adverse or neutral ecological effects on mangrove ecosystem
health. Based on the debris we found, our observations suggest
plastic is the most abundant material found, and according to the
type of items, Sites 4 and 5 had mostly land-based debris sources,
and Sites 1, 2 and 3 had mostly ocean-based sources of debris
(Honorato-Zimmer et al., 2019a; Chen et al.,, 2020; Terzi et al,,
2020). According to the ecological surveys, it appears that marine
debris has a negative impact on mangrove canopy cover, DBH, and
crab burrows (Figures 5, 6); however, none of these relationships
were significant. Overall, our results support our first hypothesis
related to the distribution and composition of debris, but were
unable to provide complete support for our second hypothesis that
anthropogenic marine debris impacts mangrove ecosystems.
The preliminary nature of this study led to some limitations.
First, there were relatively few sites surveyed, with some survey
locations geographically close to each other, as we were limited to
surveying sites that we could access, and with limited time. Future
work should conduct sampling with broader spatial scales over
longer periods of time (e.g., wet vs. dry season). Further, the
ecological indices used in this study are rapid assessment tools,
and may not fully capture the ecological dynamics taking place in
this system. For example, it is possible that wave-action impacted
the condition of the mangroves, rather than the debris. These

Frontiers in Environmental Science | www.frontiersin.org

May 2021 | Volume 9 | Article 679530


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Giles et al.

Anthropogenic Debris in the Red River Estuary

A r2=0.0565, p=0.61 B

y=-1132x + 13208

40000

30000

@
8

N

0000

N
S

10000

Light Intensity Difference
Mean mangrove DBH (cm)

5 10
Total Debris /m?

diameter at breast height (cm) vs. total debris.

r2=0.0756, p=0.51
y=-1.231x + 21.69

SITE

ore
ENALN)

FIGURE 5 | Scatter plots with the total number of debris items per m? plotted on the x-axis and mangrove health index (DBH, light intensity) plotted on the y-axis. A
trendline for a linear regression is shown with the equation, r value, and p value denoting significance for each graph. (A) Average light intensity difference vs. total debris.
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and p value denoting significance.

methods were selected due to limited access to sample collection,
and limited time in the field. Future work should investigate
ecological effects over longer time periods, using more robust
assessment methods, such as biological sampling of ecological
communities. As such, this assessment serves as the first baseline
assessment of marine debris in the Red River and its potential
ecological effects, and should inform and motivate future work.

Debris Surveys

Our first objective was to quantify and characterize
anthropogenic debris in and upstream of XTNP and identify
potential sources. Overall, the range of debris densities measured
in our study were comparable to beach debris surveys in China
(e.g., Chen et al., 2020). We expected that the source of debris

items at sites found within, or close to the river mouth (Sites 1 and
5) would be land-based, whereas the source of debris in sites
facing the open ocean and further from the river would be ocean-
based. It is generally agreed upon that item type (e.g., bag, fishing
line) is indicative of the source of debris (Battisti et al., 2019a;
Honorato-Zimmer et al., 2019a; Terzi et al.,, 2020). Thus, we
expected that Sites 1 and 5 (within and close to the river) would
have a high proportion of single-use consumer materials. Our
results matched our predictions for Site 5, where nearly half of the
plastic debris was comprised of single-use items such as food
wrappers and plastic bags. This suggests that the land is a source
of debris to Site 5. Although the debris at Site 1 included these
items, it also included fishing-related items that were similar to
Sites 2 and 3. This suggests that both land- and ocean-based
sources (i.e., fishing and aquaculture) are also a source of debris to
Site 1 (Battisti et al., 2019a). The debris composition of Site 4 was
more similar to Site 5 (Figure 4). This suggests most debris
encountered in Site 4 originated from land-based sources.

We predicted that debris composition in sites facing the ocean
(Sites 2, 3, and 4), would reflect ocean-based sources (Martin
et al,, 2019). If true, we expected these sites would have a high
proportion of plastic (~80%; Honorato-Zimmer et al., 2019a),
and specifically more ocean-based debris items (i.e., fishing nets,
styrofoam coolers, buoys; Battisti et al., 2019a). Our results
matched our predictions for Sites 2 and 3, where plastic
comprised nearly all of the surveyed items, and fishery-related
items such as foam pieces, fishing line and nets, and plastic rope
were common. This suggests that fishing and aquaculture are a
source of debris to Sites 2 and 3 (Figure 3). As previously
mentioned, the debris composition of Site 4 was not consistent
with our predictions, suggesting that the land is a source of debris
to Site 4. Site 4 was located on a sandy beach, situated close to a
docking area with many fishing boats, so it is possible that
consumables from the fishing community are a source of
debris to Site 4. As mentioned above, Site 1 held both a land-
based and ocean-based signature suggesting that the ocean and
the land are both sources of marine debris to this location.
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Interestingly, fabric scraps and clothing items were common
in Sites 4 and 5. Leakage of scrap fabric from textile industries
may provide an explanation for the large amounts of fabric and
cloth found at these sites. Pieces of scrap fabric are created when
textile industries cut patterns for clothing (personal
communication; Diana Rosenberg from GAP). Further
research is required to identify where textile industries exist
along the Red River and whether scrap fabric leakage is a
viable explanation. Overall, the high proportion of single-use
items and fabric scraps found at Sites 4 and 5 suggests that
upstream sources of land-based debris deliver debris to XTNP, as
do ocean-based sources.

Overall, our results demonstrate that the composition of
debris can inform its source. The data we generated also
support our hypothesis that the Red River is a source of debris
to XTNP. Sites 4 and 5, and to a lesser extent Site 1, had high
proportions of land-based debris. These results are consistent
with other studies that have found that mangrove forests and
beaches close to industrialized rivers have high proportions of
land-based debris, while locations further from industrialized
rivers have predominantly ocean-based sources of debris
(Honorato-Zimmer et al., 2019a; Chen et al., 2020). In the
Yangzte River, a highly industrialized river, 90% of debris
found on beaches came from land-based sources (Chen et al.,
2020), while in Chilean and German beaches far from
industrialized rivers, ocean-based sources of debris dominated
the beaches (e.g., Honorato-Zimmer et al., 2019a).

Our second prediction was that the concentration of debris
would be highest in the transects that include the high tide line.
Our results were consistent with this prediction; all transects that
included the high tide line had higher debris densities than the
transects surveyed outside of the high tide line (Figure 2). Still,
the relationship was not significant. This could be due to the large
standard deviation associated with debris densities in the high
tide line. This is consistent with other beach survey studies that
have found higher debris counts at the high tide line (McDermid
and McMullen, 2004; Browne et al., 2015a; Lavers and Bond,
2017).

Ecological Surveys

Our second objective was to determine whether marine debris had
ecological effects on the mangrove ecosystems. We predicted that
anthropogenic debris would have negative impacts on mangrove
health. If true, we expected that ecosystem health indices (canopy
cover, mangrove diameter, crab burrow holes/m”) would decrease as
marine debris increased. Overall, our results matched our predictions,
where ecological indices declined as debris concentrations increased.
Still, none of the relationships were significant.

We observed a negative, non-significant relationship between
canopy cover, DBH, and debris density (Figure 2). Although
there is little known about how mangroves respond to
anthropogenic debris, we know that they respond to other
stressors such as heavy metals through cellular changes
(i.e., changes in protein production/expression), alterations in
growth, photosynthesis, reproduction, and survival (Das et al,
2016; Yan et al.,, 2017; Nikalje and Suprasanna, 2018). Plastic
macrodebris may break down into microplastics and sorb
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harmful chemicals (Rochman et al., 2013), which could reduce
survival and growth of mangrove trees (Li et al., 2020). Due to
sampling limitations, we were unable to assess changes to cellular
processes, but the differences observed in light intensity
difference (canopy cover) and mangrove diameter, proxies for
ecosystem health, suggest that the debris has negative impacts on
mangrove health. Alternatively, marine debris can cause hypoxia
or anoxia by smothering the mangrove trees (Gregory, 2009).
When plastic sheeting and bags blanket the seafloor, they limit
gas exchange; similar processes may occur on the forest floor
which could ultimately result in reduced growth of mangrove
trees (Gregory, 2009). Many of the mangroves at our sites had
debris hanging from the branches or entrained in the roots, which
could provide an explanation for reduced diameter and canopy
cover. Overall, macrodebris, or components of the debris such as
microplastics and associated chemicals, may have caused stress to
mangroves through direct or indirect mechanisms that may have
impeded canopy and trunk growth. It is important to note that
these measures are best employed in long term studies and with
more replication. We only had six transects with mangrove
measurements which does not allow for robust statistical
analyses. Thus, we recommend continued monitoring of these
forests, and with greater sample sizes, to assess changes to
mangrove health over extended periods of time.

We observed a negative, non-significant relationship between
crab burrows and debris density. Crab burrow density is
commonly used in environmental monitoring as a proxy for
mangrove ecosystem health (Environmental Protection Policy
2009; Giil and Griffen 2018). In general, a lower density of crab
burrows is correlated with poor mangrove health. Debris,
particularly plastic bags and food wrappers, may have
smothered the crab habitat (Ivar do Sul et al., 2014; Lavers
et al., 2020) or caused toxicity by ingestion of microplastics (Li
et al.,, 2020). When ingested by organisms such as sea turtles,
marine debris can cause a number of adverse effects, including
nutrient dilution, bowel perforation, wounds, skin lesions, sores,
and more (Tomas et al., 2002; Sigler, 2014). Due to this non-
significant trend, we recommend that further research includes
higher spatial coverage and replication and/or community-level
ecological data to better understand whether such an effect may
be predicted in this or other regions.

Mangrove forests serve an important role in estuarine
ecosystems, by providing habitat and protection for species of
fish, birds, and other organisms. They also provide ecosystem
services for coastal communities through flood control, water
filtration, and recreation (Costanza et al., 2014). Overall, our
results suggest that marine debris may have negative or neutral
impacts on mangrove ecosystem health. Because mangrove forests
may trap and sequester anthropogenic debris for longer periods of
time than beaches (Martin et al., 2019), it is important to further
investigate how anthropogenic debris impacts these vulnerable
ecosystems. Such studies might include long-term monitoring
using the indices from this study or debris removal experiments.

Relevance to Policy
There is no doubt that the ubiquity of anthropogenic debris in
marine ecosystems is a global problem, and requires both local and

Frontiers in Environmental Science | www.frontiersin.org

May 2021 | Volume 9 | Article 679530


https://www.frontiersin.org/journals/environmental-science
www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science#articles

Giles et al.

global efforts to be addressed. Scientists and policy makers can work
together to accomplish this; scientists contribute to fundamental and
applied understandings of the distribution, fate, and ecological effects
of marine debris, while policy makers use these new scientific
understandings to create relevant and effective policies and
mitigation strategies (Rochman et al, 2016). Vietnam recently
developed and issued a National Action Plan on marine debris,
in which it identifies rivers as a potential avenue for high impact
interventions (Promulgating the National Action Plan for Marine
Plastic Waste Management to 2030, 2019). In this document, annual
monitoring of debris is listed as a specific objective that should be
implemented. Prior to our study, there was no previous data
quantifying anthropogenic debris in the Red River; all relevant
research had been conducted in rivers in Southern Vietnam (e.g.,
van Emmerik et al,, 2018; van Emmerik et al., 2019; Lahens et al,
2018; van Emmerik and Schwarz, 2020). Further monitoring should
be done to determine sources and hotspots for debris to inform
prevention and clean-up strategies. Our research begins to fill these
data gaps, by introducing replicable monitoring methodologies and
empirical data that policy makers will be able to use to identify
priority areas, and evaluate the efficacy of future mitigation practices.
Our science can, and has been used by local governments and
stakeholders to address the issue of anthropogenic marine debris and
its ecological impacts in Vietnam as a whole.

CONCLUSION

Our goal was to conduct the first baseline assessment of
anthropogenic debris and its ecological impacts in XTNP. We
observed anthropogenic debris in all sites throughout the park,
and our results suggest it originated from both ocean and land-
based sources, depending on the site. We were able to identify
potential sources by identifying the dominant types of debris at
each site. Results indicated that sites located near to, or within the
river had debris items indicative of land-based sources, whereas
sites located far from the river or facing the ocean had debris
items from ocean-based sources. Rapid ecological assessments of
the mangrove ecosystems indicated that increasing debris
densities were associated with increased ecological stress,
including reductions in mangrove growth, canopy cover, and
crab burrows. The results of this study directly address objectives
in Vietnam’s National Action Plan for Marine Debris, which aims
to reduce debris by 2030. Ultimately, this work contributes the
first data on anthropogenic debris and potential ecological
impacts in the Red River, which may eventually inform global
mitigation, and conservation strategies.
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