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Abstract

Microplastic pollution in tropical urban rivers has become an increasing environmental
concern due to rapid urbanization, inadequate waste management, and hydrological
transport processes. This study investigated the occurrence, characteristics, and spatio-
temporal distribution of microplastics in the Can Tho River, Vietnam, along an urban—
peri-urban-rural gradient during dry and wet seasons. Surface-water samples were col-
lected at 15 sites and analyzed for microplastic abundance, density, shape, color, and size
composition using stereomicroscopic identification and statistical analyses. Microplastics
were detected at all sampling sites in both seasons, indicating widespread contamination
throughout the river system. Although seasonal differences in overall abundance and
density were not statistically significant at the basin scale, clear spatial variability was ob-
served, particularly in urban and peri-urban regions. Fibers and fragments were the dom-
inant shapes, while blue, purple, and green particles were the most common color catego-
ries. Particles larger than 1000 pm accounted for the largest proportion of detected micro-
plastics, and continuous size-distribution analysis revealed broadly similar overall distri-
butions, although a greater proportion of smaller particles was observed during the dry
season. The results suggest that hydrological conditions, urbanization, and land-use char-
acteristics may contribute to the observed spatial and seasonal patterns of microplastic
distribution in the Can Tho River. Peri-urban zones exhibited the greatest seasonal varia-
bility, highlighting their role as transitional areas that may influence microplastic redis-
tribution in tropical river systems. This study provides baseline information for under-
standing microplastic pollution in the Mekong Delta and supports future river manage-
ment strategies.

Keywords: microplastic; spatial distribution; seasonal variation; urban-rural gradient;
tropical river
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1. Introduction

Global plastic production has grown rapidly over recent decades, reaching approxi-
mately 380 million tonnes in 2015 and exceeding 430 million tonnes in 2024 [1,2]. At the
same time, a significant share of plastic waste has accumulated in landfills and the natural
environment due to inadequate end-of-life management [1]. Larger plastic debris can frag-
ment into microplastics (typically <5 mm) through physical, chemical, and biological pro-
cesses. These particles are persistent and have been widely detected across marine and
freshwater environments [3-5]. Recent evidence suggests that, in addition to conventional
degradation pathways such as photodegradation and mechanical fragmentation, intrinsic
material properties may also contribute to the generation of polymer-derived micropollu-
tants. Residual stress-induced phase separation within plastic materials has been shown
to release amorphous polymer micropollutants into water, highlighting the complexity of
plastic weathering processes and the continuous generation of micro-scale polymer con-
taminants in aquatic environments [6].

Rivers act as major pathways for the transport of plastic debris, transferring signifi-
cant quantities of land-based waste into the oceans [7,8]. At the same time, river systems
can retain microplastics within freshwater environments, where they are distributed
across the water column, sediments, and aquatic organisms [9]. This dual role raises eco-
logical concerns, as microplastics can be ingested by aquatic organisms and facilitate the
transfer of hazardous contaminants, including heavy metals and persistent organic pollu-
tants [10,11].

The occurrence and distribution of microplastics in freshwater environments are in-
fluenced by a combination of anthropogenic and environmental factors. Urbanization,
population density, wastewater effluent, and land-use characteristics have been identified
as key factors association with microplastic inputs into river systems [12,13]. In addition,
hydrological variability plays a critical role in microplastic transport and fate. During wet
periods, increased precipitation and river discharge enhance the mobilization, remobili-
zation, and downstream transport of plastic debris, whereas reduced flow conditions dur-
ing dry periods promote local retention and accumulation within riverine and estuarine
systems [14-16]. Despite increasing evidence of the occurrence, transport, and ecological
risks of microplastics in aquatic environments, significant challenges remain regarding
the standardization of monitoring methodologies and the development of harmonized
regulatory frameworks for microplastic pollution management at both national and inter-
national levels [17].

Recent studies across Asia have consistently reported the widespread occurrence of
microplastics in riverine systems, with fibers and fragments emerging as the predominant
morphotypes across diverse freshwater environments [18-20]. These morphotypes are
typically associated with key anthropogenic sources, including synthetic textile fibers re-
leased during laundering, the degradation of packaging materials, and the fragmentation
of larger plastic debris in the environment [21,22]. Furthermore, color characteristics are
commonly employed as indicators to infer both the potential sources and the extent of
weathering and environmental exposure of microplastics in aquatic systems [23].

The Mekong Delta is recognized as a highly vulnerable region, where rapid urbani-
zation, dense population, and rising plastic consumption interact with insufficient waste
management infrastructure, exacerbating plastic pollution risks [24]. While microplastics
have been reported across diverse aquatic environments in Vietnam, including freshwater
and coastal systems [25], research efforts have predominantly focused on marine environ-
ments [26]. Moreover, existing studies are largely restricted to specific locations, particu-
larly the northern branches of the Mekong River [27,28]. As a result, there remains a sig-
nificant lack of comprehensive data on microplastic pollution in inland freshwater river
systems, especially across urban-rural gradients.
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The Can Tho River, a major tributary of the Mekong River, traverses a gradient of
urban, transitional, and rural landscapes and is exposed to diverse anthropogenic pres-
sures, including domestic wastewater discharge, urban runoff, and agricultural activities.
Despite its environmental and socio-economic importance, comprehensive assessments of
microplastic occurrence, characteristics, and spatiotemporal variability in this river sys-
tem remain limited.

Therefore, this study aims to (i) quantify the abundance and density of microplastics,
(if) characterize their morphological features (e.g., shape, size, and color), and (iii) assess
their spatial (urban—peri-urban-rural gradient) and seasonal (dry and wet seasons) varia-
tions. Specifically, the study examines whether microplastic abundance and density differ
between seasons and among regions, and whether seasonal changes depend on spatial
variation (i.e., interaction between season and region). In addition, it evaluates whether
the composition of microplastic shape and color, as well as particle size, varies across sea-
sons and regions. By integrating spatial and temporal analyses within a tropical river sys-
tem influenced by monsoonal hydrology, this study provides insights into the distribution
patterns and potential drivers of microplastic pollution in the Mekong Delta.

2. Materials and Methods
2.1. Study Area

The Can Tho River is a major tributary of the Hau River within the Mekong Delta,
flowing through Can Tho City, one of the principal urban centers in the region and an
important socio-economic hub. The river traverses a gradient of urban, peri-urban, and
rural landscapes, where it is exposed to a range of anthropogenic pressures, including
urban expansion, commercial activities, navigation, and agricultural production in sur-
rounding areas, as shown in Figure 1.

Figure 1. Study area: The orange, yellow, and blue routes represent the urban, peri-urban, and rural
study areas, respectively. Sampling sites (51-515) are shown using the corresponding colors for each

study area.

These characteristics reflect broader regional patterns observed across the Mekong
Delta, where sustained economic growth, population expansion, and rapid urbanization
have been well documented and are associated with increasing pressures on natural
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resources and aquatic environments [29,30]. Similar trends have been linked to intensified
human impacts on river systems in Vietnam, particularly through land-based activities
and waste inputs [25,27].

Within this regional context, Can Tho City is likely to experience comparable envi-
ronmental pressures, particularly those associated with increasing plastic waste genera-
tion and its transfer into river systems via multiple pathways, including urban runoff,
domestic wastewater discharge, and mismanaged solid waste [31]. Consistent with these
processes, previous studies in the Mekong Delta have reported the widespread occurrence
of microplastics in both surface waters and sediments, highlighting the influence of an-
thropogenic activities and land-based sources [25,27].

However, existing studies remain spatially constrained and do not adequately cap-
ture variability along urban-rural gradients, particularly within inland tributary systems
such as the Can Tho River.

2.2. Sampling Process
2.2.1. Hydrometeorological Conditions and Sampling Strategy

Can Tho exhibits a typical tropical monsoonal climate characterized by two distinct
seasons: a dry season from December to April and a rainy season from May to November
[32]. These seasonal regimes result in pronounced contrasts in precipitation patterns and
hydrological conditions, which are key drivers of surface runoff generation and pollutant
transport in river systems.

Climatological data indicate that January represents the peak of dry season condi-
tions, with minimal precipitation (~1.5 rainy days and 6.5 mm month'), whereas June
corresponds to the peak of the rainy season, characterized by frequent and intense rainfall
(~17.3 rainy days and 166.1 mm month) as in Table 1 [33]. These months were therefore
selected as representative of hydrometeorological extremes to ensure that sampling cap-
tures the strongest seasonal contrasts influencing microplastic mobilization and distribu-
tion. Accordingly, field sampling was conducted from 18-20 January 2025 (dry season)
and from 28-30 June 2025 (rainy season), with the latter following a prolonged rainfall
event (20-26 June 2025) to reflect enhanced runoff conditions.

Table 1. Weather characteristics of Can Tho.

Month

1 2 3 4 5 6 7 8 9 10 11 12

Chance of cloudy/rainy conditions (%) 59 55 60 77 83 91 90 92 90 84 75 66
Chance of sunny conditions (%) 41 45 40 23 11 9 10 8 10 16 25 34

Rainy days/month
Rainfall (mm)

15 1 2 53 132 173 18 18 179 182 10.6 43
6.5 57 107 331 104.6 166.1 1742 173 180.8 172.6 84.8 22.6

To minimize the influence of tidal exchange with the Hau River and ensure that col-
lected microplastics primarily reflect local inputs within the Can Tho River basin, sam-
pling was conducted during low tide. This approach reduces upstream intrusion and
backflow effects, thereby improving the representativeness of samples with respect to in
situ anthropogenic sources along the Can Tho River.

Sampling was carried out over three consecutive days in each season to account for
short-term temporal variability. During the dry season, samples were collected daily be-
tween 09:00 and 15:00, while in the rainy season sampling was conducted between 08:00
and 14:00 (Figure 2), ensuring consistency in sampling conditions while accommodating
seasonal differences in weather and hydrodynamics.
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Hourly water levels at the Can Tho hydrological station
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Figure 2. Hourly water levels at the Can Tho hydrological station [34].

2.2.2. Sampling Location

Microplastics in surface water were collected from fifteen sampling sites (S1-S15)
distributed along the Can Tho River (Figure 1), representing a gradient of anthropogenic
influence from urban to rural environments. A stratified sampling design was adopted,
with sites evenly allocated across three river sections (five sites per section): urban, peri-
urban (transitional), and rural-dominated zones. This classification was based on land-use
characteristics, population density, and dominant human activities, allowing for the as-
sessment of spatial variability in potential microplastic sources and transport processes.

The urban zone (S1-S5), extending from Ninh Kieu Wharf to Truong Tien Bridge
(10.84 km), is in the city center and is characterized by high population density, dense
residential areas, commercial activities, tourism, and intensive inland navigation. This
section is subject to multiple direct anthropogenic inputs, including domestic wastewater,
urban runoff, and solid waste leakage, which are recognized as major sources of micro-
plastics in riverine systems [25]. The peri-urban zone (56-510), between Truong Tien
Bridge and Ba Se Bridge (14.46 km), represents a transitional area with mixed land use,
including residential settlements, local markets, and agricultural land. The coexistence of
urban discharge and diffuse rural inputs makes this zone particularly relevant for exam-
ining microplastic transformation and redistribution along the river continuum. The ru-
ral-dominated zone (511-515), extending from Ba Se Bridge to O Mon Bridge (8.22 km), is
characterized primarily by agricultural activities, aquaculture, and lower population den-
sity. Although direct urban inputs are limited, microplastics may still enter through agri-
cultural runoff, irrigation return flows, upstream transport, and localized sources such as
O Mon market.

Overall, this sampling framework integrates both spatial (urban-rural gradient) and
temporal (seasonal) dimensions, providing a robust basis for evaluating the occurrence,
transport, and distribution of microplastics in a tropical river system, where hydrological
variability plays a key role in governing environmental dynamics [14,26].
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2.2.3. Sampling Devices

At each sampling site, surface water was collected under strict contamination control
procedures. All equipment was thoroughly cleaned and rinsed with filtered water prior
to use, and sampling was conducted carefully to minimize secondary contamination from
surrounding microplastic sources.

Microplastics were collected using an Albatross Mark 6 (AM-6) device (Pirika Inc.,
Tokyo, Japan). The system was equipped with a submersible waterproof power unit con-
nected to a propeller (RDS200, Yamaha, Japan), which actively pumped surface water into
the sampling unit. A plankton net (mouth diameter: 30.5 cm; length: 750 cm; mesh size:
~300 um) was centrally mounted to filter incoming water and retain particles larger than
the mesh size. At the downstream end, a mechanical flowmeter (GO-2030 R6, General
Oceanics, Miami, FL, USA), fitted with a low-speed counter-clockwise rotating impeller
(16.5 cm diameter), was used to quantify the volume of filtered water. The flowmeter
housing was filled with water to ensure accurate recording of impeller rotations. To main-
tain a closed and controlled system, both the net and flowmeter were enclosed within a
transparent cover, ensuring that all passed sequentially through the net and flowmeter.

Sampling was conducted at locations with a minimum water depth of 1 m, with the
device positioned just below the water surface. Each sampling event lasted 3 min. After
retrieval, the net was carefully removed, placed in a clean bag, and stored in a sealed con-
tainer for transport to the laboratory.

The sampling net was hung up and rinsed with tap water, while the nozzle was cov-
ered with a 300 um mesh to reduce the introduction of potential plastic particles from the
rinsing water. Rinsing was performed systematically: first from the outside (from the
mouth to the cod end), followed by the inside of the net in the same top-to-bottom direc-
tion, ensuring that retained particles were washed down into the collection funnel. The
final concentrate was then transferred from the funnel into pre-cleaned glass bottles, ap-
propriately labeled, and stored for subsequent analysis.

The volume of water is calculated as follows:

Difference in Counts (final-initial)
999999
with the rotor constant of the low-speed rotor (R6) being 57.56 [35]
Speed (in cm/s)= Distance in meters (x) 100

Distance (in meters)=

(x)Rotor Constant (1)

)

Time in seconds

Volume (cubic meters)= Net mouth area (x) Distance 3)

2.3. Microplastic Extraction and Identification
2.3.1. Microplastic Extraction

Microplastics were extracted using a five-step procedure adapted from [25] with mi-
nor modifications.

Step 1—Size fractionation (1 mm sieving):

The sample obtained from the washing grid was filtered through a 1 mm stainless
steel sieve to remove large debris. The aqueous solution after filtration was collected in a
glass beaker (1000 mL, Schott Duran, Mainz, Germany) and the sample container was
rinsed with distilled water filtered through a GF/A membrane (1.6 pm pore size, What-
man®, Maidstone, UK) and further filtered through a sieve. Any remaining organic debris
(e.g., plant matter, wood, shells) on the sieve was carefully removed with distilled water.
Particles > 1 mm suspected of being microplastics were retained separately on the GF/A
membrane for subsequent microscopic examination. These particles were not discarded
and were included in the final dataset when meeting the identification criteria described
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in Section 2.3.3. The sieve was thoroughly rinsed to obtain a final volume of approximately
350 mL.

Step 2— Organic matter digestion:

A water sample with a particle size of <1 mm (~350 mL) was transferred to a glass
flask (500 mL, Schott Duran) and subjected to a two-stage treatment to remove organic
matter. First, 1 g of Sodium Dodecyl Sulfate (SDS, Merck®) was added, and the mixture
was incubated at 50 °C for 24 h. Then, enzymatic and oxidative treatment was carried out
by adding 1 mL of Biozyme SE (protease and amylase, Spinnrad®, Bad Segeberg, Ger-
many), 1 mL of Biozyme F (lipase, Spinnrad® Bad Segeberg, Germany), and 15 mL of
hydrogen peroxide (30% H20z, Merck®, Darmstadt, Germany), followed by incubation at
40 °C for 48 h.

Step 3—Fine sieving and pre-concentration (250 pm):

After digestion (~5 days total processing time), the sample was sieved through a 250
pum mesh to retain microplastics > 250 um. The sieve was rinsed with filtered distilled
water and retained were transferred into a beaker. A saturated NaCl solution (density:
1.18 + 0.02 g mL') was added to a final volume of 150 mL, and the mixture was covered
with aluminum foil and left undisturbed overnight to allow particle separation.

Step 4—Density separation:

Floating particles were recovered by density overflow with NaCl solution (1.18 + 0.02
g mL) using a dropping burette. A sample cup was placed under a 50 mL burette, and
NaCl solution was added dropwise to cause overflow. This process was repeated three
times, each overflowing 50 mL, to obtain a total volume of approximately 150 mL to max-
imize the recovery of floating microplastic particles.

Step 5—Filtration and microscopic analysis:

The recovered solution was filtered through GF/A glass fiber membranes (1.6 um
pore size, Whatman®) using a glass filtration unit (Schott Duran). Approximately 30 mL
of sample was filtered per membrane to ensure an appropriate microplastic loading den-
sity, resulting in a total of five membranes per sample.

The membranes containing retained particles were carefully transferred to sterile Pe-
tri dishes, labeled, and air-dried prior to analysis. Microplastics were visually examined
under an optical microscope (Nikon Eclipse Ci-L Plus) at 4x magnification. Images were
captured using a Digital Sight 10 camera and processed with NIS-Elements BR software
(version 5.41, Nikon Corporation, Tokyo, Japan). Particle dimensions were measured us-
ing the digital measurement tools available in NIS-Elements BR software, with measure-
ment functions selected according to particle morphology (e.g., straight-line, segmented-
line, or area-based measurements).

2.3.2. Analytical Quality Control

To minimize contamination and ensure data reliability during microplastic analysis,
strict quality control measures were implemented throughout all stages of sample pro-
cessing. All glassware was thoroughly rinsed with tap water passed through a filter-
equipped faucet to remove potential microplastic contamination, then stored in sealed
zip-lock bags. Prior to use, equipment was rinsed again with filtered water. Work surfaces
were cleaned with alcohol or filtered water using lint-free materials. Laboratory personnel
wore cotton lab coats, nitrile gloves, and face masks to reduce contamination from syn-
thetic fibers. All distilled water used during laboratory sample processing was pre-filtered
through GF/A glass-fiber membranes (1.6 pm pore size) prior to use.

Positive Extraction Control (PEC): To assess recovery efficiency, a known number (n
= 10) of pre-characterized microplastic particles (with identifiable colors and sizes) were
added to selected samples prior to processing. These spiked samples were subjected to
the full extraction procedure. At the final observation stage, all recovered particles were
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counted and measured to evaluate recovery rates in terms of both particle number and
size. Recovery efficiency assessed using Positive Extraction Controls ranged from 90% to
100%, indicating minimal particle loss during sample processing and extraction.

Deposition Air Control (DAC): To monitor airborne contamination during sample
processing (digestion, sieving, and density separation), a blank GF/A filter was placed in
an open Petri dish adjacent to the working area. The filter remained exposed throughout
these steps and was then covered and stored. After processing, the DAC filter was exam-
ined under the microscope, and any microplastics >250 pm were counted and measured
following the same procedure as for environmental samples.

Observation Air Control (OAC): To quantify airborne contamination during micro-
scopic analysis, an additional blank GF/A filter was placed in an open Petri dish beside
the stereomicroscope during sample observation. After completion, the filter was covered
and analyzed for microplastics >250 pm, using identical counting and measurement pro-
cedures.

A total of five particles/fibers were detected in the DAC and OACs; however, all were
smaller than 250 um. Because the operational lower size limit adopted in this study was
250 um, these particles were excluded from contamination assessment. No particles 2250
um were detected in the control filters; therefore, no blank correction was applied to the
final microplastic abundance and density calculations.

These quality control measures allowed for the identification and correction of po-
tential contamination sources, thereby improving the accuracy and reproducibility of mi-
croplastic quantification.

2.3.3. Classification of Microplastics

Microplastic particles were identified and classified based on their morphological
characteristics into five categories: fibers, fragments, films, foams, and small particles (pel-
lets/granules). This classification is widely applied in microplastic studies to infer poten-
tial sources and degradation pathways in aquatic environments.

In addition, particles were categorized by color, including transparent, blue, black,
red, white, and others, as color can provide supplementary information on material origin
and weathering status. Size classification was also performed to assess the distribution of
microplastics across different size ranges, which is critical for understanding their
transport behavior and environmental fate.

Microplastic identification was conducted following the visual classification ap-
proach described by Strady et al. [25] using microscopic observation and digital image
analysis. Particles were classified by trained personnel based on established morphologi-
cal characteristics, including shape, color, and size. Although this approach has been
widely applied in baseline monitoring studies of microplastic pollution, polymer compo-
sition was not confirmed using spectroscopic techniques such as micro-FTIR or Raman
spectroscopy. Therefore, the potential misclassification of visually similar non-plastic par-
ticles cannot be completely excluded and should be considered when interpreting the re-
sults.

2.4. Calculation of Microplastic Indices

Microplastic density in water samples was expressed as the number of particles per

unit volume of water (items/m%) and calculated using the following equation:

D(items/m’ )= N-N,

4)

where D is the microplastic density (items/m?) N is the total number of microplastic par-
ticles identified in the sample, Nb is the number of particles detected in blank controls
when blank correction is required., and V is the volume of filtered water (m?).
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The percentage composition of microplastics by shape type across seasons and within
each region-season combination was calculated using Equations (5) and (6).

Shape composition (%)= % %100 (5)

where ni is number of microplastic particles belonging to shape type i (fiber, fragment,
film, pellet, etc.) in each season, and N is total number of microplastic particles recorded
in the corresponding season.

Shape composition (%)= % x100 (6)

The percentage composition of microplastic size classes by season and by region—
season combination was calculated using Equations (7) and (8).

Percentage of size class (%)= %x 100 (7)

where ni is the number of microplastic particles belonging to size class I, and N is the total
number of microplastic particles recorded in the corresponding season.

n..
Percentage of size class (%) = —-x100 (8)
i
where njj is the number of microplastic particles belonging to size class iin region—season
group j, and Njis the total number of microplastic particles recorded in the corresponding
region-season group j.

2.5. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics (version 20), and
results were visualized using boxplots, interaction plots, stacked bar charts, and empirical
cumulative distribution functions (ECDFs).

Data normality was assessed using the Shapiro-Wilk test, while homogeneity of var-
iances was evaluated using Levene’s test. Depending on the distributional characteristics
of each dataset, either parametric or non-parametric statistical methods were applied. Sta-
tistical significance was evaluated at p <0.05.

Seasonal differences in microplastic abundance, density, and size between the dry
and wet seasons were evaluated using the Wilcoxon signed-rank test because observa-
tions were paired by sampling site. Spatial differences among the three river regions (ur-
ban, peri-urban, and rural) were assessed using either one-way analysis of variance
(ANOVA) or the Kruskal-Wallis test, depending on whether the assumptions of normal-
ity and homogeneity of variance were satisfied. When significant differences were de-
tected by ANOVA, Tukey’s honestly significant difference (HSD) test was applied for post
hoc pairwise comparisons. Pairwise comparisons between two independent groups were
performed using the Mann-Whitney U test, whereas pairwise comparisons following sig-
nificant Kruskal-Wallis results were conducted using Bonferroni-adjusted comparisons.

To further examine spatial variability in seasonal responses, interseasonal differences
(A=Wet—Dry) were calculated for each sampling site and compared among regions using
the Kruskal-Wallis test.

To evaluate whether seasonal responses differed among regions, two-way analysis
of variance (ANOVA) was performed to test the main effects of season and region, as well
as their interaction effect (season x region), on microplastic abundance and density. Inter-
action plots were used to visualize these relationships.

Differences in microplastic shape and color composition were assessed using Pear-
son’s Chi-square test. Categories with low expected frequencies were combined where
necessary to satisfy test assumptions. Continuous particle-size distributions were further
examined using boxplots and empirical cumulative distribution functions (ECDFs) to
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complement the categorical size-class analysis and facilitate comparisons of particle-size
distributions between seasons and regions.

3. Results and Discussion
3.1. Spatiotemporal Occurrence of Microplastics
3.1.1. Abundance: Seasonal and Spatial Variation

Microplastic abundance in the Can Tho River reflects the combined influence of hy-
drological conditions and localized source inputs, resulting in spatially heterogeneous
patterns and a weak overall seasonal signal. To disentangle these effects, seasonal varia-
tion was first examined at the system scale (Figure 3), followed by spatial variability and
interaction effects across regions (Figure 4).

@)

Microplastic abundance

(i{i'nu-,ff-,clu‘lpk‘)

800

600

400

[}
=
=

(b)
Paired line plot of microplastic abundance
*

—-—51 —e-52 —e-53 —e-54 -e-55 Il
2 o0

—-56 —-57 —-583 -e-59 -—e-510 5

——511 —e—S512 —e-—513 514 —e—S15 E *
?
S 400
o
c
2
<
e o
s o
o
g 2009
&

T 1
Dry season Wet season : ory wet

season

Figure 3. Seasonal variation in microplastic abundance across sampling sites, including (a) site-level
paired changes and (b) distribution comparison. Statistical comparison between dry and wet sea-
sons was performed using the Wilcoxon signed-rank test (n = 15 paired observations, Z = -1.136, p

=0.256). Circles indicate outliers, and asterisks (*) indicate extreme outliers.

At the seasonal scale, the distribution of microplastic abundance differed visually
between the dry and wet seasons, with higher median values and a wider interquartile
range observed in the dry season (Figure 3b). This indicates greater spatial variability un-
der low-flow conditions. In contrast, the wet season exhibited a lower median and a nar-
rower distribution, suggesting more constrained conditions. However, the paired site-
level analysis (Figure 3a) revealed heterogeneous responses across the 15 sampling sites.
Most sites showed decreases during the wet season (Wet < Dry), while a smaller number
exhibited marked increases, indicating that seasonal effects are not consistent across loca-
tions. These opposing trends resulted in no statistically significant seasonal difference at
the system scale (Wilcoxon signed-rank test, Z = -1.136, p = 0.256). Similar patterns have
been reported in riverine systems where increased discharge during the wet season sim-
ultaneously enhances dilution and downstream transport, while also promoting localized
inputs through runoff and resuspension [36,37].

Clearer patterns emerged when spatial variability and season-region interaction pat-
terns were examined (Figure 4). During the dry season, microplastic abundance tended to
be higher in urban areas, followed by peri-urban and rural zones, although these differ-
ences were not statistically significant (Kruskal-Wallis, p = 0.756). In contrast, during the
wet season, spatial differences became significant (p = 0.005), with the peri-urban zone
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exhibiting the highest median abundance (Figure 4a). The interaction plot (Figure 4b)
shows non-parallel trends between seasons across regions, suggesting that seasonal re-
sponses may vary according to spatial context. However, the season x region interaction
was not statistically significant (F =2.793, p = 0.081), indicating that these patterns should
be interpreted cautiously. This pattern is further supported by the distribution of inter-
seasonal differences (A = Wet — Dry), where urban areas generally show negative values
(decreases), while peri-urban areas display both strong positive and negative deviations
(Figure 4c). These descriptive patterns suggest that seasonal responses may differ among
regions and could be influenced by local environmental conditions and source character-
istics. Within-zone comparisons further confirm this pattern, as only the urban region
showed a significant seasonal decrease (Mann-Whitney, p = 0.047), while peri-urban and
rural regions did not.
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Figure 4. Spatial variation and seasonal response patterns of microplastic abundance across regions
and seasons: (a) distribution by region and season, (b) interaction plot, and (c) interseasonal
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differences (A = Wet — Dry). Spatial differences were evaluated using the Kruskal-Wallis test (dry
season: p = 0.756; wet season: p = 0.005). Seasonal comparisons within regions were assessed using
the Mann-Whitney U test, with a significant difference detected only in the urban region (p = 0.047).
The season x region interaction was not statistically significant (F =2.793, p = 0.081). Circles indicate
outliers, and asterisks (*) indicate extreme outliers.

The observed patterns may be associated with the interplay between hydrodynamic
processes and source variability. During the wet season, increased river discharge en-
hances dilution and downstream transport, leading to reduced abundance at many sites.
At the same time, stormwater runoff and sediment resuspension can introduce or remo-
bilize microplastics, resulting in localized increases, particularly in areas with mixed land
use such as peri-urban zones. In contrast, the dry season is characterized by reduced flow
conditions, which amplify the influence of localized sources, especially in urban environ-
ments where wastewater discharge and direct plastic inputs are more concentrated. Sim-
ilar dynamics have been reported in other river systems, where microplastic abundance
is influenced by both hydrological forcing and spatially variable inputs [38—40].

Overall, microplastic abundance in the Can Tho River exhibits strong spatial hetero-
geneity but no significant seasonal difference at the system scale. These findings indicate
that seasonal hydrology primarily redistributes microplastics rather than uniformly in-
creasing or decreasing their abundance. The non-parallel seasonal trends observed among
regions suggest that seasonal responses may vary according to spatial context, highlight-
ing the importance of jointly considering spatial and temporal variability in riverine mi-
croplastic assessments.

3.1.2. Density: Seasonal and Spatial Variation

Microplastic density in the Can Tho River exhibits spatial heterogeneity and varying
seasonal responses, suggesting that hydrodynamic processes and local emission sources
may jointly contribute to its distribution (Figures 5 and 6). Overall, microplastic density
provides a concentration-based perspective, reflecting hydrological conditions and dilu-
tion processes, offering additional insights into microplastic abundance.
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Figure 5. Seasonal variation in microplastic density across sampling sites: (a) paired site-level
changes and (b) distribution comparison between dry and wet seasons. Statistical comparison be-
tween seasons was performed using the Wilcoxon signed-rank test (1 = 15 paired observations, Z =
-1.306, p = 0.191). Asterisks (*) indicate extreme outliers.
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At the seasonal scale, microplastic density showed visible differences between dry
and wet seasons, with higher median values and greater variability observed during the
dry season (Figure 5b). This pattern indicates that low-flow conditions enhance concen-
tration effects due to limited dilution. In contrast, the wet season displayed lower median
density and a more constrained interquartile range, suggesting dilution under increased
discharge. However, the paired line plot (Figure 5a) reveals heterogeneous site-level re-
sponses, with most sites showing decreases (Wet < Dry) while a few exhibited increases.
These opposing trends resulted in no statistically significant seasonal difference (Wil-
coxon signed-rank test, Z=-1.306, p = 0.191). In river systems, increased discharge during
rainfall events may either enhance or dilute microplastic concentrations depending on lo-
cal catchment characteristics and plastic input rates. Several studies have reported that
stormwater runoff and combined sewer overflows generate episodic increases in micro-
plastic transport, while in low-pollution catchments, elevated flow conditions can reduce
concentrations through dilution effects [41-43].

More pronounced patterns emerged when spatial variation and season-region inter-
action patterns were examined (Figure 6). During the dry season, density tended to be
higher in urban and peri-urban zones compared to rural areas; however, these differences
were not statistically significant (Kruskal-Wallis test, x2 = 0.620, p = 0.733). In contrast,
during the wet season, spatial differences among regions became statistically significant
(one-way ANOVA, F =5.320, p = 0.022), with the peri-urban region exhibiting the highest
mean density (Figure 6a). Post hoc Tukey comparisons indicated that microplastic density
in the peri-urban region was significantly higher than in the urban region (p = 0.021),
whereas differences between peri-urban and rural regions and between urban and rural
regions were not statistically significant. These results suggest that hydrological processes
during high-flow conditions may amplify spatial heterogeneity in microplastic density.

The boxplots (Figure 6a) show that peri-urban zones exhibited the highest variability,
particularly during the wet season, indicating mixed and dynamic sources. The interac-
tion plot (Figure 6b) shows non-parallel trends across regions, suggesting that seasonal
responses may vary among spatial zones. Urban sites exhibited a marked decrease in den-
sity during the wet season, whereas peri-urban sites showed a substantial increase, while
rural sites displayed only moderate seasonal variation. However, the season x region in-
teraction was not statistically significant (F =2.585, p =0.096), indicating that these patterns
should be interpreted cautiously.

The A plot (Figure 6¢) further supports these observations, showing that urban zone
generally experienced negative A values, reflecting lower densities during the wet season,
whereas peri-urban zone displayed both pronounced increases and decreases, highlight-
ing spatially heterogeneous responses. Within-region analyses further supported this pat-
tern, as only the urban zone exhibited a significant seasonal difference in microplastic
density (Mann-Whitney U test, U= 2.0, p =0.028), whereas no significant differences were
detected in the peri-urban (p = 0.465) or rural zones (p = 0.076). These findings suggest that
seasonal hydrological influences are most pronounced in highly urbanized environments.

These patterns may be associated with hydrological controls and source distribution.
During the wet season, increased river discharge enhances dilution and downstream
transport, reducing microplastic density at many sites. At the same time, stormwater run-
off and sediment resuspension can introduce additional microplastics, particularly in
peri-urban areas with mixed land use. In contrast, the dry season is characterized by re-
duced flow and limited dilution, allowing local sources, especially urban wastewater and
direct plastic inputs, to exert a stronger influence on microplastic density. Similar dynam-
ics have been observed in other river systems, where microplastic density and distribution
are influenced by hydrological flow conditions and catchment characteristics, including

https://doi.org/10.3390/microplastics5030136



Microplastics 2026, 5, 136 14 of 27

flow velocity, watershed morphology, rainfall events, vegetation cover, and hydraulic
conditions [38,44,45].

Overall, microplastic density exhibits clear spatial variability but no significant sea-
sonal x region interaction. The observed non-parallel seasonal trends suggest that hydro-
logical responses may differ among regions, although these differences were not statisti-
cally significant. These findings indicate that hydrological processes may primarily regu-
late microplastic density through dilution and redistribution rather than consistent sea-
sonal accumulation, highlighting the importance of jointly considering spatial heteroge-
neity and flow dynamics when interpreting riverine microplastic patterns.
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Figure 6. Spatial variation and seasonal response patterns of microplastic density across regions and
seasons: (a) distribution by region and season, (b) interaction plot based on mean density values,
and (c) inter-seasonal differences (A = Wet — Dry) at individual sampling sites. Spatial differences
among regions were evaluated using the Kruskal-Wallis test during the dry season (x?=0.620, p =

0.733) and one-way ANOVA during the wet season (F = 5.320, p = 0.022). Seasonal comparisons
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within regions were assessed using the Mann—-Whitney U test, with a significant difference detected
only in the urban region (U = 2.0, p = 0.028). The season x region interaction was not statistically

significant (F = 2.585, p = 0.096). Circles indicate outliers, and asterisks (*) indicate extreme outliers.

3.2. Characteristics of Microplastics
3.2.1. Shape: Seasonal and Spatial Variation

Microplastic shape composition exhibited relatively consistent patterns across both
seasons and spatial regions, with fibers and fragments representing the dominant shape
categories throughout the study area (Figure 7a—c).
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Figure 7. Seasonal and spatial distribution of microplastic shape composition in the Can Tho River:
(a) seasonal composition during dry and wet seasons, (b) regional composition during the dry sea-
son, and (c) regional composition during the wet season. Pearson’s Chi-square test indicated no
significant seasonal difference (x?=4.003, df = 3, p = 0.261) but significant spatial differences during
both the dry season (x? = 538.753, df = 6, p < 0.001) and wet season (x? = 23.076, df = 6, p = 0.001).

At the seasonal scale (Figure 7a), fibers accounted for the largest proportion in both
the dry (56.89%) and wet seasons (42.79%), followed by fragments, which represented
40.27% and 31.25%, respectively. Films and pellets contributed only minor fractions (<3%
and <1%, respectively) in both seasons. Although slight variations in the relative propor-
tions of microplastic shape categories were observed between seasons, the Chi-square test
indicated no statistically significant seasonal difference in shape composition (Pearson X2
=4.003, df =3, p=0.261). This result suggests that seasonal hydrological variation did not
substantially alter the overall morphological structure of microplastics in the river system.
Similar observations have been reported in urban river systems where continuous anthro-
pogenic sources such as wastewater discharge, shipping activities, and surface runoff may
maintain relatively stable microplastic shape distributions even under strong seasonal hy-
drological variations [46—48].

Spatially, the dry season displayed notable variation in dominant shapes among re-
gions (Figure 7b). Fibers strongly dominated the urban region (75.56%), potentially re-
flecting intensive domestic wastewater discharge, laundry effluents, and urban runoff as-
sociated with densely populated areas. In contrast, fragments were most abundant in the
peri-urban region (69.81%), indicating enhanced secondary degradation of larger plastic
debris and the influence of mixed land-use activities. The rural region exhibited a more
balanced distribution between fibers (60.38%) and fragments (35.38%), suggesting com-
bined contributions from upstream transport and local diffuse sources. The Chi-square
test revealed a highly significant spatial difference in microplastic shape composition dur-
ing the dry season (Pearson x? = 538.753, df = 6, p < 0.001). Inspection of the contingency
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table indicated that the strongest contribution to the overall Chi-square statistic originated
from the dominance of fibers in urban sites and fragments in peri-urban sites. This result
indicates that the relative proportions of shape categories varied substantially among re-
gions. The predominance of fibers in urban sites and fragments in peri-urban sites sug-
gests that distinct local sources, waste management practices, and environmental pro-
cesses influenced microplastic morphology along the urban-peri-urban-rural gradient
during the dry season.

A similar pattern was observed during the wet season (Figure 7c), where fibers re-
mained dominant in urban (59.29%), peri-urban (58.41%), and rural regions (49.70%).
Fragment proportions increased slightly in the rural region (48.28%) compared with ur-
ban and peri-urban areas, potentially reflecting enhanced downstream transport, sedi-
ment resuspension, and fragmentation processes during periods of elevated discharge.
The Chi-square test revealed a significant spatial difference in microplastic shape compo-
sition during the wet season (Pearson x2 = 23.076, df = 6, p = 0.001). Although the regional
differences were less pronounced than those observed during the dry season, the results
indicate that spatial heterogeneity in microplastic sources, transport pathways, and frag-
mentation processes continued to influence shape composition under high-flow condi-
tions.

The persistent dominance of fibers across seasons and regions is consistent with nu-
merous freshwater microplastic studies worldwide. Synthetic fibers are commonly asso-
ciated with textile materials, textile washing, domestic wastewater discharges, fishing-re-
lated activities, and wastewater treatment plant effluents, all of which represent continu-
ous anthropogenic sources of microplastics to freshwater and urban river systems [5,49].
Meanwhile, fragments are generally considered to derive from the breakdown of larger
plastic items through physical abrasion, UV-induced photooxidation, and mechanical
fragmentation processes contribute to the formation of smaller plastic particles [3]. The
consistently low proportion of pellets suggests limited industrial plastic resin inputs
within the studied river corridor.

The statistical analysis indicated no significant seasonal difference in microplastic
shape composition (p = 0.261), suggesting that the relative proportions of shape categories
remained relatively stable between the dry and wet seasons despite seasonal hydrological
fluctuations. In contrast, significant spatial differences were detected during both the dry
season (p <0.001) and wet season (p =0.001), demonstrating that shape composition varied
along the urban—peri-urban-rural gradient. The strong dominance of fibers in urban areas
and fragments in peri-urban areas during the dry season suggests that local anthropo-
genic activities, waste management practices, and environmental degradation processes
play important roles in shaping microplastic morphology. Although regional differences
became less pronounced during the wet season, spatial heterogeneity remained evident,
indicating that source-related influences persisted even under higher-flow conditions.

Overall, the results indicate that microplastic shape composition in the Can Tho River
is characterized by persistent fiber dominance across both spatial and seasonal gradients.
While seasonal variation was limited, significant spatial differences were observed among
urban, peri-urban, and rural regions, highlighting the influence of local anthropogenic
sources and environmental processes on microplastic morphology within the river system.

3.2.2. Color: Seasonal and Spatial Variation

Microplastic color composition in the Can Tho River exhibited clear seasonal and
spatial variability, with statistically significant differences observed between seasons and
among regions during both hydrological periods (Figure 8a—d). Overall, blue, purple, and
green particles were the dominant color categories across all samples, whereas yellow,
orange, patterned, and pink particles contributed only minor proportions. The
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predominance of darker and visually weathered colors suggests prolonged environmen-

tal exposure, fragmentation, discoloration, and aging processes occurring during river

transport and environmental weathering.
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Figure 8. Seasonal and spatial variation in microplastic color composition in the Can Tho River: (a)

seasonal composition during the dry and wet seasons, (b) regional composition during the dry sea-

son, (c) regional composition during the wet season, and (d) interseasonal percentage changes (A%

= Wet - Dry). Differences in color composition were evaluated using Pearson’s Chi-square test. Sig-

nificant seasonal differences were observed between the dry and wet seasons (x?=339.554, p <0.001),

while significant spatial differences were detected among regions during both the dry season (x2 =
664.067, p <0.001) and wet season (x? = 84.255, p < 0.001).

Seasonally, the relative composition of microplastic colors differed significantly be-

tween the dry and wet seasons (Pearson x> = 339.554, p < 0.001; Figure 8a). Blue particles

were dominant in both seasons and increased markedly from 19.79% in the dry season to

34.03% in the wet season. Similarly, green particles increased from 7.47% to 14.82%, while

red particles rose moderately from 8.33%

to 10.38% during the wet season. In contrast,

purple particles showed a substantial decline, decreasing from 37.00% in the dry season

to 17.74% in the wet season. White and gray particles contributed moderate proportions
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in both seasons, whereas yellow, orange, patterned, and pink particles consistently re-
mained below 5%. The higher abundance of blue and green particles during the wet sea-
son may reflect enhanced stormwater runoff and sediment resuspension processes that
mobilize textile fibers, packaging materials, and household plastic debris from urban sur-
faces and drainage networks into the river. Conversely, the dominance of purple particles
during the dry season may indicate localized accumulation under low-flow conditions
with weaker dilution and reduced downstream transport.

Spatial differences in color composition were also evident among urban, peri-urban,
and rural regions during both seasons. In the dry season (Pearson x2? = 664.067, p < 0.001;
Figure 8b), purple particles strongly dominated the urban region (55.44%), whereas blue
particles accounted for a relatively lower proportion (16.81%). Rural areas displayed a
more balanced composition, with blue (30.20%) and purple particles (28.17%) contributing
similarly. In contrast, the peri-urban region showed the highest compositional heteroge-
neity, characterized by elevated proportions of green (12.74%), red (15.80%), and gray par-
ticles (15.45%). This pattern suggests mixed microplastic inputs derived from residential
discharge, roadside runoff, and transitional land-use activities. During the wet season
(Pearson 2 = 84.255, p < 0.001; Figure 8c), blue particles became dominant across all re-
gions, accounting for 35.09% in urban areas, 36.13% in peri-urban areas, and 27.94% in
rural areas. Purple particles remained important but decreased considerably compared
with the dry season. Green particles increased notably in peri-urban (16.30%) and rural
regions (16.17%), while white particles became more abundant in rural areas (8.38%).
These results suggest that wet-season hydrodynamics may enhance redistribution, mix-
ing, and downstream transport of microplastics along the urban-rural gradient.

The observed color patterns also provide insight into potential emission sources and
environmental transformation processes. Blue and green particles are commonly associ-
ated with synthetic textiles, fishing ropes, household plastics, and packaging materials,
whereas transparent and white particles are frequently linked to degraded films and con-
sumer plastic products. Black and gray particles may originate from tire wear, urban road
dust, and weathered fragments exposed to sunlight and oxidation. The increase in bright
or mixed colors during the wet season suggests enhanced transport of newly introduced
debris through stormwater runoff and drainage discharge. Similar observations have been
reported in riverine systems worldwide, where microplastic color composition may re-
flect the combined influence of hydrological transport processes, weathering-induced
fragmentation, and local anthropogenic sources. According to Wang et al. [50], micro-
plastic particles in aquatic environments exhibit considerable color variability associated
with diverse emission sources, including textile fibers, packaging materials, and fishing-
related plastics, while microplastic distribution in riverine systems is strongly influenced
by hydrological conditions, seasonal runoff, and local anthropogenic activities. Gutiérrez-
Rial et al. [40] demonstrated that rainfall, river flow, and runoff from urban and agricul-
tural areas significantly affected the transport and spatial distribution of microplastics in
rivers, particularly during wet periods. The microplastics detected were predominantly
fragments, suggesting that secondary microplastics derived from degraded plastic waste
were the dominant form in the studied urban rivers. Environmental weathering and long-
term persistence were reported to promote fragmentation and increase the adsorption ca-
pacity of contaminants onto microplastic particles [51]. Previous studies have shown that
prolonged environmental weathering and photooxidative degradation can modify micro-
plastic color characteristics during transport, whereas aging processes may also enhance
the adsorption of contaminants onto microplastic surfaces [52].

To further examine the interaction between season and region, interseasonal percent-
age changes (A% = Wet — Dry) in color composition were analyzed across urban, peri-
urban, and rural regions (Figure 8d). The A% analysis revealed strong regional differences
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in both the magnitude and direction of seasonal compositional shifts, indicating that the
influence of seasonal hydrology on microplastic color composition was spatially hetero-
geneous rather than uniform along the river continuum.

Among the three regions, the peri-urban area exhibited the strongest seasonal fluc-
tuations, with substantial increases and decreases across multiple color categories. Blue
particles showed the largest increase during the wet season, accompanied by notable in-
creases in orange and patterned particles, whereas yellow, white, and gray particles de-
creased markedly. This pronounced compositional turnover suggests that peri-urban en-
vironments are highly sensitive to rainfall-driven runoff and hydrological redistribution
processes. The transitional nature of peri-urban land use, which combines residential
zones, small-scale industries, transportation corridors, and open drainage systems, may
generate highly variable microplastic inputs during storm events.

The rural region also exhibited considerable seasonal variation, particularly through
substantial increases in green, red, black, and brown particles during the wet season. In
contrast, turquoise, pink, and purple particles declined sharply. The increase in darker
and more weathered particle colors during the wet season may reflect enhanced down-
stream transport and resuspension of aged plastics originating from upstream urbanized
areas. These findings suggest that rural regions may behave as temporary depositional
zones where hydrodynamic conditions favor the accumulation of transported particles
during periods of high discharge.

Compared with peri-urban and rural regions, the urban region showed relatively
moderate seasonal shifts overall, although several individual colors displayed distinct
trends. Blue, pink, and turquoise particles increased during the wet season, while purple
and yellow particles decreased substantially. The comparatively smaller compositional
change in urban areas suggests that continuous year-round inputs from wastewater dis-
charge, domestic activities, and urban drainage systems may reduce the relative influence
of seasonal hydrological fluctuations.

The strong regional differences in A% values indicate that seasonal changes in micro-
plastic color composition are closely linked to land-use characteristics and hydrodynamic
connectivity. Regions characterized by mixed land use and complex drainage networks,
particularly peri-urban areas, experienced the greatest seasonal redistribution of colored
microplastics. Similar findings have been reported in tropical and urban river systems,
where rainfall-driven runoff and stormwater discharge can modify the composition and
transport pathways of microplastic particles [12,14]. In addition, the increase in micro-
plastic particles during runoff-event conditions is consistent with previous studies show-
ing that hydrologic processes and turbulent river flow can enhance the transport and re-
distribution of plastics in freshwater systems [13].

Overall, the results demonstrate significant seasonal and spatial variation in micro-
plastic color composition within the Can Tho River, highlighting the combined influence
of hydrological conditions and regional land-use characteristics. Peri-urban regions expe-
rienced the strongest seasonal compositional shifts, followed by rural areas, whereas ur-
ban regions displayed comparatively more stable color distributions. These findings em-
phasize the important role of transitional land-use zones as dynamic interfaces influenc-
ing, transformation, and transport of riverine microplastics.

3.2.3. Size: Seasonal and Spatial Variation

Microplastic particles were classified into five size categories (<250 pm, 250-500 pm,
500-750 pm, 750-1000 pm, and >1000 pm) based on the actual measured particle dimen-
sions obtained from microscopic image analysis. Although a 250 um sieve was used dur-
ing sample processing, particles with measured dimensions below 250 um were occasion-
ally observed because irregular fragments, films, and especially elongated fibers may be
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retained on the sieve due to their morphology, orientation, or attachment to larger parti-
cles or organic residues. The subdivision of intermediate classes was intended to improve
the resolution of size-distribution analysis and to facilitate the evaluation of fragmentation
patterns, transport behavior, and hydrodynamic sorting processes along the river system.
This classification approach was data-driven and adapted to the observed particle-size
distribution in the present study to reflect the analytical detection range and ensure a bal-
anced representation among size categories. Similar size-based classification approaches
have been widely applied in previous microplastic studies investigating environmental
occurrence and particle transport dynamics [22,53-55].

Although 250 pm and 1000 um sieves were used during sample processing, meas-
ured particle dimensions outside these nominal sieve thresholds were still observed dur-
ing microscopic analysis. This discrepancy reflects the fact that sieve retention is con-
trolled not only by particle length but also by morphology, width, flexibility, orientation,
and entanglement with other particles or organic matter, particularly for fibers and films.
This discrepancy may be related to the heterogeneous morphology of microplastic parti-
cles, particularly elongated fibers, films, and irregular fragments, which can influence
their retention and recovery during sieving and filtration procedures. In addition, previ-
ous studies have noted that mesh size, sample composition, and the presence of organic
debris may affect particle separation and abundance estimates during sample processing
[23,53].

Microplastic size composition in the Can Tho River exhibited clear seasonal and spa-
tial variability, with statistically significant differences observed between seasons and
among regions during both hydrological periods (Figure 9a—c). Overall, particles larger
than 1000 um constituted the dominant size class across all samples, followed by interme-
diate classes ranging from 500-1000 um, whereas particles smaller than 250 um generally
accounted for the lowest proportions. The predominance of larger particles suggests sub-
stantial contributions from elongated fibers and partially degraded plastic debris, while
the continued presence of smaller particles reflects ongoing fragmentation and weather-
ing processes within the river system. Microplastic size distribution is an important de-
scriptor because particle size may influence environmental behavior, fragmentation pat-
terns, and environmental fate [23,56].
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Figure 9. Microplastic size composition in the Can Tho River: (a) seasonal variation between dry

and wet seasons, (b) spatial variation among regions during the dry season, and (c) spatial varia-

tion among regions during the wet season. Differences in size composition were significant be-

tween seasons (Pearson x2 = 314.304, p < 0.001) and among regions during both the dry season

(Pearson x?=708.141, p <0.001) and the wet season (Pearson x2 = 32.964, p < 0.001).
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Seasonally, microplastic size composition differed significantly between the dry and
wet seasons (Pearson x2 = 314.304, p < 0.001; Figure 9a). During the dry season, particles
>1000 pum dominated the assemblage (34.99%), followed by <250 um particles (25.43%),
while intermediate fractions of 250-500 um, 500-750 um, and 750-1000 pm contributed
13.51%, 16.16%, and 9.91%, respectively. In contrast, the wet season exhibited a marked
increase in the proportion of particles >1000 um (52.71%), whereas particles <250 um de-
clined substantially to 8.26%. Intermediate size classes remained relatively stable, ac-
counting for approximately 10-15% of total particles. These findings suggest that hydro-
logical conditions may influence particle-size composition. The increased dominance of
larger particles during the wet season may reflect enhanced mobilization and downstream
transport of elongated fibers and buoyant debris introduced by stormwater runoff and
riverbank inputs. Conversely, the higher proportion of smaller particles during the dry
season suggests greater local accumulation and prolonged fragmentation under low-flow
conditions. Similar seasonal shifts in microplastic size composition have been reported in
tropical and urban rivers, where rainfall-driven hydrodynamics alter transport efficiency,
resuspension, and deposition processes [57,58].

The observed size ranges further support these interpretations. In the dry season,
particle lengths ranged from 13.5 um to 8401.1 um, whereas in the wet season the range
narrowed slightly from 25.8 um to 6447 um. The occurrence of particles substantially
larger than the nominal 1000 um sieve size reflects the influence of particle morphology,
particularly elongated fibers whose retention depends primarily on particle width rather
than total length. Similarly, the presence of particles smaller than 250 um likely resulted
from irregular orientation, entanglement with larger particles or organic matter, and re-
tention during filtration procedures. The observed occurrence of fibres and fragments
across different size ranges may reflect the influence of particle morphology and the meth-
odological limitations associated with filtration and separation procedures. Previous stud-
ies have noted that the recovery and quantification of microplastics can be affected by
sediment characteristics, filtration efficiency, and the lack of standardized analytical meth-
ods [53,59].

Spatially, microplastic size composition also differed significantly among urban,
peri-urban, and rural regions during both seasons. During the dry season (Pearson x? =
708.141, p < 0.001; Figure 9b), the urban region was characterized by a high proportion of
particles <250 um (46.88%), indicating substantial fragmentation and weathering under
relatively stagnant hydrological conditions. In contrast, peri-urban and rural regions were
dominated by particles >1000 um, accounting for 33.96% and 50.39%, respectively. The
peri-urban region also exhibited elevated proportions of 750-1000 um particles (16.98%),
suggesting mixed inputs from residential activities, roadside runoff, and transitional land-
use areas. During the wet season (Pearson x? = 32.964, p < 0.001; Figure 9c), particles >1000
pum remained dominant across all regions, contributing 46.78% in urban areas, 55.33% in
peri-urban areas, and 50.10% in rural areas. Smaller particles (<250 um) decreased mark-
edly in all regions, particularly in peri-urban areas (6.50%). These results suggest that wet-
season hydrodynamics may preferentially transport and redistribute larger buoyant par-
ticles along the river continuum, while smaller particles may remain suspended, disperse
downstream, or undergo dilution.

Regional differences in particle-size ranges also revealed distinct transport and accu-
mulation characteristics. In urban areas, particle sizes ranged from 13.5-6392.12 um dur-
ing the dry season and 32.19-6237.45 um during the wet season, reflecting continuous
inputs from domestic wastewater, urban drainage, and fragmented consumer plastics.
Peri-urban regions exhibited ranges of 20.82-5046.6 um (dry season) and 25.80-6049.49
um (wet season), suggesting highly dynamic transport conditions influenced by mixed
land use and stormwater connectivity. Rural areas showed the broadest size range,
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particularly during the dry season (45.76-8401.1 pm), indicating downstream accumula-
tion of large, elongated particles transported from upstream urbanized zones. The persis-
tence of large particles in rural regions may also reflect lower turbulence and greater dep-
ositional stability under reduced anthropogenic disturbance. Similar spatial trends have
been observed in other riverine systems, where downstream urban and suburban river
reaches may act as accumulation zones for microplastic fragments transported from
densely populated areas. Previous studies have shown that weathered and fragmented
microplastics are commonly associated with sediment deposition and spatial variability
along river systems [60,61].

From an ecological perspective, the dominance of larger particles (>1000 pm) sug-
gests that many microplastics in the Can Tho River may still represent relatively early or
intermediate stages of fragmentation. However, the substantial occurrence of particles <
250 um, particularly in urban areas during the dry season, is environmentally important
because smaller microplastic particles are more readily ingested by aquatic organisms be-
cause their size resembles natural food items, while their large surface area and hydro-
phobicity enhance their capacity to accumulate hazardous chemicals [55,56]. Seasonal hy-
drology therefore may influence not only the abundance of microplastics but also their
ecological behavior and transport pathways within the river system.

To further explore particle-size variability beyond categorical size classes, continuous
particle-size distributions were analyzed using boxplots and empirical cumulative distri-
bution functions (ECDFs) (Figure 10). The boxplots (Figure 10a) revealed strongly right-
skewed distributions across all region—-season combinations, indicating that small parti-
cles dominated the microplastic assemblages, whereas larger particles occurred less fre-
quently but contributed to extended upper tails. Median particle sizes were generally
higher during the wet season than during the dry season within the urban and peri-urban
regions, suggesting seasonal shifts in particle-size structure. In contrast, rural sites exhib-
ited relatively similar median sizes between seasons, although greater variability was ob-
served during the dry season. The presence of numerous outliers in all groups further
indicates a broad size spectrum and highlights the heterogeneous nature of microplastic
inputs and fragmentation processes in the river system.
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Figure 10. Continuous particle-size characteristics of microplastics in the Can Tho River: (a) boxplots
showing measured particle-size distributions across regions and seasons and (b) empirical cumula-
tive distribution functions (ECDFs) comparing particle-size distributions between the dry and wet

seasons. Circles indicate outliers, and asterisks (*) indicate extreme outliers.
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The ECDF analysis (Figure 10b) provided additional evidence of seasonal differences
in particle-size distributions. The dry-season curve was shifted to the left relative to the
wet-season curve, indicating a higher proportion of smaller particles during low-flow con-
ditions. Conversely, the rightward displacement of the wet-season curve suggests that
larger particles were relatively more common during the wet season. This pattern is con-
sistent with the influence of hydrological processes, whereby increased discharge and
runoff during the wet season may mobilize and transport larger plastic debris and par-
tially fragmented materials from surrounding catchments into the river. In contrast, re-
duced flow conditions during the dry season may favor the accumulation and persistence
of smaller particles derived from ongoing fragmentation and local urban sources.

These continuous-size analyses complement the categorical size-class results pre-
sented in Figure 9 and suggest that seasonal hydrological conditions may influence not
only microplastic abundance and density but also particle-size structure. Together, the
results suggest that microplastic transport and retention in the Can Tho River may be size-
dependent processes influenced by the combined effects of source inputs, fragmentation,
dilution, resuspension, and hydrodynamic sorting.

Overall, both categorical and continuous analyses revealed distinct spatial and sea-
sonal patterns in microplastic size distributions. Although smaller particles dominated in
all regions and seasons, continuous-size analyses indicated a tendency toward larger par-
ticle sizes during the wet season. These findings suggest that hydrological processes reg-
ulate not only the abundance and density of microplastics but also their size structure,
emphasizing the importance of integrating both categorical and continuous approaches
when assessing microplastic dynamics in riverine environments.

4. Conclusions

Microplastics were detected at all sampling sites along the Can Tho River during both
dry and wet seasons, indicating widespread and continuous plastic contamination
throughout the river system. Although seasonal differences in overall abundance and
density were not consistently significant at the basin scale, clear spatial heterogeneity was
observed, with urban and peri-urban regions showing greater variability and stronger
hydrological influence than rural areas. These patterns suggest that seasonal hydrological
processes and local anthropogenic activities may contribute to the redistribution and ac-
cumulation of microplastics within the river system.

Fibers and fragments were the dominant microplastic shapes, while blue, purple, and
green particles were the most common color categories, suggesting possible contributions
from domestic wastewater, textile-related sources, and degraded plastic debris. Particles
>1000 pm dominated the overall size composition, whereas smaller particles remained
widely distributed throughout the river system, suggesting ongoing fragmentation and
weathering of plastic debris. Continuous particle-size analyses using boxplots and empir-
ical cumulative distribution functions (ECDFs) further indicated broadly similar size dis-
tributions between seasons, supporting the patterns observed in the categorical size-class
analysis.

Overall, the study suggests that urbanization, land-use characteristics, and seasonal
hydrodynamics may contribute to the observed spatial and temporal patterns of micro-
plastic pollution in the Can Tho River. Peri-urban zones were identified as dynamic tran-
sitional areas with the strongest seasonal fluctuations, while rural regions showed pat-
terns consistent with downstream accumulation zones. These findings provide important
baseline information for understanding microplastic transport and supporting future
management strategies in tropical urban rivers. Although the present study provides im-
portant baseline information on the occurrence and distribution of microplastics in the
Can Tho River, polymer composition was not verified using spectroscopic techniques.
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Future studies should therefore incorporate micro-FTIR or Raman spectroscopy to con-
firm polymer identity, reduce classification uncertainty, and improve the robustness of
microplastic assessments, while also investigating sediment-water interactions and eco-
logical risks in tropical urban river systems.
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