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ABSTRACT 

	Plastics in freshwater ecosystem is an emerging environmental concern, yet spatial characterisation and ecological assessment remain limited in Bhutan. The study provides a baseline of the presence, types, and concentration of plastics classified as macro, meso, and microplastics across upstream, midstream, and downstream transects of the Metsina Stream. It also examined the relationship between plastic contamination and benthic organisms. Macro and mesoplastics were collected and weighed (items·kg⁻¹) from each plot while microplastics were extracted from the sediment samples using ZnCl2 density separation.  Macroinvertebrate diversity were assessed using the EPT index (57%) and HKH Biotic score (4.53). The Kruskal-Wallis test indicated significant difference between macro, meso and microplastics (p < .001) concentration across the stream transects with Mann-Whitney U tests confirming significant pairwise differences across stream transects. Inverse Distance Weighted interpolation revealed increasing plastic concentrations from upstream to downstream, suggesting anthropogenic influence. However, no significant correlation between plastic concentration and macroinvertebrate abundance (r = .029, p = .87) under current conditions. Principle Component Analysis explained 85.68% of variance among variables. These findings highlight the threats posed by plastics to freshwater ecosystem specifically benthic organisms and offers framework to integrate plastic contamination monitoring in Bhutan’s national freshwater assessment protocols for improved waste management strategies and conservation efforts. 
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1. [bookmark: _Toc199679700]
2. INTRODUCTION
Plastics have become integral in the 21st century, with widespread applications across commercial, industrial, and municipal sectors (Wright et al., 2013; Ampadu et al., 2020). Global plastic demand reached USD 712 billion in 2023, contributing 4.5% to greenhouse gas emissions and is projected to double and triple by 2050 and 2100 respectively (Cabernard et al., 2022; Stegmann et al., 2022; Plastic Industry Worldwide, 2024).  Consequently, mismanagement and indiscriminate disposal have led to increased plastic concentration in the freshwater ecosystem (Pawar et al., 2016; A. Lami et al., 2019). While prior studies have primarily focused on microplastics, plastics also include macro and mesoplastics which are equally prevalent in freshwater environments and must be comprehensively assessed to understand their ecological implication (Noik & Tuak, 2015; Blettler et al., 2018).
Plastic pollution poses significant threats to benthic organisms, which are vital bioindicators due to their close association with sediments (Lathlean & McQuaid, 2017; Berlino et al., 2021). These organisms often ingest plastic particles, leading to internal injuries, reduced feeding efficiency, and bioaccumulation of toxic substances such as heavy metals (D’Alessandro et al., 2018; Lin et al., 2022). Larger plastic particles also disrupt sediment structure, altering habitat conditions (Lannili et al., 2019). Since benthic organisms play a foundational role in aquatic food webs, their decline can signal broader ecological degradation (Lathlean & McQuaid, 2017; Bellasi et al., 2020).

Despite Bhutan’s strong environmental policies and nationwide bans on plastic bags, plastic accounts for 17.1% of the waste generated (ESCAP, 2021). The Metsina Stream in Punakha Dzongkhag, a significant water system, has been subject to increasing pollution, yet no studies have been conducted to assess plastic contaminations and its biological impacts. A stream clean up in 2017 removed over 180 sacks of plastic waste from a 300 m stretch, underscoring the need for scientific investigation (Guardians, 2020). 

[bookmark: _Toc199679713]This study addresses a critical knowledge gap by characterising plastics across all size classes as macro, meso, and microplastics in Metsina Stream and examining their relationship with benthic organism abundance. The specific objectives were to classify and characterise the macro, meso, and microplastics in Metsina Stream, to measure and compare the concentration of plastic across defined transect areas in the stream, and to analyse the relationship between plastic pollution levels and the abundance of benthic organism. By integrating plastic characterisation with ecological assessment, this research contributes to understanding the ecological threats of plastic contamination in Bhutan’s freshwater systems and informs evidence-based conservation and waste management strategies.





[bookmark: _Toc199679715]2. MATERIALS AND METHODS
2.1 Study Area
The study was conducted along the Metsina Stream under Bapisa Gewog of Punakha Dzongkhag. Punakha Dzongkhag is located at 27°46’N to 27°85’ N and 89°76’ E to 89°92’ E and its elevation ranges between 1100 to 2500 m above sea level and an average rainfall of Punkha is 650 mm (NCHM, 2024). The Metsina Stream flows within the geographical coordinate of 27°51’N to 27°50’N and 89°88’E to 89°85’E with an elevation range of 1,167 m to 1,659 m. The stream flows from the upper valley above Metsina town and passes through settlements, agricultural fields and eventually joins the major Punatshang Chhu River which is important for hydropower generation. A total of 4,942 people live in Bapisa Gewog which accounts for 17.2% of the whole population of Punakha (National Statistics Bureau of Bhutan, 2018). The Stream is heavily polluted by anthropogenic activities from automobile workshops, household waste, and unregulated dumping due to a designated disposal site. Despite these challenges, the stream remains a vital ecosystem providing services such as irrigation, washing and drinking water supply with upstream communities relying on improvised filtration systems to access potable water (Guardians, 2020).

2.2 Materials Required
The materials required for this study were: A high-density polyethylene water bottles (1 L) to collect the water samples; stainless shovel and Ziploc bags to collect microplastic sediment and store it respectively. Macroinvertebrates were sampled using a 500 µm mesh D-Frame dip net. The PCS Tester was used to measure pH, electrical conductivity, temperature, salinity, and total dissolved solids. Additional materials such as segregation trays, forceps, sample jars, datasheets, and preservatives were used. Sodium hexametaphosphate, Hydrogen peroxide (30%), ferrous sulphate, Zinc chloride, vacuum filtration, Whatman filter papers grade 1, desiccators and a Dino-Lite microscope were used for microplastic lab analysis.




[bookmark: _Toc199679714] 


[bookmark: _Toc192937821][bookmark: _Toc199529698]Fig 1: Study area map showing land use and land cover






2.3 Sampling Design
Stratified systematic sampling design was employed along the 4 km Metsina Stream transect, with 100 m plot distance across downstream, midstream, and upstream strata based on visual inspection of plastics and different land uses with 100 m plot distance (Blettler et al., 2018). Macroinvertebrates were sampled from pool, run, and riffle habitat (Noik and Tuah, 2015). Macroplastics were collected from the stream within 100 × 5 m wide, mesoplastics from the triplicate samples of 1 m2 quadrat (Lippiatt et al., 2013), and microplastics were collected from 25 × 25 × 3 cm quadrats from same transects(Klein et al., 2015). The study was limited to single-season sampling.
  
     Plot 1		    Plot 2		       Plot 3
					

Sampling stretches 100 m
[bookmark: _Toc199529700] Fig 2: Sampling design

2.4 Laboratory Analysis
[bookmark: _Hlk189241654]The collected macroplastics were washed, weighed, counted, and classified by origin and resin type (Lippiatt et al., 2013). Mesoplastics were similarly washed, weighed, counted and classified into foams, fragments, films, and others (Gündoğdu & Çevik, 2017). Microplastics extraction followed Masura et al. (2015) where sediment samples were oven dried (40℃, 20-24 hrs.), dispersed using sodium hexametaphosphate (5.5g/L), and sieved (25µm). Density separation was conducted using zinc chloride (1.7g/cm3) followed by organic matter digestion using 30% hydrogen peroxide and ferrous sulphate. The floating fraction was filtered using Whatman Grade 11 filter paper using vacuum filtration. Filters were dried in desiccators and microplastics were identified under a Dino-Lite microscope (200 X).

2.5 Statistical Analysis
[bookmark: _Toc199679722][bookmark: _Toc199679723]The biodiversity indices of macroinvertebrates were commuted using the Shannon-Weiner index (Shannon, 1948). The similarity and dissimilarity between different strata were calculated followed by the calculation of the EPT Index and HKH Biotic score. The data was cleaned, sorted and organised in Microsoft Excel. The statistical tests were conducted using R (version 4.5.2) and IBM SPSS (version 31.0.0) software.  A non-parametric test (Kruskal-Wallis test) was performed to compare plastic concentration followed by Spearman correlation to test the relationship between plastic concentrations and macroinvertebrate abundance.


3. [bookmark: _Toc199679724][bookmark: _Toc199679725]RESULTS AND DISCUSSION
3.1 Characterisation of Macro, Meso, and Microplastics
3.1.1 Descriptive Statistics of Macroplastic Samples
A total of 672 macroplastics were recorded across all transects of the Metsina Stream, with highest concentration downstream (n= 626), while no macroplastics were found in upstream. This spatial disparity is likely due to greater human activity including automobile workshops, retails in downstream, contrasted with limited anthropogenic influence in upstream. Eighteen categories of macroplastics were initially identified (Lippiatt et al., 2013) and condensed into eight following Blettler et al. (2018) (Table 1). 

Food wrappers (n = 205), beverage bottles (n = 174), and plastic bags (n =156) (Fig 3) were most prevalent, consistent with global trends in plastic waste where fast-moving plastic consumer goods and beverage bottles were reported to be most prevalent (Jambeck et al., 2015). On average, 20.93 macroplastics were recorded with per plot (SD = 30.36) with a median of 6.30 macroplastics. Macroplastic weights ranged from 3.62 g to 564.72 g (M = 81.81 g, SD = 120.36). Beverage bottles, contributed the most to total weight (655.22 g), despite being few in number. Spatial patterns showed food wrappers peaking at plot 13, and hard plastics concentrated between plots 5 to 13, indicating localised dumping near Metsina Town and transport dynamics influenced by runoff and stream flow (Wagner et al., 2014). Other types such as cleaning products, personal care items, revealed higher concentration in downstream plots (1 to 12) and little to none upstream, indicating spatial heterogeneity in macroplastic deposition.
[bookmark: _Toc199679716][bookmark: _Toc199529726]	Table 1: Categorisation of plastic items observed in Metsina Stream
	Plastic Category
	Specific Items Included

	1. Plastic Bags
	Shopping bags, garbage bags

	2. Food Wrappers
	Wrappers of biscuits, potato chips, noodles, etc.

	3. Hard Containers
	Jugs, plastic containers, plastic utensils

	4. Foam Food Containers
	Foamed plastic cups, polystyrene containers

	5. Beverage Bottles
	Soft drink bottles, water bottles, 6-pack rings, bottle caps

	6. Personal Care Products
	Shampoo containers, toothbrushes, hairbrushes

	7. Cleaning Products
	Cigarette lighters, plastic ropes, straws, plastic toys, buoys, floats

	8. Others
	Balloons, cigar tips, miscellaneous unidentifiable plastic fragments


[bookmark: _Toc199679727][image: ][image: ][bookmark: _Toc199529701]Fig 3: Distribution of different types of macroplastics in the study area

3.1.2 Descriptive Statistics of Mesoplastic Samples [bookmark: _Toc192937824][bookmark: _Toc199529702]Fig 4: Distribution of different types of mesoplastics found in the study area

[bookmark: _Toc199679728]A total of 292 mesoplastics were recorded, with plastic films (HDPE, LDPE; n = 228) being most dominant, followed by hard plastics (PP, PS; n = 42) and other polymers (n = 15). Film plastics were most frequent and heaviest mesoplastics (2.37 g), primarily concentrated in downstream plots (1 to 14), reflecting anthropogenic influence (Gago et al., 2016; Blettler et al., 2018). Hard plastics and other mesoplastics showed moderate distribution, reflecting their common packaging use by Metsina community. Foam plastic appeared only from plot 10 to 15, suggesting localised dumping of polystyrene; that breaks easily and settles in slow-moving water bodies (Lebreton et al., 2017).  Overall, the frequency and diversity of polymers depicts potential microplastic formation and underscore poor waste management of stream health (Zbyszewski and Corcoran, 2011). 
3.1.3 Descriptive Statistics of Microplastic Samples 
[bookmark: _Toc192929641][bookmark: _Toc199529732]A total of 1,073 microplastics were recorded, categorised by shape (fragments, foam, film, line, pellets) and colours following GESAMP (2019). Line-shaped microplastics were most dominant (n = 1,008) found across all transects, likely originating from synthetic fibers (Browne et al., 2011), Black was the most frequent color, often associated with automotive and household sources (Horton et al., 2017; Kole et al., 2017). Microplastic counts ranged from 6 to 108 (M = 35.77, SD = 0.11) and length ranged from 155 µm to 1500.50 µm (M = 542.89 µm, SD = 28.91). Foam and film types were rare, while pellets appeared sporadically, possibly due to the absence of nearby industries (Enders et al., 2015). Fragments were more common downstream, likely resulting from macroplastic degradation under UV exposure (Andrady, 2011). Overall, microplastics were numerically dominant, whereas macroplastics contributed most to the total plastic mass, highlighting a clear pattern of spatial variation and plastic [image: ]fragmentation across the stream.
Fig 5: Distribution of different types of microplastics
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[bookmark: _Toc199529704]Fig 6: Microplastics types: Fragment (a); Pellet (b); Line (c); Line (d); Line (e); Line (f); Line (g); Fragment (h); Line (i); Foam (j)






3.1.4 Descriptive Statistics of Macroinvertebrates
[bookmark: _Toc199679732]A total of 2,136 macroinvertebrates from 28 families and 14 orders were recorded, with Baetidae being the most dominant family (n = 722, RA = 33.8%) while Asellidae, Planorbidae, and Psephenidae were the least dominant family (n = 1, RA = 0.05%) (Fig 7). The overall species diversity was high (H’ = 2.31, D = 0.84) with moderate species evenness (EH = 0.69) and species richness SR was calculated to be 3.52. Biodiversity indices showed moderate similarity (50%), and dissimilarity across upstream, midstream, and downstream transects, reflecting ecological continuity but spatial variations influenced by factors like flow, substrate, and riparian conditions (Heino et al., 2005; Mather et al., 2024). Higher pollution near urbanised downstream areas favours tolerant species (Medeiros et al., 2021), while upstream supports sensitive taxa, consistent with the River Continuum Concept which explains that biological communities alter along the length of the water body due to changing physical and chemical conditions (Vannote et al., 1980). 
3.1.5 Descriptive Statistics for Water Quality Parameters


[image: ]
[bookmark: _Toc199529706]Fig 7: Macroinvertebrates found across the Metsina Stream

The water quality of Metsina Stream was evaluated by comparing measured parameters including pH, temperature, EC, TDS, and salinity against established standard set by EPA and WHO. Descriptive statistical analysis revealed that all parameters fell within the permissible limit indicating that water quality of the stream meets the criteria for various uses.
[bookmark: _Toc192929642][bookmark: _Toc199529733]







Table 2: Descriptive statistics of water quality parameters along with standard water quality

	
	BDWQS
	AWQS
	EPA
	WHO
	Mean
	Median
	SD
	Min
	Max

	pH
	6.5 - 8.5
	6.5 – 8.5
	6.5 – 8.5
	6.5- 8.5
	8.11
	8.10
	0.33
	7.46
	8.96

	EC (µS/cm)
	-
	800
	2500
	1500
	234.37
	234
	68.67
	153
	482

	Temp (°C)  
	-
	-
	25
	-
	16.01
	16
	1.16
	13.5
	18.4

	Salinity (ppm)
	-
	-
	<500
	-
	0.12
	0.12
	0.04
	0.07
	0.29

	TDS (ppm)
	1000
	<1000
	500
	<1000
	181.23
	178.5
	59.98
	113
	418


[bookmark: _Toc199679734]Note: BDWQS: Bhutan Drinking Water Quality Standards, 2016; AWQS: Ambient Water Quality Standards; EPA: Environmental Protection Agency; WHO: World Health Organization

3.2 Comparison of Macro, Meso, and Microplastics across the Stream Transects
[bookmark: _Toc192929644][bookmark: _Toc199529734]To compare the plastic pollution level (macroplastic, mesoplastics, and microplastic) across three stream transects (Upstream, midstream and downstream) of Metsina Stream, Kruskal-Wallis test was performed following a Shapiro-Wilk Normality test, which indicated non-normal data distribution. The results revealed significant difference across transects for macroplastic (H = 79.31, p < .001), mesoplastic (H = 64.04, p < .001) and microplastic (H = 77.24, p < .001), indicating that plastic abundance varied significantly among transects. These finding are consistent with Bletter et al. (2018), who reported significantly difference in macro and microplastic counts between streams transects. However, unlike their study, this study found significant difference in mesoplastic distribution. This suggests variations in land use patterns, anthropogenic activities and hydrodynamic factors have influenced in significant distribution of plastics across the stream.

Table 3: Kruskal-Wallis Independent test to compare plastic concentrations
	
	Macro
	Meso
	 Micro

	Kruskal-Wallis H
	79.31
	64.04
	77.24

	df
	2
	2
	2

	Asymp. Sig.
	.000**
	.000**
	.000**




[bookmark: _Toc199679735]3.2.1 Pairwise Comparison between Three Transect Of Metsina Stream
[bookmark: _Toc192929645][bookmark: _Toc199529735]To determine which specific transect differs; a series of Mann-Whitney U test was performed as post-hoc analysis for three pairwise comparisons between Upstream vs. Midstream, Upstream vs. Downstream, and Midstream vs. Downstream. Midstream transect exhibited significantly higher concentration than upstream for macroplastics (U = 49.50, Z = -6.29, p < .001), mesplastics (U = 165, Z = -4.58, p < .001), and microplastics (U = 0, Z = -6.17, p < .001). Similarly, downstream revealed highly significant results compared to upstream (U = 0, Z = -7.15, p <.001) and midstream (macroplastics: U = 0, Z = -6.26, p < .001; mesplastics: U = 117, Z = -4.35, p < .001; microplastics: U = 9, Z = -6.11, p < .001).

Mean rank comparisons further confirmed a progressive increase in plastic concentrations from upstream to downstream: for macroplastics (18.50 to 41.64 to 51.50), mesoplastics (22.00 to 36.14 to 51.50), and microplastics (17.00 to 44.00 to 51.50). This trend suggest midstream and downstream transects acts as key accumulation zones, likely due to anthropogenic inputs and hydrodynamic factors. While limited studies exist on macro and mesoplastic gradients, similar downstream accumulation patters have been reported for microplastics (Hoellein et al., 2017). These findings align with hydrological theories, where increased discharge and reduced stream gradient downstream promote plastic deposition (Blettler et al., 2018; van Emmerik and Schwatz, 2020). Furthermore, the proximity of the stream to human settlements in downstream sections likely exacerbates plastic accumulation.



Table 4: Mann Whitney U test to compare different transects

	
	Variable
	U
	W
	Z
	p-value

	Upstream vs. Midstream
	Macroplastic
	49.50
	610.50
	-6.29
	.000**

	
	Mesoplastic
	165.00
	726.00
	-4.58
	.000**

	
	Microplastic
	.000
	561.00
	-6.17
	.000**

	Upstream vs. Downstream
	Macroplastic
	.000
	561.00
	-7.56
	.000**

	
	Mesoplastic
	.000
	561.00
	-7.57
	.000**

	
	Microplastic
	.000
	561.00
	-7.15
	.000**

	Midstream vs. Downstream
	Macroplastic
	.000
	231.00
	-6.26
	.000**

	
	Mesoplastic
	117.00
	348.00
	-4.35
	.000**

	
	Microplastic
	9.00
	240.00
	-6.11
	.000**



3.2.2 Spatial Distribution of Macro, Meso, and Microplastics in Study Area
Spatial distribution of micro, meso, and macroplastics was analysed using Inverse Distance Weighted (IDW) method in ArcGIS Pro based on data from 30 sampling plots. IDW interpolation was selected for its ability to estimate values in unknown sample locations. The results revealed highest plastic concentrations of macroplastics (up to 142 items) in downstream plots with gradual increase towards upstream areas. Similarly, mesoplastics ranged from 0 to 26, showing elevated levels in downstream to midstream zones and diminishing upstream. Microplastics also followed this gradient, with moderate to high concentrations in downstream plots to declining levels upstream. (Fig 8).Highest macroplastic concentration in Plot No.12


These findings align with Bletter et al. (2018), suggesting anthropogenic and hydrodynamic factors significantly influence plastic accumulation.  The proximity of downstream plots to human settlements and automobile workshops in Metsina significantly contributes to the plastic concentration. Similar findings were reported by Van Emmerik and Schwarz (2020), identifying urban-river as a critical hotspot for plastic leakages in waterways. Additionally, hydrodynamic factors such as gentle slope and [bookmark: _Toc199529707]Fig 8: Spatial distribution of macroplastics in Metsina Stream


reduced flow in downstream promote plastic deposition (Bletter et al., 2018), whereas steeper and faster flow velocity in upstream transect facilitate transportation of plastics to downstream (Mai et al., 2020). Poor waste management and lack of clean up in downstream also contributed to plastic accumulation and cause plastics to enter waterways during rainfall in developing areas (Zhang et al., 2020).  Overall, IDW interpolation depicts a combined influences of stream morphology, anthropogenic activities, and land use regarding downstream as the primary accumulation zone.
[bookmark: _Toc199679738]3.3 Correlation between Plastic Concentration and Macroinvertebrate Abundance
Spearman’s correlation was performed to determine the relationship between plastic concentration and macroinvertebrate abundance, following the Shapiro-Wilk Normality test which confirmed non-normal distribution. The results revealed no significant correlation for macroplastics (r = .029, p = .87), mesoplastics and macroinvertebrate abundance (r = -.046, p = .81), suggesting that plastic presence does not directly influence macroinvertebrate abundance.
These findings are consistent with previous studies (Wright et al., 2013; Lwanga et al., 2017; Kettner et al., 2020), which attribute to the lack of effect to the spatial behaviour of macroplastics and mesoplastics tend to accumulate on banks and surface waters rather than benthic substrates where macroinvertebrates reside, while microplastics’ ingestion by Macroinvertebrates appear to have negligible impact (Jin et al., 2020). Additionally, confounding factors including sediment granulometry, organic matter, and chemical pollution are more likely influential in shaping macroinvertebrate communities (Rohal et al., 2020).Fig 9: Spatial distribution of mesoplastics (a); microplastics (b) in Metsina Stream
a
b


Despite the absence of significant correlations, spatial patterns indicate that downstream transects with higher plastic concentration also support greater abundance of pollution-tolerant taxa such as Chironomidae (n = 76), whereas pollution-sensitive families like Baetidae (n = 95) predominate upstream with lower plastic levels. This distribution suggests that plastics alongside other pollutants, may contribute to water quality degradation and drive shifts in macroinvertebrate community composition along the stream gradient.

[image: ]
[bookmark: _Toc199529709]Fig 10: Spearman correlation between plastics and macroinvertebrate abundance.




3.3.1 
[bookmark: _Toc199679739]Relationship between Macroinvertebrates and Other Independent Factors
Multiple regression was performed to determine the relationship between macroinvertebrates and predictors including plastic concentration (macro, meso, and microplastic) and water quality parameters (pH, temp, EC, TDS, and salinity). The results indicated no significant correlation between plastic concentrations and macroinvertebrate abundance (Table 5). However, TDS and Temperature revealed a strong positive and negative correlation with macroinvertebrate abundance. 

The result aligns with Olson and Hawkins (2017), who reported enhanced macroinvertebrate performance under higher TDS level due to beneficial role of dissolved ions in promoting growth of macroinvertebrates. Conversely, the negative correlation between macroinvertebrates and temperature aligns with Becker et al. (2019), who noted that increased temperate elevates metabolism but also oxygen depletion, thereby reducing macroinvertebrate abundance. Oxygen-sensitive taxa such as Ephemeroptera, Plecoptera, and Tricoptera are vulnerable to such stressors, leading to decreased diversity (Durance & Ormerod, 2007). Although plastics showed no direct relationship with macroinvertebrate abundance, previous studies have linked the concentration of plastics to a variety of water quality indicators, including turbidity, TDS, EC and BOD (Buwono et al. 2021), likely because plastics facilitate accumulation of suspended solids influencing these parameters (Eamrat et al., 2022). 
[bookmark: _Toc199679740]3.3.2 Association between Plastics, Macroinvertebrates, and Water Quality Parameters
Principal Component Analysis (PCA) was conducted to determine the association between plastic concentration, macroinvertebrate abundance, and water quality parameter. The dataset was suitable for PCAS as indicated by a Kaiser-Meyer-Olkin Test value of .82 and a significant Bartlett’s test of sphericity (p < .001). Two principal components with eigenvalues greater than 1 were retained, explaining 85.85% of total variance. A PCA with variance 70% or higher is typically ensures the primary components summarizes the dataset appropriately (Raviv, 2019). Component 1 accounted for 60.48% and represented water quality gradients (pH, temp, salinity, TDS), while component 2 accounted for 25.2% and reflected plastic contamination with strong negative loadings from macroplastics and mesoplastics. This distinct separation between water quality parameters and plastic related variables in components 1 and 2 respectively aligns with earlier results that plastic concentration does not correlate with macroinvertebrates.

[bookmark: _Toc199529736]The PCA conducted reported that downstream locations are characterised by higher macroplastic and mesoplastics accumulation, consistent with prior studies by Lebreton et al. (2017) and Schmidt et al. (2017), which resulted in accumulation of plastics in

Table 5: Linear regression between macroinvertebrate abundance and other factors
	[bookmark: _Toc192929647]
	Unstandardized Coefficients
	Standardized Coefficients
	t
	Sig.

	
	B
	Std. Error
	Beta
	
	

	pH
	-26.501
	35.369
	-.202
	-.749
	.461

	EC (µS/cm)
	.153
	.115
	.360
	1.333
	195

	Temp (°C)
	-9.153
	2.707
	-.277
	-3.381
	.003**

	Salinity (ppm)
	179.961
	171.139
	.219
	1.052
	.304

	TDS (ppm)
	.518
	.099
	.881
	5.216
	.000**

	Plastic Concentration
	.011
	.010
	.019
	1.086
	.289




Fig 11: PCA plots for: loading (a); individuals by location (b); Biplot (c); Variable contribution (d)
a)

b)

c)

d)


[bookmark: _Toc199679741]downstream regions. Upstream locations are associated with water quality parameters namely TDS, EC and microplastics, while midstream locations revealed intermediate characteristics between upstream and downstream with association with salinity, pH, and mesoplastics. Notably, downstream transects exhibited positive loadings of macroinvertebrates, macroplastics and temperature, suggesting ecological stress from plastic accumulation and thermal stress linked to plastic pollution. 


3.3.3 Cluster Analysis
A hierarchical cluster analysis was performed using Ward’s D2 linkage to group plots based on plastic concentration (macro, meso, and micro), macroinvertebrate abundance and water quality parameters (pH, temperature, TDS, salinity, and EC) based on similar characteristics. Three groups of plots were identified where group 1 (red cluster: plots 14, 9, 10, 11, 28) exhibited highest concentration of macro, meso, and microplastics clustered alongside elevated TDS and salinity, indicating poor water quality influenced by intense human activity and urbanisation. This finding aligns with Schmidt et al. (2017) which revealed accumulation of plastics in low-velocity zones. 

[bookmark: _Toc199679742][bookmark: _Toc199679744]Group 2 (green clusters: plots 17, 29, 27, 26, 30, 23, 20, 24, 22, 21, 19, 25) characterised by higher macroinvertebrate abundance and minimal plastic concentration with relatively stable water quality parameters, reflecting healthier ecological conditions consistent with Karaolia et al. (2021). Group 3 (blue clusters: plots 15, 18, 16, 3, 13, 6, 2, 8, 7, 1, 12, 14) showed cluster of moderate salinity and TDS, suggesting intermediate water quality and ecological stress. These plots act as a transitional zone between group 1 and group 2.  Similar results were obtained from a study by Hurley et al. (2018) which revealed streams with moderate pollution exhibited moderate ecological stress.G1
G2
G3
High plastic concentration grouped
High macroinvertebrates grouped
Similar water quality parameter grouped


4. CONCLUSION
The findings of this study highlight the pervasive nature of plastic pollution in Metsina Stream and its relation to benthic macroinvertebrates. Through this comprehensive plastic characterisation of macro, meso and microplastics across the stream, it is evident that plastics are spatially visible with downstream predominantly polluted with higher plastic concentration. This was tested through Kruskal-Wallis test (H = 79.31, p < .001) and Mann Whitney U-Test (p < .001). This suggests that although the stream is plastic free from the source (upstream), different anthropogenic activities along the way have polluted the stream. Analysis of macroinvertebrates indicated Baetidae was the most dominant family (n = 722, RA = 33.8%) among all 28 families recorded. The overall species diversity recorded to be H’ = 2.31.

Spearman correlation test revealed no significant relation between plastics and macroinvertebrate abundance (r = .029, p = .87) indicating plastics as of now had not impacted the diversity of macroinvertebrates. PCA reported that 85% of the variance is explained by the first two components, suggesting a strong correlation between variables. Cluster analysis was performed, and significant groupings of environment factors, plastic and macroinvertebrates were obtained. Spatial distribution of plastics across the stream using IDW interpolation method in GIS revealed higher plastic concentration in downstream locations

This research is among the first to characterise plastics and has added to the growing information on plastic characterisation in freshwater ecosystem emphasising impacts of plastic contamination on benthic organisms. Traditionally, plastics research focuses on only one size class, usually microplastics. However, this study provides a holistic picture of plastic contamination capturing the entire fragmentation spectrum. The study also underscores the need for waste management as tributaries like the Metsina Stream act as gateways for plastics into larger river system. Thus, this study offers framework to integrate plastic contamination monitoring in Bhutan’s national freshwater assessment protocols.[bookmark: _Toc199529711]Fig 12: Hierarchical clustering of plastics, macroinvertebrate abundance and water quality parameters
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