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Abstract 

Considering the magnitude of pollution caused by marine plastics, the present study assessed their 
abundance, distribution, surface morphology and polymer type in ten sandy beaches spread across 
three states (Maharashtra, Karnataka and Goa) along the west coast of India (WCI). The total 
abundance of plastics (~1–100 mm) in the studied beaches ranged from 4.1 to 23.4% (19±1–346±2 
items/m2). Location-wise, the abundances of both micro (43.6±1.1–346±2 items/m2) and 
macroplastics (21.6±3–195±6 items/m2) were relatively higher in beaches along the Maharashtra 
coast. Surface morphology-wise, fragments were predominantly abundant in both microplastics 
(76±2–346±2 items/m2) and macroplastics (50.6±1.5–195±6 items/m2) followed by pellets 
(43.3±2.5–245.6±2 items/m2). Fourier-transform infrared spectroscopy (FT-IR) analysis of plastics 
revealed a dominance of polyethylene (PE) followed by polypropylene (PP). IR spectra of the 
collected plastics at absorption band at 1750–1700 cm−1 reflect minimal surface oxidation. White-
colored plastics were observed most frequently, followed by pale-yellow, dark-brown, green, blue, 
transparent and red. A short-term (72 h) experimental study to assess the toxicity of PE microbeads 
(~1 mm) in a commercially important shrimp species, Litopenaeus vannamei revealed toxicological 
changes. An elevated level of lipid peroxidation (LPX)—the tagged biochemical marker, was 
recorded only at the maximum dose (0.15 mg/L) of PE microbeads. A moderate increase in the levels 
of enzymatic antioxidants (catalase and glutathione S-transferase) was also recorded at the same dose. 
Comprehensive information on marine plastics, including ecotoxicity provided in this study, would 
help in evolving strategies in minimizing plastic pollution along the WCI. 
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Highlights 
 A relatively high abundance of plastics recorded on most popular beaches along the west coast of 

India 
 Surface morphology-wise, fragments followed by pellets were the most abundant plastic items  
 Amongst diverse plastic items, white-colored polyethylene polymers dominated   
 Toxicological changes in Litopenaeus vannamei were recorded at the highest exposure dose of PE 

microbeads. 
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1. Introduction 

Globally, plastic pollution has become a rapidly emerging environmental concern and its 

widespread threats to natural habitats and trophic food chains have compelled governments and 

regulatory agencies to implement targeted actions for its control and mitigation (Galgani et al., 2013). 

According to a recent study, around 6300 metric tons (MT) of plastic waste is generated annually, 

out of which 9% is recycled, 12% is incinerated, and the remainder 79% gets accumulated in natural 

environments (Geyer et al., 2017). Plastics have been recognized as the foremost and fastest-growing 

segment of the marine contaminants (Zhu et al., 2018) and make their entry into the coastal marine 

waters and beaches through several paths including riverine, beach littering, aquaculture, shipping, 

and fishing activities (Lebreton et al., 2017). 

Generally, marine plastics occur in a heterogeneous array of shapes, sizes, colors, and polymer 

types (Veerasingam et al., 2016a; Piehl et al., 2018). Widespread occurrence of large-sized plastics 

debris or macroplastics (size: >5 mm) and their conceivable sources, e.g. recreational activities, 

nearby industrial hubs, accidental collapse of plastic-fabricated products etc.in marine environments, 

along with the adverse effects of these pollutants on few marine biota have been documented (Baird 

and Hooker, 2000; Bugoni et al., 2001; Derraik, 2002; Vidyasakar et al., 2018). On the other hand, 

microplastics (size:<5 mm) are unspecific synthetic polymers that are formed as a consequence of 

plastic pollution (Kim et al., 2015; Bletller et al., 2017). Depending on sources and formation 

mechanisms, generally, microplastic particles split into "primary" and "secondary". Primary 

microplastic particles such as microbeads or bursting microbeads (~1‒2 mm) are intentionally 

produced polymers for use in personal care and cosmetic products (PCCPs), and microplastic pellets 

(~5 mm) are commonly used in industrial manufacturing. Furthermore, secondary microplastic 

particles—the breakdown of macroplastics (>5 mm)—typically formed as a consequence of 

weathering actions such as exposure to wave, wind abrasion, and UV radiation (Cole et al., 2011; 

Ivar do Sul and Costa, 2014).  

Microplastic particles, e.g., fragments, beads, pellets have been found all the way profusely 

through the world’s oceans via beaches and coastlines towards subtropical oceanic gyres, the Arctic 

and Antarctic ice caps and even in the deep-ocean (Wright et al., 2013; Li et al., 2018). Microplastics 

and or microbeads have more significant potential to cause serious threat to fish and other marine 

organisms through their entanglement or intake, discharge of associated chemicals and their intrusion 

into the food chain (Tanaka et al., 2013; Wilcox et al., 2015; Cheung and Fok, 2016). Because of 

their tiny size (<5 mm), microplastic beads or pellets easily pass through mesh screens primary stage 
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of wastewater treatment plants, and thus enter the oceans directly through drainage systems and 

affect aquatic habitats gradually (Cheung and Fok, 2016).  

Recognizing the harmful effects of microplastic particles, their distribution, polymer type and 

source detection in the coastal marine ecosystems have been widely reported (Karapanagioti et al., 

2011; Tanaka and Takada, 2016; Li et al., 2018). In this context, laboratory studies could provide 

strong proof of evidence of microplastic ingestion in aquatic organisms. Unfortunately, few studies 

concerning the intake of microplastics, especially microbeads by aquatic animals and their 

deleterious effects under experimental conditions have been evaluated (Lee et al., 2013; Cole et al., 

2013; Browne et al., 2013; Devriese et al., 2015; Watts et al., 2015; Dawson et al., 2018; Barboza et 

al., 2018). Consumption of microplastics along with their prey by a commercially important brown 

shrimp (Crangon crangon) has been experimentally demonstrated (Devriese et al., 2015). Inability to 

differentiate polyethylene (PE) microbeads (diameter: 27–32 μm) from algal food source by a 

keystone species, Euphausia superba when fed in combination and subsequent ingestion of 

significant amounts of PE microbeads has been reported (Dawson et al., 2018). In addition, 

alterations in physiological and metabolic activities such as reduction in fecundity (Lee et al., 2013), 

lower feeding rates (Cole et al., 2013), reduced ability to clear pathogenic bacteria (Browne et al., 

2013), reduced energy reserves and balance (Watts et al., 2015) in organisms following exposure to 

microplastic particles have been observed. Enhanced neurotoxicity and oxidative damage and 

enzymatic imbalance in European seabass, Dicentrarchus labrax by microplastic particles, in 

combination with mercury have also been recently reported by Barboza et al. (2018). However, 

extensive experimental studies assessing the biochemical changes or oxidative damage induced by 

microplastics or microbeads in commercially important marine organisms are rare (Rochman et al., 

2013; Jeong et al., 2017; Yu et al., 2018).  

Information on the abundance of microplastic particles from randomly selected locations along 

the Indian coast although available (Jayasiri et al., 2013; Veerasingam et al., 2016; Sruthy and 

Ramasamy, 2017; Karthik et al., 2018; Tiwari et al., 2019) but is fragmentary. A comprehensive data 

encompassing critical aspects of plastic debris (both micro and macroplastics), such as the abundance 

of polymer type, oxidation status and their source detection covering a wide stretch of coastal and 

marine environments is lacking. Furthermore, studies assessing toxicity impacts of microplastics or 

microbeads on physiological and metabolic processes in aquatic animals have hardly been attempted. 

Being picturesque, the beaches along west coast of India (WCI) attract millions of tourists 

(Indian and foreign) annually. With a wider continental shelf, the fish production from WCI is 

relatively higher compared to the eastern coast of India. However, a variety of pollutants that enter 
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coastal environments threaten to restrict the use of beaches and coastal waters for fishing, economic, 

recreational and aesthetic purposes. Furthermore, it is well known that beaches act as a conduit for 

transport of plastic debris, especially microplastics to the ocean. Therefore, an assessment of the 

magnitude of plastic pollution on the beaches would be of paramount importance in ascertaining the 

overall plastic pollution in the ocean. 

With this background, a study was undertaken to assess the abundance, distribution, polymer 

type, surface morphological structure and oxidation state of plastic debris along the recreational and 

renowned beaches of WCI. Overall objectives of the present study were two-fold: (i) to investigate 

the abundance, distribution, polymer type, surface structure, oxidation state of plastic debris and (ii) 

to obtain a first impression of toxicological effects of microplastic particles, specifically microbeads 

in terms of biochemical biomarker studies in commercially important species. It is anticipated that 

the results of the present study would provide a comprehensive framework on the magnitude of 

plastic pollution on the most touristically important and ecologically sensitive beaches of the WCI. 

By evaluating trends of plastic pollutants concerning location, type, and toxicity, the most plausible 

strategies for their prevention in the coastal marine environments could be formulated.  

2. Materials and methods 

2.1. Sample collection, separation and analysis  

Representative samples of plastic debris were collected from ten selected sandy beaches spread 

across three states along the central WCI, i.e., Aksa, Juhu, Dadar, Girgaon (Maharashtra), Devbagh, 

Karwar, Kasarkod (Karnataka) and Vagator, Calangute, Colva (Goa) (Fig. 1). Based on visual 

observation, 10 randomly selected zones with high, medium and low abundance of plastic debris 

covering 1 km stretch of beach parallel to the coast were chosen for the study. From each zone, 

samples of plastic debris (size, 1‒100 mm) were collected using a quadrat (1×1 meter), resulting in 

10 quadrats/beach (Fig. S1). Plastic debris was separated using pre-cleaned stainless-steel sieves of 

different pore sizes (~1 and 2 mm) (Fig. S1). Plastic debris in size range of ~1‒2 mm and >2 mm 

was wrapped separately in fresh aluminum foil and transported to the laboratory for further sorting. 

In the laboratory, each plastic material visually segregated according to shape, size, color, and then 

categorized them as a fragment, fiber, film, or pellet (Fig. S1 and S2). However, other plastic items 

such as beads, foam etc. (Fig. S2), including some non-plastic items from each categorized sample, 

were further segregated and counted. High-resolution recognizable images of plastic debris are 

depicted in Fig. S2. Plastics, especially microplastic debris were collected from the beaches along the 
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high tide line area of WCI according to the previously reported procedures (Carvalho and Baptista 

Neto, 2016). 

For this study, small plastic particles (~1‒5 mm) were categorized as microplastics and those in 

size range of 5‒100 mm as macroplastics. The collected plastic debris was identified by stereo-zoom 

microscope (Nikon, SMZ1500) and characterized by Fourier-transform infrared spectroscopy (FT-IR 

Affinity-1 Shimadzu, Japan) coupled with an attenuated total reflectance (ATR) diamond crystal, 

(Veerasingam et al., 2016a; Tiwari et al., 2019). IR absorption spectra recorded after an average of 

45 scans in the mid-infrared range 4000–650 cm–1 at a resolution of 4 cm–1 are shown in Figs. S3 and 

S4. The nature of the polymers was identified based on the absorption frequencies for a specific 

chemical bond present in plastics (Veerasingam et al., 2016a). Polymer types were assigned by 

comparing IR spectra of collected plastic debris with known spectra from the database, (Shimadzu 

ATR of polymers library). In addition, microbeads (color: pink, size: ~1 mm, polymer type: PE as 

mentioned in the product) were isolated from the PCCPs using Teflon net (pore size: 100 µm), and 

then desiccated at least for two days. Due to policy concerns, the details of manufactures'/suppliers' 

name and related IR spectra of PE microbeads however, have not been disclosed here.  

2.2. Experimental shrimps, rearing and biochemical analysis 

Three-week old laboratory-reared and healthy uniform size L. vannamei juveniles (total length: 

38.2±4.4 mm; wet weight: 1.3±0.5 g) and actively moving with no visual symptoms of the disease 

were selected for the toxicity experiments. The shrimps were maintained in a glass tank (3 L) under 

constant aeration with an ambient temperature of 28±1 °C and 30 ± 0.5  g/L  salinity. The shrimps 

were released into 12 treatment tanks (15 individuals/tank) and each tank maintained with a 2 L 

volume of filtered seawater (Fig. 2). Before experimentation, L. vannamei juveniles were acclimated 

for 4 days at a salinity of 30 ± 0.5 g/L under continuous aeration and daily water exchange. Seawater 

used in the rearing of juveniles and for exposure experiments was filtered through a 3-stage filtration 

system comprising rapid sand filtration, cartridge filtration (20 to1 μm) and, finally, ultraviolet 

disinfection. 

During the acclimation period, the experimental shrimps were fed with formulated feed per day 

(Growel Feeds Pvt. Ltd., India; proximate composition: 34% protein; 5% lipids and 2.5% fiber) at 

the rate of 5% of total body weight. Excreta, uneaten feed and sloughed exoskeleton, were siphoned 

off every day. During the experimental period of 72 h, shrimps were fed with a different dose of PE 

microbeads (~1 mm) mixed with formulated feed at the rate of 5% of body weight daily. Six 

treatment tanks, T1, T2, T3, T4, T5 and T6 corresponding to 0, 0.005, 0.01, 0.025, 0.05 and 0.15 

mg/L doses of PE microbeads, respectively and a set of replicate tanks were set-up (Fig. 2). The 
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doses of PE microbeads (mg/L) + formulated feed (mg/L) provided to shrimp juveniles were, 0+150 

(T1), 0.005+150 (T2), 0.01+150 (T3), 0.025+150 (T4), 0.05+150 (T5) and 0.15+150 (T6), 

respectively. Feed with a requisite quantity of PE microbeads for the experiment was formulated 

using pre-cleaned (rinsing with detergent and then solvents like methanol, acetone, and hexane) 

ceramic mortar and pestle in a contamination-free chamber. Water quality parameters such as 

temperature, dissolved oxygen, salinity and pH were measured at 12 h interval with the help of 

portable water quality meter (CyberScan Series 600, Eutech Instruments, Singapore). 

At the end of 72 h experiment, the treated shrimps were sacrificed and washed thoroughly with a 

50 mM phosphate buffer (pH 7.4) to avoid cross-contamination. Exposed shrimps were then 

homogenized by a Teflon Elvehjem Potter Homogenizer with a 50 mM phosphate buffer (pH 7.4) 

containing 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol (DTT), 0.2 M 

potassium chloride (KCl), and 0.01% (w/v) phenylmethylsulfonyl fluoride (PMSF), and then 

centrifuged at 8000 rpm for 10 min. The supernatants containing extracts were used for the analyzing 

biochemical marker, i.e. lipid peroxidation (LPX) by spectrophotometrically (UV-1800 Shimadzu, 

Japan). Malondialdehyde (MDA)—a decomposition product of polyunsaturated fatty acids, and 

hydroperoxides were determined by the thiobarbituric acid (TBA) reaction to know the level of LPX 

(Verlecar et al., 2007; 2012). The absorbance of the LPX profile was recorded at 532 nm. The 

amount of TBA reactive substances (TBARS) formed was estimated using an extinction coefficient 

of 1.56 × 105 M–1 cm–1 (156000 M–1 cm–1) and expressed as nmol TBARS formed per mg of protein. 

For analyzing the levels of antioxidant enzymes such as catalase (CAT) and glutathione S-

transferase (GST), the exposed shrimps were homogenized in a 50 mM phosphate buffer (pH 7.4) 

containing 1 mM EDTA, 1 mM DTT, 0.2 M KCl and 0.01% (w/v) PMSF, and then centrifuged at 

10000 rpm at 4 ºC for 15 min. The CAT activity was determined according to Aebi (1984) by 

monitoring the decrease in absorbance of H2O2 at 240 nm. The assay mixture was 3 mL, containing 

2.9 mL of 50 mM phosphate buffer (pH 7.4) with a specific amount of H2O2 and 0.1 mL of enzyme 

extract (aliquot). The activity level was calculated using the extinction coefficient of 39.4 mM–1 cm–1 

and expressed as nkat per mg of protein (1 katal=1 mol s−1). GST activity level was measured by 

using 1-chloro-2,4-dinitrobenzene (CDNB) as a substrate, according to the protocol by Habig et al. 

(1974). The reaction rate was recorded at 340 nm, and the activity is expressed as nmol CDNB 

conjugate formed per min per mg of protein using a molar extinction coefficient of 9.6 mM−1 cm−1. 

The total mixture of the measured solution was 3 mL including 2.7 mL of 50 mM phosphate buffer 

(pH 7.4), 0.1 mL glutathione (GSH), 0.1 mL CDNB and 0.1 mL enzyme extract.  
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Total protein content was estimated according to the method of Lowry et al. (1951) using bovine 

serum albumin (BSA) as standard. Plotting a protein standard curve is one of the important factors in 

assessing the activity of enzymes. The standard curve of BSA is presented in Fig. 3. For the analysis 

of protein and related biochemical parameters in L. vannamei, 3 aliquots of the supernatants (enzyme 

extracts) of shrimp tissue from each treatment tank, T1–T6, and 3 aliquots from their each replicate 

tank were used. In this study, the biochemical parameters, i.e. LPX, CAT and GST were analyzed 

following methods outlined in Verlecar et al. (2007; 2012) and Maharana et al. (2010; 2015).  

2.3. Statistical analysis 

To understand the variations in spatial distribution and abundance of plastic debris between ten 

beaches, one-way ANOVA and Duncan post-hoc tests were applied at a significance level of P-value 

<0.05. All analytical results are presented as mean and standard deviation (±SD). ANOVA and 

Duncan's post hoc tests were used to discriminate between means of values of abundances, and 

differences in biochemical constituents (LPX, CAT and GST) between treatments. 

3. Results  

3.1. Abundance and distribution of total plastics  

During the study period, all together as many as 5095 plastic debris were collected from 10 

beaches along WCI. Most of the collected plastic debris from all beaches fell within the size range of 

~1‒100 mm with few exceptions (<1 mm). Data on size-wise (micro: ~1‒5 mm and macro: 5‒100 

mm) abundance (%) and distribution of plastic items (e.g. fragments, fiber, film and pellets) from all 

beaches are shown in Fig. 4 and the numerical abundance (items/m2) of both micro and 

macroplastics is presented in Table 1. Beach-wise abundance (mean ± SD) of surface morphology 

shapes (e.g., fragment, film, fiber and pellet), separately for micro and macroplastics, is presented in 

Table S1. However, because of rare and inconsistent occurrences, other plastic shapes such as beads, 

foam/styrofoam or expanded polystyrene (EPS), etc. were not compiled in the present study.  

The abundance (%) of total plastic debris on the beaches of the Maharashtra coast was found to 

be higher (8.2–23.4%) than at other beaches of Karnataka and Goa (Fig. 4). Furthermore, the average 

microplastic abundance (± SD) per beach followed the order, Maharashtra (43.6±1.1–346±2 

items/m2) > Karnataka (21±2–155.3±2.5 items/m2) > Goa (17±1–95.6±1.5items/m2) (Table S1). A 

similar order was also observed in the case of macroplastics abundance (Table S1).  

A comparative assessment of the abundance and distribution of plastics debris (micro and 

macroplastics) recorded in the present study with previously reported data from beaches along the 
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Indian coast and as well as other sandy beaches of the world is presented in Table S2. A wide 

variability in the abundances of plastic items spread across the world is discernible (Table S2). 

3.2. Analysis of polymer type  

Identifications based on IR spectra of plastic items are depicted in Fig. S4. Polymer types, PE 

and PP of micro and macroplastics were predominant on all studied beaches. The relative percentage 

of each polymer type related to the geometric distribution is shown in Fig. 5. In this study, PE 

polymer type microplastic particles were dominant on all beaches, i.e. Maharashtra (63.7%), Goa 

(67.1%) and Karnataka (57.2%), while the relative percentage contribution of PP was 29.9%, 25% 

and 37.8% for Maharashtra, Goa and Karnataka, respectively (Fig. 5a). Besides, PE polymer type 

macroplastics recorded in Maharashtra (58.7%), Goa (61.4%) and Karnataka (64.7%) beaches 

showed higher relative percentages than PP polymer type macroplastics (Fig. 5b). 

3.3. Color variation in plastics  

The color of the collected plastic debris from the studied beaches varied greatly (Fig. S5). Color-

wise abundance of plastics on all beaches of WCI followed the order, white (33.6–46.5%) > pale-

yellow (20.4–44.9%) > dark-brown (0–18%) > green (0–13.2%) > blue (0–10.7%) > transparent (0–

10.6%) > red (0–7.1%) (Fig. S5). 

3.4. Ecotoxicity of microbeads 

The elevated levels of biochemical biomarkers such as LPX (3.5±0.1 nmol TBARS/mg protein), 

CAT (109.6±1.2 nkat/mg protein), and GST (174±1.2 nmol CDNB conjugate formed/min mg protein) 

in L. vannamei, were recorded only at the highest dose of PE microbeads (0.15 mg/L), and differed 

significantly (P < 0.05) with other tested doses (Table 2). However, no behavioral changes in 

exposed organisms were observed during the 72 h of the experiment. No significant variations in 

water quality parameters were observed between the treatment tanks during the entire experimental 

routine (P > 0.05).  

4. Discussion  

4.1. Comparative assessment of plastics 

The abundance of microplastic particles (43.6±1.1–346±2 items/m2) was significantly (P <0.05) 

higher as compared to macroplastics (21.6±3–195±6 items/m2) on the Maharashtra beaches followed 

by Karnataka and Goa (Table S1). A previous report (Jayasiri et al., 2013) indicated a mean 

abundance of 68.83 items/m2 (n = 12–960) of total plastics (micro and macroplastics) on beaches 

such as Aksa, Versova, Juhu and Dadar along the Maharashtra coast. However, Juhu beach showed a 
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significantly higher number of microplastics (155.3±63.4 items/m2) compared to other beaches and 

this could be related to seasonal tourism activities (Jayasiri et al., 2013). Coincidentally, the highest 

abundance of microplastic particles was also recorded on the Juhu beach in this study also (346±2 

items/m2) (Table 1 and S1). Interestingly, microplastics were the major component of all plastic 

debris along the beaches of the Maharashtra coast in both the studies. In general, the mean 

abundance of microplastics (43.6±1.1–346±2 items/m2) recorded at different beaches of Maharashtra 

during the present study was almost two-fold compared to those reported by Jayasiri et al. (2013). 

This may be due to increased seasonal tourism-related activities and also non-point pollution sources 

such as port and industrial activities. Likewise, the microplastic particles were higher (4.4–15.9%or 

21±2–155.3±2.5 items/m2) than macroplastics (7.1–12.6% or 23±2.6–86±2 item/m2) at Karnataka 

beaches (Fig. 4 and Table S1).  

In general, Maharashtra and Karnataka coasts are affected by various anthropogenic inputs from 

several industrial sources (including plastic industries), iron ore processing and pigment processing 

plants, petroleum refineries, caustic soda plants, fertilizer plants, ports and harbors, and other sources 

(Maharana et al., 2010). In addition, a striking seasonal difference in the abundance of microplastic 

particles, especially pellets with relatively higher values in June (n = 1655) than in January (n = 1345) 

on six renowned beaches (Keri, Vagator, Calangute, Colva, Mobor and Galgibag) of Goa has been 

reported (Veerasingam et al., 2016b). During the present investigation (December 2016–February 

2017) microplastic pellets (n = 599) were also found excessively high on the three beaches (Vagator, 

Calangute, Colva) of Goa (Table 1). In addition, a lower abundance of macroplastics (5.5–13.6% or 

19±1–56.6±18.7 items/m2) was recorded on sandy beaches of Goa possibly due to lower seasonal 

tourist pressure (Fig. 4 and Table S1). Significantly lower abundances of plastic debris (micro and 

macroplastics) recorded on beaches of Goa when compared to those in Maharashtra and Karnataka 

coasts could be related to the absence of nearby industrial hubs and lower population density in the 

former.  

During the sampling period, tropical climatic conditions (high temperature and relative 

humidity), moderate wind speed typical to WCI, and high tourism-related activities were observed. 

All these activities are likely to enhance the fragmentation and transportation of plastics. High 

abundance of plastic debris recorded in the present study corroborates with previous monitoring and 

assessment studies along the Indian coast (Jayasiri et al., 2013; Veerasingam et al., 2016a; 2016b; 

Krishnakumar et al., 2018; Koongolla et al., 2018; Karthik et al., 2018; Vidyasakar et al., 2018). 

Substantial inputs of plastic from land or provincial-based sources including tourism activities have 

been attributed to higher abundances. 
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In order to assess the magnitude of plastic pollutants on the most popular beaches of WCI, a 

comparative assessment of the results of the present study with previous reports along the Indian 

coast and rest of the world is summarized in Table S2. A wide variability in the abundance and 

distribution of plastics (micro and macroplastics) on coastal beaches of the world is discernible. The 

mean abundance of microplastics recorded in the present study (346±2 items/m2) is higher than 

reported from beaches of Hong Kong (16.8 items/kg) (Lo et al., 2018). In contrast, the mean 

abundance of microplastics (present study) was lower compared to the abundance (mean, 6870 

items/kg) reported for the Beibu Gulf of the Chinese coast (Qiu et al., 2015).  

The abundance of macroplastics (19±1–195±6 items/m2) was relatively lower than 

microplastic abundances in the sampled beaches along WCI. A few quantities of macro-sized plastics, 

around 9.2%, were identified from Indian coastal beaches (Vidyasakar et al., 2018). A significantly 

lower abundance of macroplastic debris (5–25 mm; 1.0 particles/m2) compared to microplastics 

(880.4 particles/m2) has also been reported from several sandy beaches of South Korea (Lee at al., 

2015). A high tourism and recreational activities in the coastal beaches of Brazil resulting in 

generation of as much as 70% of macro-sized plastics including cigarette butts, straws, paper 

fragments, soft plastic fragments, ropes, caps and food packaging has been reported by Ivar do Sul et 

al. (2011). 

Furthermore, plastic abundances evaluated on ten beaches of the Turkish Western Black Sea 

Coast (Topc ̧u et al., 2013), also showed significant variability. Macroplastic density varied from 

0.085 to 5.058 items/m2, and the source of macroplastic debris was of foreign origin, including 25 

different nearby countries (Topc ̧u et al., 2013). A strong correlation between the magnitude of 

macroplastic pollution and high population density and intense anthropogenic activities (shipping, 

manufacture, etc.) was also reported by Imhof et al. (2017).  

Differences in the reported abundance of plastics across beaches of the world (Table S2) could 

be attributable to various factors such as season of collection, proximity to industries, tourism, beach 

profile, prevailing local met-ocean conditions at the time of collection, sediment properties, sampling 

methods etc.  (Ryan et al., 2009; Browne et al., 2015). In addition, biased sampling coupled with 

inadequate number of replicates may also contribute to the high variability in the reported 

abundances of plastic items. Therefore, this calls for a need to adopt a robust uniform sampling 

design for yielding consistent results. Furthermore, inspection of the source of plastic debris should 

be accompanied by advanced thermo-analytical methods or isotope fingerprint technology, which 

would provide greater insights into the plastic contamination on the beaches. 
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4.2. Polymer type analysis  

Identification/characterization of polymer types in plastics is indispensable because it allows an 

assumption on the source of the plastic pollutants and governs its origin from breakdown of macro, 

larger or extra-large plastic components or nearby recreational and industrial activities (Veerasingam 

et al., 2016; Krishnakumar et al., 2018). IR spectra of PE polymer in plastic debris displayed distinct 

absorption peaks with typical wave numbers, i.e., 2960–2849, 1471–1450 and 730–718 cm–1. Such 

an observed phenomenon may be due to symmetric and asymmetric C-H stretching or methylene 

scissoring (Fotopoulou and Karapanagioti, 2012). On the other hand, PP spectra produced distinctive 

peaks with wavelengths ranging from 2950–2720 cm‒1 (Fig. S4). Polymer types, PE and PP are 

typically used in packaging applications (bags, bottles, beverage container caps, and drinking straws), 

fishing-related applications (nets, rope, and tape), making toys and home appliances. Furthermore, 

PE and PP type plastics might also be derived from wastewater discharge plants (Claessens et al., 

2011). During our survey, a large debris of microplastics, mostly PE and PP types were sighted 

floating in the open sea surface (personal observation, data not shown). This may later get 

transported to the nearest shoreline or deposited on the seafloor. It has been hypothesized that the 

distribution of microplastic polymer types (PE and PP) is influenced by climatic conditions and 

frequent transport of the relevant polymers from the source area (Cassola et al., 2019).  

Overall, PE microplastic pollutants, including all shapes and colors, were recorded in higher 

abundance at all studied beaches. Irregular-shaped microplastic particles such as fragments, films, 

fibers with various polymer types observed in the present study could be as a result of the 

disintegration of plastic debris from tourism-related activities, household materials, and fishing 

activities. The source of microplastic pellets deposited on the selected beaches along WCI could 

either be due to ocean-based (e.g., accidental discharges of virgin pellets or nurdles due to collision 

of vessels) or nearby industrial sources (e.g., plastic manufacturers or wastewater treatment plants). 

In general, macroplastic pollution with different polymer types is mostly caused by improper waste 

management and tourism activities (Browne et al., 2010).  

4.3. Color variation and oxidation state  

Color is an important variable as it is known to influence the ingestion of microplastics by some 

marine animals (Katsanevakis, 2008). The colored plastics with different shapes, i.e. fragments, 

fibers, films and pellets observed in the present study (Fig. S5), appear to be monofilament debris 

associated with fishing gears, breakdown of industrial plastic materials or unintended spread of raw 

plastic nurdles/pellets from nearby seashore industries. Color variations in plastics and their source 
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detection have already been reported by a few researchers (Veerasingam et al., 2016; Koongolla et 

al., 2018). In this study, white-colored plastics (33.6–46.5%; micro and macroplastics) with PE type 

polymers were the most abundant followed by pale-yellow, dark-brown, green, blue, transparent and 

red colored plastic items along the WCI (Fig. S5). Our results are in agreement with the studies 

carried out by Vidyasakar et al. (2018) who reported white-colored plastic polymers accounted ~44% 

of the total abundance on the beaches of southeast coast of India. It appears that white-colored plastic 

polymers originate from disposable PE terephthalate bottles. Their original color vanishes gradually 

as a consequence of intense weathering processes (Vidyasakar et al., 2018).  

On the other hand, a discoloration may also occur due to the presence of additives. Phenolic 

antioxidants in microplastics tend for example to change the color under the influence of various 

physical factors (Acosta-Coley and Olivero-Verbel, 2015). Microplastic particles, especially 

yellow/pale-yellow colored pellets with rough morphological surfaces, may reflect a certain degree 

of photo-oxidative weathering, whereas pellets with smooth surfaces are more likely indicative of 

un-eroded nature (Fig. S6). In addition, some pellets were seen coated with oily residues (Fig. S6). 

This may be due to the deposition of oil residues in the form of tar balls on the beaches of WCI. 

Microplastics coated with oily residues have also been reported previously along the beaches of India 

(Veerasingam et al., 2016a; 2016b), Spain (Shiber, 1987), Mediterranean (Turner and Holmes, 2011) 

and Colombia (Acosta-Coley and Olivero-Verbel, 2015). 

Typically, the intensity of carbonyl absorption at wavenumbers between 1700 and 1800 cm−1 in 

IR spectra indicates the stage of surface oxidation in plastics (Fotopoulou and Karapanagioti, 2012). 

The relevant IR spectra obtained with the absorption band at 1750–1700 cm−1 in the plastic debris 

collected from the beaches during the present study reflect minimal surface oxidation (Fig S4). The 

results of the present study show that the deposited microplastic particles with a particular size, color, 

and polymer type on the beaches of WCI might have undergone various weathering processes. 

4.4. Effects of PE microbeads on the biochemical indices of shrimp   

Earlier studies have shown that microplastic exposure can increase the level of ROS and cause 

oxidative stress in aquatic species, thereby triggering the antioxidant defense systems to suppress the 

oxidative stress in the cell/organ (Matés, 2000; Schülke et al., 2012). An experimental study was 

performed to determine the variation of biochemical indices, i.e. LPX, CAT and GST in response to 

different doses of PE microbeads (size: ~1 mm; dose: 0–0.15 mg/L) using L. vannamei as a test 

species. In the case of microplastics, only the lowest concentration tested could be considered 

ecologically relevant (Goldstein et al., 2012). 



 

13 
 

Thiobarbituric acid reactive substances (TBARS) has been measured to epitomize the level of 

LPX in the experimental species (Verlecar et al., 2007). LPX level at a higher dose (0.15 mg/L) of 

PE microbeads in shrimp was found as 3.5±0.1 nmol TBARS/mg protein (Table 2). An elevated 

content of malondialdehyde (MDA) recorded in Eriocheir sinensis induced by a dose of 40 mg/L PS 

microplastic has been correlated to oxidative stress and an enhanced LPX level (Yu et al., 2018). The 

present results on antioxidant enzymes such as CAT and GST activity showed a similar trend with 

LPX. CAT (109.6±1.2 nkat/mg protein) and GST (174±1.2 nmol of CDNB conjugate formed/min 

mg protein) activity were moderately elevated (significant at P < 0.05) only at a dose of 0.15 mg/L of 

PE microbeads (~1 mm) compared to the control group (Table 2). It has also been observed that PS 

microbeads (5 μm) caused a significant increase in the activity of CAT in zebrafish, Danio rerio (Lu 

et. al., 2016). Besides, enzymatic activity of GST, has shown an increased pattern in 0.05–0.5 μm 

microbeads compared to the control in a rotifer species, Brachionus koreanus (Jeong et al., 2016). In 

general, CAT is a cellular antioxidant enzyme that defends against oxidative stress or the generation 

of highly toxic ROS. It serves to protect the cell from toxic effects of ROS, particularly H2O2 by 

catalyzing its decomposition product into molecular oxygen and water (Verlecar et al., 2007; 

Maharana et al., 2015). On the other hand, GST is one of the major cellular detoxification enzymes 

and mostly contributes to the formation of endogenous products of oxidative stress and electrophilic 

xenobiotics (Hayes and Pulford, 1995). GST can also support the conversion of peroxides into non-

toxic or less-toxic hydroxyl (OH-) group of compounds, which can potentially prevent the generation 

of toxic ROS in the living body (Jiang et al., 2017).  

In this study, the antioxidant defense mechanism and oxidative stress marker in L. vannamei 

under PE microbeads exposure were not well identifiable, probably due to a shorter duration of the 

experiment. However, a possible pathway of the antioxidant defense mechanism and oxidative stress 

markers has been outlined in Fig. 2. Generally, the deviation from their isotonic environment in 

crustaceans incurs an extra energy cost as they adjust ionic concentrations with hemolymph 

(Verlecar et al., 2012). This could also limit the oxidative defense mechanism, thereby masking the 

effective stimulation of antioxidants and the accumulation of LPX (Marshall et al., 2003; Menezes et 

al., 2006). This perhaps explains the lack of activity of LPX, CAT, and GST in the present 

experiment, which showed insignificant differences at the doses of 0–0.05 mg/L PE microbeads (P > 

0.05) and only showed deviations at an isosmotic level of 0.15 mg/L (Table 2). In addition, the 

stimulation of the antioxidant defense system is somehow adjustable to a certain optimum level 

depending on the physiological status of the test organism (Zhang et al., 2003). In this study, 

moderately elevated levels (P < 0.05) of antioxidants such as CAT and GST in shrimp tissue were 
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noticeable only at the highest dose of PE microbeads (0.15 mg/L), indicating the tissue or species 

may have a significant level of protection against ROS production. Interestingly, there was no similar 

evidence of PE microbeads stress on oxidative stress marker and antioxidant defense systems (LPX, 

CAT, and GST) in test species, L. vannamei. However, long-term sub-acute toxicity studies are to be 

conducted to assess the sensitivity of L. vannamei to plastic microbead pollution. Nevertheless, the 

toxicity data presented here could provide the baseline information on toxicological relationships 

between microbeads and aquatic organisms. 

5. Conclusions 

In conclusion, the study provides a comprehensive assessment of micro and macroplastic 

pollution on ten sandy beaches along the WCI, and the toxic effects of PE microbeads on the key 

species, L. vannamei. The highest abundance/quantity of micro and macroplastics encountered on the 

Maharashtra beaches as compared to the Karnataka and Goa beaches suggest non-point pollution 

sources (land-based and related to nearshore plastic industries, port areas, petroleum industries) and 

high tourism activities. A range of color-variations in the plastics was found at all beaches (white > 

pale-yellow > dark-brown > green > blue > transparent > red). PE was the most common polymer 

type, followed by PP and other plastic polymers. An elevated level of LPX associated with a higher 

dose of PE microbeads (0.15 mg/L) indicated that a small amount of oxidation of lipids occurs in the 

tissue after 72 h of exposure. A minor increase of antioxidants such as CAT and GST in the tissue at 

the higher dose (0.15 mg/L) of PE microbeads is indicative of required protection against ROS 

production. However, these initial findings need to be complemented with long-term exposure 

experiments under different experimental conditions with additional oxidative stress parameters to 

gather more information on the potential impact on the organism as well as specific ecosystem.  
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Table 1. Numerical abundance (items/m2) of different shapes of micro (~1–5 mm) and macroplastics 
(5–100 mm) recorded at the high tide line of sandy beaches along west coast of India during 
December 2016–February 2017. Values in parentheses indicate percent (%). 

Microplastic abundance (items/m2) 

Beaches Fragment Fiber Film Pellet Total 

Maharashtra Aksa 233 (16.2)  60 (9.9) 48 (10.0) 157 (15.0) 498 

 Juhu 346 (24.1) 140 (23.1) 89 (18.6) 245 (23.4) 820 

 Dadar 151 (10.5) 72 (11.9) 43 (9.0) 131 (12.5) 397 

 Girgaon 122 (8.5) 67 (11.0) 70 (14.7) 132 (12.6) 391 

Goa Vagator 79 (5.5) 23 (3.8) 17 (3.5) 43 (4.11) 162 

 Calangute 96 (6.6) 43 (7.1) 31 (6.5) 55 (5.2) 225 

 Colva 77 (5.3) 54 (8.9) 33 (6.9) 48 (4.5) 212 

Karnataka Devbagh 100 (6.9) 59 (9.7) 76 (15.9) 76 (7.2) 311 

 Karwar 155 (10.8) 54 (8.9) 48 (10.0) 72 (6.8) 329 

 Kasarkod 76 (5.2) 33 (5.4) 21 (4.4) 87 (8.3) 217 

Macroplastic abundance (items/m2) 

Beaches  Fragment Fiber Film Pellet Total 

Maharashtra Aksa 112 (12.3) 43 (12.3) 22 (7.9) 0 177 

 Juhu 198 (21.8) 58 (16.6) 47 (16.9) 0 303 

 Dadar 101 (11.1) 34 (9.7) 19 (6.8) 0 154 

 Girgaon 96 (10.5) 33 (9.4) 28 (10.0) 0 157 

Goa Vagator 51 (5.6) 30 (8.5) 21 (7.5) 0 102 

 Calangute 50 (5.5) 21 (6.0) 38 (13.6) 0 109 

 Colva 67 (7.3) 20 (5.7) 17 (6.1) 0 104 

Karnataka Devbagh 86 (9.4) 41 (11.7) 34 (12.2) 0 161 

 Karwar 78 (8.6) 25 (7.1) 32 (11.5) 0 135 

 Kasarkod 67 (7.3) 44 (12.6) 20 (7.1) 0 131 
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Table 2. Levels of biochemical activities of LPX, CAT and GST in Litopenaeus vannamei on 

exposure to different doses of PE microbeads (~1 mm) mixed with formulated feed. 

Treatment dose Biochemical activities 

PE microbeads (mg/L)  LPX CAT GST 

0 2.4±0.2b 108.1±4.8b 172.1±3.8b 

0.005 2.4±0.2b 108.1±2.2b 172.3±2.9b 

0.01 2.5±0.2b 108.3±3.7b 172.3±1.2b 

0.025 2.5±0.1b 108.3±5.7b 172.5±1.3b 

0.05 2.6±0.1b 108.5±2.5b 172.6±1.3b 

0.15 3.5±0.1a 109.6±1.2a 174±1.2a 

Note: Data, expressed as mean ± SE, n = 6. Values with different superscript letters differ 

significantly (p<0.05). LPX activity is expressed in nmol TBARS formed per mg of protein, CAT 

activity is expressed in nkat per mg of protein and GST activity is expressed in nmol CDNB 

conjugate formed per min mg of protein.  
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Fig. 1. Sampling localities for assessing plastic pollution at different beaches of Maharashtra, 

Karnataka and Goa along the west coast of India during December 2016–February 2017. 

Geographic map developed using Arc-GIS Ver. 10.5. 
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Fig. 2. Experimental set-up of ecotoxicity with juveniles of Litopenaeus vannamei to assess the 

effects of PE microbeads (size: ~1 mm; isolated from PCCPs) mixed with formulated feed, and the 

flow-chart of oxidative stress and antioxidant defense systems. The experimental set-up includes 6 

tanks (T1–T6) with different doses of PE microbeads treatment and one-set of their triplicates. 
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Fig. 3. Lowry protein assay standard curve plotted using bovine serum albumin (BSA) as a standard 

(0 to 140 µg/mL). 
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Fig. 4. Abundance (%) of various shapes (i.e., fragment, fiber, film and pellet) of (a) micro (~1–5 

mm) and (b) macroplastics (5–100 mm) along the beaches of west coast of India during December 

2016 – February 2017. Data, expressed as mean ± SD, n = 3. The locations comprise, Aksa, Juhu, 

Dadar, Girgaon (Maharashtra), Vagator, Calangute, Colva (Goa) and Devbagh, Karwar, Kasarkod 

(Karnataka). 
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Fig. 5. Relative abundance (%) of polymer types (PE = polyethylene; PP = polypropylene; others = 

unspecific polymers) of plastics collected from different beaches of the west coast of India as 

identified by FT-IR spectroscopy. Graph indicates (a) micro (~1–5 mm) and (b) macroplastics (5–

100 mm).  


