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HIGHLIGHTS 14 

• Synthetic fibers were identified in stomach and intestine contents 15 

• 84.6% of shrimps contained fibers and 42.4% contained balls of fibers 16 

• Higher fiber load towards the south and off the Barcelona metropolitan area 17 

• Temporal differences in polymer composition of fibers 18 

• No major histological alterations 19 

 20 

ABSTRACT 21 

Marine litter is one of the most concerning threats for marine wildlife especially regarding plastics 22 

and their micro-sized forms, widely known as microplastics. The present study evaluates 23 

mesoscale spatial (230 km, Catalan coast) and temporal (2007 vs 2017-2018, Barcelona area) 24 

differences on the ingestion of anthropogenic fibers in the deep-sea shrimp Aristeus antennatus 25 

in the NW Mediterranean Sea and its relation with shrimp’s health condition. Synthetic fibers 26 

with lengths ranging between 0.16 and 37.9 mm were found in both stomach (where sometimes 27 

they were tangled up in balls) and intestine contents. The percentage of fiber occurrence was > 28 

65% at each sampling point. Tangled balls of fibers observed in stomach contents exhibited a 29 

wide range of sizes (up to a diameter of 1 cm) and were usually composed of fibers of different 30 

polymers, sizes and colours. Differences between locations (2018) were found, with greater fiber 31 

loads towards the south during spring and a great variability in summer, as shrimps caught off 32 

Barcelona showed a nearly thirty-times higher fiber load compared to shrimps from other 33 

localities. Highest concentrations were more likely to be related to major sources of fibers and 34 

currents in the area. Fiber load in shrimps from 2007 was comparable to that of shrimps captured 35 

in 2017 and 2018 (spring) yet a shift in the proportion of acrylic and polyester polymers was 36 

detected. No consistent effect on shrimp’s health condition was found, with only a significant 37 

negative correlation found between gonadosomatic index and fibers for those shrimps with the 38 

highest values of fiber load (caught off Barcelona, summer 2018). Our findings contribute to the 39 

knowledge on plastic pollution for the NW Mediterranean Sea and highlight the potential use of 40 

this species as a sentinel species for plastic fiber contamination. 41 
 42 
SUMMARY OF THE MAIN FINDINGS: “High variability of fiber load in individuals of Aristeus 43 
antennatus from the NW Mediterranean coast sampled in different locations, years and seasons is described 44 
with no evidence of negative impact on health condition.” 45 
 46 
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 49 

1. Introduction 50 

 51 

Marine debris in particular plastic as the most common litter type has been identified as one of 52 

the major threats for marine ecosystems (UNEP, 2009). Jambeck et al. (2015) estimated that 53 

between 4.8 to 12.7 million metric tons (Mt) were entering the ocean in 2010 and more recently, 54 

Geyer et al. (2017) highlighted that if current production and waste management trends were to 55 

continue, up to 12000 Mt could end up in the environment by 2050. The first synthetic plastic 56 

produced, Bakelite, only dates back to the 1950s, which means that plastic production and 57 

pollution have had unprecedented growth. Microplastics (plastic items <1 mm, Hartmann et al., 58 

2019) have already been found in aquatic environments all around the world, from remote areas 59 

as the Antarctic system (Waller et al., 2017) or the Maldives Islands (Imhof et al., 2017) to coastal 60 

shallow areas close to urbanization (Alomar et al., 2016). Likewise, microplastic ingestion seems 61 

a widespread phenomenon and to date over 220 different marine species have been found to 62 

consume microplastics in the environment (Lusher et al., 2017).  63 

 64 

The ubiquity of microplastics has raised awareness in all communities leading to an exponential 65 

increase in the number of studies focusing on this topic during the last decades (Lusher et al., 66 

2017). However, the lack of standardized methods has led to hardly comparable results with even 67 

some inconsistencies in terminology (Hartmann et al., 2019). Many experimental studies have 68 

also attempted to assess the potential impact of microplastics on the health of organisms but 69 

consistent results are yet to be found since both negative and neutral responses on feeding, growth, 70 

reproduction and survival have been observed (Foley et al., 2018). Moreover, other fibers with 71 

anthropogenic origin such as rayon/viscose, essentially made of regenerated cellulose, or dyed 72 

cotton fibers, even though being made of naturally occurring polymers (e.g. cellulose) may also 73 

raise environmental concerns like their synthetic (i.e. plastic) counterparts (Ladewig et al., 2015). 74 

In order to allow for a correct assessment of hazards and risks posed by microplastics (and other 75 

anthropogenic particles) both experimental and field studies are needed. Even though we now 76 

have a great list of organisms for which plastic ingestion has been reported, studies focusing on 77 

understanding trends on release, transport and fate or on the factors related to microplastic 78 

ingestion are still scarce (Beer et al., 2018). Not to mention the importance of assessing whether 79 

plastic ingestion is increasing over time following the trends on global plastic production in order 80 

to better assess and forecast their potential impact (Beer et al., 2018). So far, only a couple of 81 

studies have addressed long-term trends in plastic ingestion in the Baltic and Atlantic Sea (Beer 82 

et al., 2018; Courtene-Jones et al., 2019). 83 

 84 

The Mediterranean Sea has been described as one of the areas that is most polluted by plastics 85 

worldwide (García-Rivera et al., 2018; UNEP/MAP, 2015). High values of microplastic 86 

occurrence might be linked to the intense anthropogenic activity alongside the hydrodynamics of 87 

an enclosed basin. The great industrial activity and highly developed tourism, together with 88 

important fisheries and densely populated coastal segments might account for a great input of 89 

marine litter (Eriksen et al., 2014; Ramirez-Llodra et al., 2013). In the NW Mediterranean area, 90 

microplastic presence has been reported in surface waters (de Haan et al., 2019; Ruiz-Orejón et 91 

al., 2016; Schmidt et al., 2018), beaches (Constant et al., 2019), sediments (Sanchez-Vidal et al., 92 

2018; Woodall et al., 2014) and several organisms, mainly coastal fish (Alomar and Deudero, 93 

2017; Bellas et al., 2016; Collignon et al., 2012; Compa et al., 2018) but also in the deep-sea 94 

shrimp Aristeus antennatus (Carreras-Colom et al., 2018). In the latter, microplastic fibers might 95 
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be retained for longer times compared to other organisms due to the presence of the gastric mill, 96 

a common food-grinding structure in decapods, which could hinder passage to the intestine (Watts 97 

et al., 2015; Welden and Cowie, 2016a, 2016b). Its action is also thought to favour the formation 98 

of tangled up balls of fibers with the corresponding increase in size and posing a major threat for 99 

health (Murray and Cowie, 2011).  100 

 101 

Aristeus antennatus is an economically and ecologically important species in the deep-sea 102 

ecosystem whose biology, including reproduction, diet, population dynamics and most recently, 103 

microplastic ingestion, have been studied (Carbonell et al., 2006; Carreras-Colom et al., 2018; 104 

Cartes, 1994; Cartes et al., 2018; Demestre, 1995). After a first analysis focused on describing 105 

microplastic occurrence in stomachs from A. antennatus collected in 2010-2011 (Carreras-Colom 106 

et al., 2018), the analysis of individuals from 2007 from a previous project (BIOMARE) together 107 

with new material obtained in 2017-2018, pose a perfect opportunity to test whether the increase 108 

in plastic production is somehow reflected in the level of plastic ingestion in A. antennatus in 109 

these two time-points. This study analyses the occurrence, size and composition of anthropogenic 110 

fibers in the digestive tract of red shrimp (Aristeus antennatus) individuals from different years 111 

and locations along the Catalan coast (NW Mediterranean Sea). The main aims are: (1) to assess 112 

current (2018) spatial trends in fiber ingestion along the Catalan slope at a mid-scale distance (ca. 113 

230 km), (2) to determine whether current levels of fiber ingestion (2017-2018)  differ from those 114 

of 10 years ago in shrimps from an area with high anthropogenic pressure (off Barcelona), (3) to 115 

relate fiber ingestion to anthropogenic, environmental and biological factors, and (4) to assess the 116 

potential impact of fibers on shrimp’s health condition. 117 

 118 

2. Materials and methods 119 

 120 

2.1. Study area and data collection 121 

 122 

Shrimps were collected from three sites along the continental slope of the Catalan coast (NW 123 

Mediterranean Sea) from north to south: off Costa Brava, off Barcelona, and off the Ebro Delta. 124 

The sampling locations were selected in order to represent areas of different characteristics and 125 

levels of anthropogenic impact. The Costa Brava area, selected as the allegedly less impacted area 126 

given its less industrial activity and its location, the northern-most location in an area where 127 

southwards currents dominate. It is also characterized by the greatest seasonal shift in human 128 

population density (increase of about 19% in summer compared to spring) and is under the 129 

influence of the Tordera River (54 km length; 9.0 hm3·y-1). The Barcelona area, suspected as the 130 

most impacted area given the previously reported values of fiber ingestion there (Carreras-Colom 131 

et al., 2018), is close to the largest and most dense urban and industrial areas along the shore and 132 

is subject to the influence of the Besòs (58 km length, 98.6 hm3·y-1) and Llobregat (173 km length, 133 

302.3 hm3·y-1) rivers. The area off the Ebro Delta, whilst near a less densely populated area, is 134 

under the influence of the Ebro River’s discharge (9281.0 hm3·y-1), which is strongly affected by 135 

human activities, specially agriculture but also industry along its catchment area (85569 km2).  136 

 137 

Sampling was performed in spring and summer of 2007 (in Barcelona), 2017 (in Barcelona and 138 

only spring) and 2018 (all locations and both seasons) within the framework of the research 139 

projects BIOMARE (Spanish Ministry of Science and Innovation) and SOMPESCA (Department 140 

of Agriculture, Livestock, Fisheries and Food, Catalonia, Spain) on board of commercial fishing 141 

vessels operating at depths ranging between 396 and 791 m (see Table 1 for details). All 142 
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individuals (n=201, Table 1) were immediately fixed in Davidson’s AFA for 48-56 h and then 143 

preserved in ethanol 70%. Dissection was performed in a safety laminar flow cabinet and the 144 

digestive system (stomach and intestine) was removed and screened for the presence of 145 

anthropogenic particles using a stereomicroscope. For each individual, total body weight (TeW; 146 

eviscerated – without stomach, gonad and hepatopancreas – and without appendices), 147 

cephalothorax length (CL), and hepatopancreas (digestive gland) (HeW) and gonad weight 148 

(GoW) were recorded. Wet weight (0.1 mg) of stomach content (ScW) was also recorded after 149 

plastic screening.  150 

 151 

In order to prevent contamination, all material used (scissors, tweezers and Petri dishes) was 152 

rinsed multiple times with filtered water (50 µm metal sieve) and checked for contamination 153 

before use. Cotton lab coat and nitrile gloves were worn at all times. Moreover, an isolation device 154 

adapted from the one proposed by Torre et al. (2016) was used to cover the stereomicroscope and 155 

work area throughout the screening and characterization process. Procedural controls, that is open 156 

Petri dishes filled with filtered water, were placed inside and outside of the isolation device during 157 

digestive content screening in order to assess potential airborne contamination. Only fiber shaped 158 

items were found in both controls. Contamination found in the inside controls (average values of 159 

0.25 fibers per digestive content screened) was four times less abundant than contamination in 160 

outside controls, thus pointing out the efficiency of our isolation device in reducing potential 161 

contamination. Fibers found in inside controls were visually similar to cellulosic fibers, yet they 162 

were short (<0.5 mm), clean and always appeared on the surface of the water (pointing out that 163 

they were deposited from air). Therefore, fibers from digestive contents were only counted if they 164 

were clearly embedded in the digestive content and/or with detritus attached and never when 165 

floating on the surface. Because of that, no correction factor was applied to the final values of 166 

fibers reported.  167 

 168 

Environmental and anthropic variables related to plastic sources or pathways into the deep sea 169 

were collected afterwards including: mean river flow (mean value of the water flow at the closest 170 

gauging station to the river mouth possible, in m3/s), total accumulated precipitation (precipitation 171 

accumulated over the last 3 months at the nearest meteorological station, in mm), fishing pressure 172 

(sum of power in kW of the fishing fleet estimated to be operating in the area), population density 173 

(mean values of habitants km-2 of the coastal area region) and land cover (urban area, agricultural 174 

land and forests in percentage per region). Data was provided by Agència Catalana de l’Aigua 175 

(ACA, 2019), Confederación Hidrográfica del Ebro (SAIH, 2019), Servei Meteorològic de 176 

Catalunya (Meteocat, 2019), Departament d’Agricultura, Ramaderia, Pesca i Alimentació 177 

(DARPA, 2019), and Institut d’Estadística de Catalunya (IDESCAT, 2019). The shortest distance 178 

to the coastline (in km) was calculated for each sampling point using QGIS 3.0.3.  179 

 180 

2.2. Characterization of anthropogenic particles 181 

 182 

Anthropogenic particles were separated, counted and classified into isolated fibers or ball-forming 183 

fibers. Only in one occasion an anthropogenic particle other than a fiber or a ball of tangled fibers, 184 

a film-like particle, was observed. Its colour and size (area) were recorded but it was not included 185 

in further analysis. Isolated fibers were cleaned (organic material attached was removed carefully 186 

with needles), mounted in distilled water and observed by light microscopy. Total length and 187 

mean diameter (calculated on three random measures along the fiber) were measured, and fibers 188 

were then classified into micro- (<1 mm), meso- (1-5 mm) or macro-sized fibers (>5 mm) and 189 

their colour was recorded. Moreover, fibers were classified into five categories according to visual 190 
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aspects such as diameter uniformity and cross-section, finishing, striations and signs of wear and 191 

surface and backbone texture, following a similar approach to that used in forensic sciences (Bell, 192 

2006) (Supplementary Material, Table S1).  193 

 194 

When balls occurred (aggregation of entangled fibers) images were taken without untangling 195 

them or entirely removing organic debris (only that loosely attached) in order to estimate the 196 

occupying area (BA in mm2). Afterwards, balls were carefully unravelled as much as possible 197 

and all newly separated fibers were measured and characterized as stated above for originally 198 

isolated fibers (except for the fact that diameter was only measured in 20 randomly selected fibers 199 

per ball, and that they were not classified into micro-, meso- or macro-sized fibers). When 200 

complete isolation was not possible, the remaining tangles were mounted and the number of 201 

fibers, its composition (in proportions) and total length were estimated. Balls were categorized 202 

into four categories according to their morphology and size (in terms of the number of fibers and 203 

sum of the length of all constituent fibers (TL)) (Table 2). Finally, ball density (BD) was estimated 204 

for each ball as BD=BA/TL in mm.  205 

 206 

Images and measures were taken using a ProgRes® C3 (JENOPTIK Optical Systems GmbH, 207 

Germany) coupled to a Leica DM500B microscope. Up to seventeen colours were reported, but 208 

given the low prevalence of some of them, they were grouped into six categories (transparent, 209 

blue, red, other bright, other dark, and black).  210 

 211 

Fourier-Transformed Infrared Spectrometry (FTIR) was carried out on a randomly selected 212 

subsample of 119 anthropogenic fibers (2.9% of the total of fibers screened). This random 213 

selection was weighted by the relative abundance of fibers in each sampling, thus including at 214 

least a 4% of the fibers found at each sampling point (except for one, where the abundance was 215 

over ten times higher than in the rest). Spectra were recorded using a Tensor 27 FTIR spectrometer 216 

(Bruker Optik GmbH, Germany) equipped with a diamond attenuated total reflectance (ATR) 217 

unit (16 scans/cm-1, 800-3600 cm-1). Resulting spectra were treated (baseline corrections, peak 218 

normalization and selection of characteristic band applied) with Spectragryph 1.2.11 (Menges, 219 

2019) and compared with reference spectra (custom-made library of common polymers, Carreras-220 

Colom et al., 2018). Successful identification was considered for similarity values above 70%. 221 

The percentage of polymers identified for each category of fibers was calculated and used to 222 

determine the polymer composition of the rest of the visually sorted fibers (Supplementary 223 

Material, Table S1). Distinction between artificial (e.g. rayon) and natural (e.g. cotton) cellulosic 224 

fibers was not possible. Fibers were classified into anthropogenic fibers (including both cellulosic 225 

and synthetic fibers) and synthetic fibers (excluding cellulosic fibers). 226 

 227 

2.3. Shrimp’s health condition 228 

 229 

A portion of hepatopancreas and gonad, as well as a portion of muscle of each individual (n=201) 230 

and the stomach and intestine walls from selected individuals (n=21) with the greatest or the 231 

lowest values of plastic pollution, were processed through routine histologic techniques. 232 

Qualitative histological examination by light microscopy was conducted for different organs 233 

(muscle, gills, hepatopancreas, gonad and digestive tract – stomach and intestine). Normal 234 

structures reported in other shrimp species were used as a basis (Bell and Lightner, 1988). Sexual 235 

maturity was also determined according to Carbonell et al. (2006). 236 

 237 
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Shrimp’s health condition was further assessed by relative condition index (as Kn=TeW/EW 238 

x100, EW being the expected weight estimated from a length-weight relationship considering all 239 

data) (Le Cren, 1951), hepatosomatic index (HSI=HeW/TeW×100) and gonadosomatic index 240 

(GSI=GoW/TeWx100). Feeding intensity was measured through a fullness stomach index 241 

calculated as follows F=ScW/TeW×100. A second visually determined fullness index was also 242 

assigned to each individual from 0% (empty stomachs) to 100% (full stomachs) according to the 243 

volume of the content.  244 

 245 

2.4. Data analysis 246 

 247 

Fiber load was calculated for each individual and organ (stomach/intestine) in terms of total 248 

abundance (TA, as the sum of all estimated fibers) and total length (TL, as the sum of the length 249 

of all fibers) including all anthropogenic fibers. A corrected fiber load in terms of total length 250 

including only synthetic (i.e. plastic) fibers (TLs) was also calculated for each individual. 251 

Occurrence of fibers (FO) and balls (BO) was calculated for each sampling point as the number 252 

of individuals with anthropogenic fibers or balls/total number of individuals x 100.  253 

 254 

Spatial, seasonal and temporal differences in the occurrence of fibers (FO) and balls (BO) were 255 

explored by means of Pearson’s Chi-square tests followed by Fisher’s exact test for pairwise tests. 256 

Differences in fiber load (in terms of TA, TL, TLs) and ball size (in terms of BA and BD) were 257 

analyzed using Kruskal-Wallis tests coupled with Dunn’s post-hoc tests (as data failed to meet 258 

normal variance structure). Similarly, spatial, seasonal and temporal (over a 10 year period) 259 

differences in the composition of fibers, in terms of organ location, size category (for isolated 260 

fibers only), colour and polymer, and ball type were explored through PERMANOVA analysis 261 

performed in PRIMER PERMANOVA+6 (Anderson et al., 2008). Permutation p-values were 262 

obtained under restricted permutation of raw data (9999 permutations) performed on Bray-Curtis 263 

similarity matrices derived from square-root transformed data. In all cases, proportions for each 264 

category were used instead of absolute values of abundance or length. A similarity percentages 265 

analysis (SIMPER) was carried out afterwards to identify the fiber-related variable that 266 

contributed the most to the similarity/dissimilarity of samples.  267 

 268 

Correlation amongst detailed descriptors of fiber load (fibers in each location – stomach or 269 

intestine content – and according to their size – micro-, meso- and macro-fibers –) with other 270 

biological and environmental variables were explored through Cramer’s coefficient and 271 

Spearman’s correlation. Generalized linear models (GLM) were used to evaluate how 272 

environmental, anthropic and biological variables were related to the occurrence of balls (BO; 273 

considered more informative than fiber occurrence) and the total abundance of fibers (TA) in 274 

shrimps. BO (as a binary presence/absence variable) and TA individual data was related to 275 

location, year, season, CL, K, HSI, F, depth, distance to coastline, accumulated precipitation, river 276 

discharge, population density, fishing pressure and land cover. Following Burnham and Anderson 277 

(2003), the most parsimonious models were selected using the lowest AIC (Akaike’s Information 278 

Criterion). Similarly, effect of the fiber load on health condition of shrimps was explored through 279 

GLM in which condition indices (Kn, HSI, GSI – only for females –) were the response variables 280 

and fiber load (TA, TL, BA and BD) the explanatory variables. Shrimp’s size, stomach fullness 281 

and repletion index, sexual maturity and environmental variables (year, season and locality) were 282 

also included as explanatory variables to account for other sources of variability. The best model 283 

was used to explore negative effects of fiber load on condition indices. Models were fitted for 284 

each sampling point separately when interactions between year, season or locality were found.  285 
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 286 

Statistical analysis was carried out using R software, version 3.5.3 (R Foundation for Statistical 287 

Computing) (packages vegan, dunn.test, lme and MASS) if not indicated otherwise. Significance 288 

levels were fixed at 0.05 for each statistical hypothesis testing.  289 

 290 

3. Results 291 

 292 

All individuals examined were adults, mostly sexually mature females (stages III-IV in spring; 293 

stage IV-V in summer), with sizes (CL) ranging between 22.46 and 47.43 mm. From the total of 294 

201 individuals of Aristeus antennatus screened, 151 (75.12%) were observed to contain at least 295 

one plastic fiber and 44 (21.9%) had tangled balls of fibers in the stomach. Only once was a ball 296 

(5 fibers) found in the intestine Overall, more than 65% of shrimps from each sampling point had 297 

fibers of some sort (isolated or tangled, in stomach or intestine contents) (Fig. 1, Table 3 and 298 

Supplementary Material, Table S2) and only one shrimp had a film-like blue particle (ca. 1.2 mm2 299 

) in the stomach. Fibers found exhibited a great range of lengths (from 0.16 to 37.9 mm), widths 300 

(from 0.006 to 0.168 mm), colours (up to seventeen) and polymer types, including polyester 301 

(49.7%), acrylic (27.5%), polyamide (12.4%), polypropylene (8.6%) and cellulosic (1.8%) fibers. 302 

It should be noted that cellulosic fibers counted in digestive contents differed from those of inside 303 

controls (airborne contamination) in that they were longer (average values of 3 mm per fiber 304 

compared to fibers of <0.5 mm in controls), were observed embedded in digestive content  and/or 305 

with detritus attached to their surface, and were sometimes unraveled from tangled balls of fibers 306 

(clearly not airborne contamination).  307 

 308 

Fibers were more common and abundant in stomach contents (FO=78.1%; TL=114.23 309 

mm/individual) than in intestine contents (FO=44.3%; 4.62 mm/individual). Even though there 310 

was a positive significant correlation between fiber load in stomach and intestine contents 311 

(ρ=0.283 and ρ=0.230 for TA and TL respectively), fibers found in the stomach accounted for 312 

>94% of all fibers identified. Almost all isolated fibers encountered measured >1mm (96.7%) 313 

with meso-sized fibers (1-5 mm) being the most abundant size class in both stomach and intestine 314 

contents (55.4% and 73.8% respectively). Macro-sized fibers (>5 mm) were the second most 315 

abundant size class representing 42.0% of the isolated fibers in stomachs and 21.0% in intestines. 316 

 317 

3.1. Differences in fiber ingestion between locations, years and seasons 318 

 319 

With regards samples collected in 2018, both spatial and seasonal differences were found (inset. 320 

Fig. 1, Supplementary Material, Table S2). During spring there was a trend towards a greater load 321 

of fibers to the south, especially in the form of stranded fibers, with the highest values of ball 322 

occurrence, area and density in the Ebro Delta area (BO: Х2=16.939, p=0.0002; BA: Х2=14.582, 323 

p=0.0007; BD: Х2=16.78, p=0.0002). On the other hand, fiber load in summer was higher in 324 

shrimps off Barcelona compared to the other localities in terms of TA (Х2=27.274, p<0.001), TL 325 

(Х2=29.095, p<0.001) and TLs (Х2=29.567, p<0.001) (inset Fig. 1.). Ball occurrence and size was 326 

also higher off Barcelona (BO, Х2=11.585, p=0.003; BA, Х2=28.358, p<0.001; BD, Х2=14.707, 327 

p=0.0006), and there was a greater occurrence of complex balls (B-IV, Х2=18.462, p=0.0052; Fig. 328 

2.). Shrimps from this sampling station (off Barcelona city just south of the Llobregat River, P2V) 329 

showed the highest fiber loads throughout the study with mean values of fiber load per individual 330 

ten times higher than shrimps from other locations or periods (inset Fig. 1, Supplementary 331 

Material, Table S2). A total of 16.5 lineal meters of fibers (mean diameter 0.025 mm) were 332 
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recovered from 18 individuals and the maximum load of fibers found in a single shrimp was 2.35 333 

m (of which at least 98% was plastic).  334 

 335 

Shrimps from Barcelona in 2018 also showed the greatest seasonal (spring vs summer) shift in 336 

fiber load (over twenty times higher values of TA and TL, and balls twice as frequent and dense), 337 

whereas in Costa Brava and the Ebro Delta areas, only minor differences between seasons were 338 

found: a significant decrease in TA and TL of fibers in intestine contents (Costa Brava: TA, 339 

Х2=10.436, p=0.0012; TL, Х2=9.0985, p=0.0025; Ebro Delta: TA, Х2=6.7036, p=0.0096; TL, 340 

Х2=3.5061, p=0.061; inset Fig. 1., Supplementary Material, Table S2) and an increase in BO (only 341 

in Costa Brava, Fisher’s exact test, p=0.018). It should be noted that only one shrimp from spring 342 

samplings in Costa Brava had a ball of fibers in the stomach, the lowest percentage of BO 343 

throughout the study.  344 

  345 

In terms of fiber characterization, differences in polymer, colour and size composition were found 346 

between locations in 2018. In spring, shrimps from Costa Brava showed a different polymer 347 

composition compared to the rest of localities (p=0.0125, 9947 unique perms) with a higher 348 

proportion of cellulosic fibers. In summer, shrimps from Barcelona presented a more marked 349 

dominance of PET and acrylic fibers (Fig. 3). With regards colour, differences were only found 350 

between the Costa Brava and Barcelona areas (spring: p=0.0021, 9948 unique perm.; summer: 351 

p=0.0024, 9948 unique perm.) with a larger proportion of coloured fibers in Barcelona. The mean 352 

proportion of each colour category was between 4-8%, except for transparent and translucent 353 

fibers accounting for nearly 60%, whereas in Costa Brava transparent alongside black (spring) 354 

and blue (summer) were the dominant colours (Fig. 4). Finally, differences in size composition 355 

were only found between Barcelona and the Ebro Delta areas in spring (p=0.046, 9959 unique 356 

perms) and between seasons for both shrimps from the Ebro Delta (p=0.0474, 2645 unique perms) 357 

and the Costa Brava (p=0.0096, 979 unique perms) with a significant increase in the proportion 358 

of >5mm fibers in summer. 359 

 360 

Analyses on shrimps from different years (2007, 2017 and 2018) showed a great difference 361 

between summer samples from 2018 and the others, with values of fiber load (TA and TL) in 362 

2018 nearly thirty times the values from summer 2007 (Fig. 5, Supplementary Material, Table 363 

S3; TA: Х2=22.003, p<0.001; TL, Х2=21.928, p<0.001). On the other hand, shrimps sampled in 364 

2017 (spring) showed lower values of fiber load compared to either 2007 (TL Х2=6.6151, p=0.01) 365 

and 2018 (TL Х2=4.7172, p=0.03) samplings (Fig. 5, Supplementary Material, Table S3), yet 366 

values were in the same order of magnitude. The seasonal trend observed in 2018 (ten-fold 367 

increase in summer compared to spring) was not observed in 2007. No significant differences in 368 

isolated fiber’s size or fiber colour composition were found between past (2007) and present 369 

(2017, 2018) years, either. Only a significant change in the polymer composition was observed 370 

(spring: p=0.0287, 9950 unique perms; summer: p=0.011, 9937 unique perms), with a significant 371 

shift in the proportion of acrylic and PET fibers (Fig. 6).  372 

 373 

3.2. Factors related to fiber load in Aristeus antennatus 374 

 375 

All total fiber load descriptors (TA, TL, BA and BD) were highly correlated (ρ>0.8). Spearman’s 376 

correlation coefficient decreased when the location (intestine or stomach; ρ<0.3) and size (<1, 1-377 

5 and >5 mm) of fibers encountered was considered (ρ<0.33). Size of balls (in terms of BA, BD 378 

and TL of tangled up fibers) was positively correlated with the abundance of meso- (1-5 mm; 379 

ρ=0.356) and macro-sized (>5 mm; ρ=0.269) isolated fibers in the stomach. The abundance of 380 
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stomach fibers (sizes 1-5 and >5 mm) was weakly (ρ=0.210 and ρ=0.187, respectively) but 381 

significantly correlated to stomach fullness. No other significant correlations with shrimp size, 382 

fullness or condition indices were found.  383 

 384 

The results of the GLM identified that both the likelihood of BO and the values of TA in A. 385 

antennatus were mostly related to environmental and anthropic variables rather than biological 386 

ones. The best-fitting model for BO (AIC=231.46) included trawl depth, population density, 387 

season and location. Individuals were more likely to contain tangled balls of fibers in areas with 388 

higher population density (z=-3.432, p<0.001) and at greater depths (z=-4.440, p<0.001). Also, 389 

shrimps collected in summer and from the Delta area were more likely to contain balls (z=-3.124, 390 

p=0.002, and, z=-3.524, p<0.001, respectively); however, the influence of this covariates on BO 391 

was smaller than trawl depth and population density. The second best-fitting model (AIC=233.44) 392 

also included accumulated precipitation as a covariate yet its influence on BO was not significant 393 

(z=-0.140, p=0.88). Analysis of factors related to TA showed a similar outcome, with the best-394 

fitting model again including location, depth and population density (p<0.001) in addition to year, 395 

fishing intensity and CL (the only biological variable included in any model). Higher values of 396 

TA were more likely to occur in shrimps collected in 2007, yet the magnitude of influence of this 397 

covariate was the smallest in this model. Shrimps with a smaller CL (p<0.001) had low values of 398 

TA; which could be driven by the fact that shrimps from Blanes, where the lowest values of fiber 399 

load were found, also were some of the smallest individuals analyzed. Similarly, the negative 400 

relationship observed between TA and fishing intensity (p<0.001) could be driven by the fact that 401 

extremely high values of TA were found in Barcelona, where fishing intensity is lower.  402 

 403 

3.3. Relationship between fiber ingestion and shrimp’s health condition  404 

 405 

Model selection showed that most of the models exploring the relationship between condition 406 

indices (Kn, HSI and GSI as response variables) and fiber and ball occurrence and fiber load were 407 

best fitted without fiber-related variables, with the variability in condition indices being mostly 408 

related to CL and season. HSI was higher in spring samplings (average values ranging 2.96–5.72 409 

in spring compared to 6.29–8.02 in summer, p<0.05), whereas GSI values were higher in summer 410 

(0.38-1.63 compared to 3.11-6.67, p<0.05), except for shrimps from the Ebro Delta 411 

(Supplementary Material, Table S4). These differences were more pronounced in bigger, older 412 

and more mature individuals. No differences were observed for Kn in relation to CL nor season. 413 

A significant negative relationship between fiber load (TL) and GSI was found (F1,16=10.77, 414 

p=0.0047, R2=0.3649) only for P2V sampling (off Barcelona, summer 2018). Shrimps with the 415 

highest load of fibers (150 cm individual-1) showed values of GSI about 60% lower compared to 416 

those shrimps with the smallest load of fibers (5 cm individual-1). 417 

 418 

No histological changes or alterations from the normal tissular pattern in this species were 419 

observed in the organs and tissues examined, not even in those supposed to be in direct contact 420 

with balls of tangled fibers such as the cuticle and the epithelium of the digestive system.  In 421 

addition, no parasites or relevant histopathological findings were found in this study.  422 

 423 

4. Discussion 424 

 425 

Fiber ingestion by the deep-sea shrimp Aristeus antennatus is reported from every sampled 426 

location and period reinforcing the idea that it is a widespread and recurrent phenomenon that 427 
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dates back more than ten years for this species in the Catalan Sea (NW Mediterranean Sea). 428 

Extremely concerning values for shrimps caught off Barcelona have been observed, with values 429 

of over 1 m of accumulated fiber length in at least seven individuals. As already pointed out in a 430 

previous work in this species (Carreras-Colom et al., 2018), fiber ingestion might be the result of 431 

intended or unintended consumption while feeding on benthos where fibers might be present 432 

following sedimentation. 433 

 434 

Our results show high values of fiber occurrence 84.6% (78.1% when only considering the 435 

stomach) and ball occurrence (42.4%) very similar to those reported by Murray and Cowie (2011) 436 

for Nephrops norvegicus in the Clyde Sea (83% of fiber occurrence and 50% of ball prevalence 437 

in stomachs). The values for both stomach fiber and ball occurrence in shrimps captured off 438 

Barcelona in summer of 2007 and 2018 were higher than those found in the same area in summer 439 

of 2010 (Carreras-Colom et al., 2018; 25.9% of fiber occurrence and 3.7% of ball occurrence). 440 

These higher values could be due to either differences in depth (512-791 m this study and about 441 

1000m in the previous one) or to great variability in the environmental concentrations of 442 

anthropogenic fibers, and thus availability to shrimps. 443 

 444 

Presence of fibers in the intestine is reported for the first time in A. antennatus. According to our 445 

results, fiber loads are much lower in the intestine than in the stomach suggesting that this route 446 

of egestion might be relatively unimportant. Given the length of most of the isolated fibers (97.4% 447 

>1 mm and 42.0% >5 mm), not to mention the size of tangled balls of fibers, passage through the 448 

pyloric stomach into the intestine is thought to be limited due to the narrowing at the entrance of 449 

the intestine and the action of the gastric mill (Welden and Cowie, 2016b). Saborowski et al. ( 450 

2019) observed that microbeads and small fibers (<100 µm) were passed through the stomach and 451 

into the gut in individuals of Palaemon varidans, whereas long fibers (>100 µm) could not be 452 

transferred and remained in the stomach. Moreover, longer fibers might be more prone to be 453 

knotted into balls by the action of the gastric mill’s, increasing overall size and thus hampering 454 

passage down the gut (Welden and Cowie, 2016b). On the other hand, the action of the gastric 455 

mill combined with the cutting effect of numerous shell remains (from prey like bivalves or 456 

pteropods, common items found as part of A. antennatus diet, (Cartes, 1994)) could also facilitate, 457 

to a lesser degree, plastic egestion by breaking down fibers (Watts et al., 2015). Ultimately, 458 

moulting is the most plausible route of significant fiber elimination. During ecdysis, the stomach 459 

of decapods, including the gastric mill, is replaced and expelled. Welden and Cowie (2016b) 460 

confirmed the presence of microplastics inside the stomach linings of N. norvegicus previously 461 

fed with microplastics and the absence of microplastics in the stomach of moulted individuals. 462 

 463 

The nearly exclusive presence of fibers in A. antennatus is in accordance with results reported for 464 

other crustaceans such as the brown shrimp, Crangon crangon, from the North Sea (Devriese et 465 

al., 2015) and the Norway lobster, N. norvegicus, from the Clyde Sea (Murray and Cowie, 2011; 466 

Welden and Cowie, 2016b). In all these studies, most of the items found were fibers with only 467 

some pieces of films and a granule being identified. Besides being more easily ingested and 468 

retained, the predominance of fibers in the environment could also explain this bias. In a recent 469 

review, Gago et al. (2018) suggested that fibers are more abundant than other shapes in seawater 470 

and sediments. Though this statement should be treated with caution as values obtained through 471 

very different methodologies were compared, fiber predominance is supported in our study area 472 

as separately reported for sediments (Sanchez-Vidal et al., 2018) and several pelagic and demersal 473 

fish species (Bellas et al., 2016; Compa et al., 2018; Nadal et al., 2016).  474 

 475 
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Hydrodynamic processes such as dense-shelf water cascading, severe coastal storms, offshore 476 

convection and saline subduction, known for their importance on the transport of sediments and 477 

organic matter to the deep sea (Canals et al., 2006), are also key processes on the transport of 478 

fibers to deep areas where they accumulate and become available for deep-sea organisms like A. 479 

antennatus (Bagaev et al., 2017; Woodall et al., 2014). These above-mentioned hydrodynamic 480 

processes have been pointed out as the main factors explaining marine litter occurrence along 481 

spatial gradients in the NW Mediterranean Sea (Tubau et al., 2015). In particular, the Northern 482 

Current, which flows southwards along the edge of the continental shelf (Font et al., 1988), might 483 

help explain the trend towards an increased fiber presence in shrimps towards the south during 484 

spring. The potential of the Northern Current in leading to a progressive accumulation of 485 

microplastics along its path was already pointed out by de Haan et al., (2019), whose study 486 

reported higher values of microplastic particles in Catalan surface waters (0.183 ± 0.158 items m-487 
2) compared to those reported in the Gulf of Lions (0.08 ± 0.03 items m-2; Pedrotti et al., 2016).  488 

In addition, local sources of fibers could also be more abundant, especially in the area off 489 

Barcelona, near to densely populated areas, but also off the Ebro Delta, which might receive an 490 

indirect influence of human activities through the discharge of the Ebro River. Galimany et al. 491 

(2019) attributed higher densities of plastic litter in shallow (5.6 – 67.7 m) fishing grounds near 492 

Barcelona (~60 kg km-2) compared to the Ebro Delta (<5 kg km-2) to inland mismanagement and 493 

riverine outflows being more intense in the former. Similarly, values of marine litter reported by 494 

Galgani et al. (1995) and García-Rivera et al. (2018) were also higher near Barcelona compared 495 

to other areas of the Catalan coast. However, studies reporting environmental concentrations of 496 

microplastics in the area are either scarce or hardly comparable (Supplementary Material, Table 497 

S5), specially the regarding deep-sea environment. So far, only one study has been conducted in 498 

the Blanes area, targeting sediments of the submarine canyon and its adjacent slope, with values 499 

of microplastic fibers ranging between 5000 and 12000 fibers m-2 (about 70% of them being 500 

cellulosic fibers). For the sampled areas off Barcelona and the Ebro Delta only values of either 501 

microplastics in surface waters or coastal and beach sediment can be found in the literature, which 502 

are hardly relatable to plastic ingestion in shrimps.  503 

 504 

The great difference in fiber load (ten-fold increase) observed between spring and summer 505 

samplings from Barcelona is believed to be caused by the increase in environmental 506 

concentrations leading to increased ingestion by shrimps. This increase should have occurred in 507 

a rather short period of time which, in addition to a significant increase mostly of long fibers (>1 508 

mm), would suggest that pollution sources were close (Isobe et al., 2019). Moreover, in the NW 509 

Mediterranean, flux of (total) particles arriving at bathyal depths (to 1000 m) near the bottom are 510 

important in spring and peak at the end of June, just before the peak observed for fibers in shrimps 511 

in July, decreasing later in summer (Miquel et al., 1994). De Haan et al. (2019) also observed a 512 

great variability along the Catalan coast finding both their lowest and highest microplastic 513 

abundances (0.01 items m−2 and 0.5 items m−2) only ~60 km apart and during the same period of 514 

the year. 515 

 516 

Fiber sources include clothing (Browne et al., 2011), polymer manufacturing and processing 517 

industries (Lechner and Ramler, 2015). Most of the research concerning microplastics has been 518 

focused on the first one, with several studies pointing at the shedding of fibers while washing 519 

clothes as a major source of microplastics into the ocean (Salvador Cesa et al., 2017). However, 520 

recent works focused on the efficiency of wastewater treatment plants have shown that they 521 

actually have an efficient performance on removing fibers thanks to the tendency of fibers to mix 522 

intimately with the cellulosic matrix of the influents and aggregate into flocs that can be easily 523 
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retained in sieves (Carr et al., 2016). Therefore, even though fibers might escape wastewater 524 

treatment plants to some extent, this source might not contribute as much as it was thought initially 525 

(Carr, 2017; Carr et al., 2016). Alternative significant dispersive pathways would include 526 

atmospheric fallout, household dust, wastewater treatment plants disposals and storm-water 527 

runoff (Dris et al., 2017; Siegfried et al., 2017; Wagner and Lambert, 2018). The latter could play 528 

a key role in the Mediterranean area where the regime and hydrography are characterised by 529 

seasonal storm-like events leading to flash floods (Tubau et al., 2015). These abrupt increases in 530 

rainfall can also occasionally lead to combined sewer and storm-water overflows with a large 531 

impact on the receiving coastal waters. Increased river discharge usually creates great plumes in 532 

river mouths revealing the great amounts of sediments transported in these events. There is an 533 

absence of studies in the area on the specific occurrence of microplastics during these events, yet 534 

given that all Catalan rivers drain well-urbanized watersheds presence of fibers could be expected 535 

(de Haan et al., 2019; Sanchez-Vidal et al., 2013; Tubau et al., 2015). The precipitation regime in 536 

2018 was extraordinary, especially in the Barcelona area (984.2 mm by the end of the year 537 

compared to the mean value of 580.6 mm for the past 10 years (Meteocat, 2019)), which might 538 

explain the great values of fiber load found in shrimps from that location in summer (considered 539 

an outlier as they were 10-30 times higher than fiber loads observed in other locations). An 540 

increase in the C/N ratio (~10), indicative of continental inputs in the sedimented organic matter, 541 

was also reported in the same area of study (off Barcelona at the head of the Besòs Canyon at 600 542 

m) after 2-3 months following the maximum river discharge (Rumolo et al., 2015). Similar 543 

fluctuations on the occurrence of plastics after increased rainfall episodes have been reported in 544 

estuary environments (Dantas et al., 2012; Lima et al., 2014) and the Turkish Mersin Bay where 545 

a 14-fold increase was observed (Gündoğdu et al., 2018). In the latter, a significant change in the 546 

polymer composition was also observed, with up to eight new different polymers being identified 547 

in the post-flood period. In our results, only a slight increase in the proportion of PET and acrylic 548 

fibers, which were already the most abundant categories, was detected.  549 

 550 

The great increase in fiber load observed in summer (compared to spring) in shrimps from 551 

Barcelona in 2018 was not identified in any of the other seasonal comparisons, neither in the same 552 

area (2007) nor in other localities (2018). Possible explanations regarding 2018 samples for the 553 

northernmost area (Costa Brava) might be the lower input throughout the year, as a site with less 554 

anthropogenic pressure, while in the southernmost area (Ebro Delta) it could be related to the time 555 

of sampling (in late summer, nearly 1.5 months after the summer samplings in other localities). 556 

This short period of time might have been enough for a significant proportion of the shrimp 557 

population to moult and get rid of the highest concentrations acquired in late spring and early 558 

summer. Unlike other crustaceans that brood eggs and for which moulting is limited to certain 559 

periods, A. antennatus shows high proportions of individuals moulting throughout the year and 560 

especially during summer (values over 50% of the population) in which moulting optimizes 561 

fertilization (Demestre, 1995). Since moulting activity is so intense in summer, and considering 562 

that moulting implies a complete or at least significant loss of fibers in the stomach, the idea that 563 

shrimps from Barcelona acquired fibers rapidly owing to an exposure to high concentrations in 564 

the environment is reinforced.  565 

 566 

Our results on plastic ingestion in shrimps from different periods (2007 compared to 2017 and 567 

2018), with the exception of one sampling considered an outlier (Barcelona, summer 2018), 568 

suggest that the level of fiber ingestion in that particular location (off Barcelona) could have 569 

remained at a similar level (between 22.5 and 62.37 mm ind-1 in average). Beer et al. (2018) also 570 

reported no changes in the average values of plastic ingestion in planktivorous fishes from the 571 



13 
 

Baltic Sea across three decades. These results seem unexpected given the increase in global plastic 572 

and fiber production (Geyer et al., 2017; Jambeck et al., 2015) and point out the need to better 573 

understand the fate of anthropogenic fibers once they enter marine ecosystems. In individuals 574 

sampled monthly from Barcelona and Costa Brava for diet studies back in 1988-1989, occurrence 575 

of fibers and balls was also noted (Cartes, 1994), yet not described in detail. Although the study 576 

was mostly focused on identifying the items – prey – found in stomach contents and measures to 577 

prevent airborne contamination for fibers were not adopted (so, fiber occurrence could be 578 

overestimated) occurrence of fibers in shrimps from off Costa Brava (32.1%) was slightly lower 579 

than in Barcelona (42.9%), as reported in our study. Moreover, balls, which are unlikely to come 580 

from airborne contamination, showed the same spatial pattern described in this study for 2018 581 

spatial trends, with a clear higher occurrence off Barcelona (19.8%) than off Costa Brava (7.1%) 582 

(Supplementary Material, Fig. S1.). Similarly, Carreras-Colom et al. (2018) reported the highest 583 

values of fiber and ball occurrence near Barcelona (52.1% of fiber occurrence and 18.3% of ball 584 

occurrence for the period 2008-2011) in a survey in the Catalan Sea. These findings, together with 585 

the relevance of population density as a covariate in our models predicting the likelihood of balls 586 

and the fiber load, support the idea that the area off Barcelona is, and has probably been for the 587 

past years, an impacted area for microplastics. More studies, focusing on environmental 588 

concentrations or plastic ingestion in other species, are needed to draw more definite conclusions 589 

on temporal trends for specific fiber loads, yet it seems clear that at least the occurrence of fiber 590 

ingestion in this species has remained rather high (>40%) throughout the past ten years. 591 

Furthermore, we did find a significant shift in the polymer composition, which might be related 592 

to a shift in production and usage trends. Shrimps caught in 2007 showed a greater proportion of 593 

acrylic fibers whereas in 2017-2018 the most common type was polyester. The global acrylic 594 

fiber market has declined in recent years, especially in Europe, in favour of polyesters, which 595 

have a price advantage thanks to large-scale production, better raw material availability, and 596 

recyclability (HIS Markit, 2016). 597 

 598 

In general terms, the synthetic polymers identified and their contribution (in order of 599 

predominance: polyester, acrylic, polyamide and polypropylene), except for the lack of 600 

polyethylene, are in accordance with those reported in other studies encountering fibers in the 601 

environment (Browne et al., 2011; Murphy et al., 2016; Sanchez-Vidal et al., 2018). The highest 602 

proportion of cellulosic fibers in shrimps was found in the Costa Brava area, where Sanchez-603 

Vidal et al. (2018) particularly reported the dominance of cellulosic fibers over other synthetic 604 

polymers. Cellulosic fibers, which can be natural (e.g. cotton) or artificial (e.g. rayon), were found 605 

in a low proportion overall and were not eliminated from analyses as they were sometimes 606 

observed to be part of balls thus posing a physical threat to food passage and ultimately shrimp’s 607 

health. In fact, balls were composed of a diverse suite of fibers from different colours, sizes 608 

(length and diameter) and even polymers, rather than being consistent in appearance (Rochman 609 

et al., 2019). This diverse composition, together with their morphology, with some balls 610 

seemingly been made up of other small bundles, might suggest that their origin is diverse.  611 

 612 

General condition of shrimps, as assessed through condition indices and histology of main organs, 613 

showed no consistent negative impact of fiber ingestion nor any sign of other potential stressors 614 

(i.e. prolonged starvation, extreme environmental conditions). Histological alterations such as 615 

inflammatory responses or alterations of the epithelia as the ones reported in experimental 616 

exposures to polyethylene microplastics (Rodriguez-Seijo et al., 2017; Von Moos et al., 2012) 617 

were not observed. Variability on body indices, especially HSI and GSI, was mostly related to 618 

season and shrimp’s size which are, indeed, related to the ecology of the species (feeding rate and 619 
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reproduction according) (Cartes et al., 2018). Works under controlled conditions have 620 

successfully described reduced body condition indices after long-term exposures (eight months) 621 

to microplastics (Welden and Cowie, 2016a). Besides the size and position of balls, blockage of 622 

food passage did not seem to occur, as occurrence of intestinal contents was high in most of the 623 

shrimps with balls. Some items of their ordinary diet include hard shells (e.g. bivalves, 624 

gastropods) or carapaces (e.g. other small crustaceans) amongst others (Cartes, 1994); hence, their 625 

digestive system might be able to cope with hard, resilient big items. Moreover, deep-sea, benthic 626 

organisms have evolved to be able to handle mixtures of edible and non-edible particles 627 

(Ogonowski et al., 2018). In fact, the presence of fibers was correlated with higher stomach 628 

fullness (volume), suggesting that there was no false satiation effect. The only negative correlation 629 

observed was between the fiber load and the gonadosomatic index (GSI) of shrimps off Barcelona 630 

(the sampling with the highest mean values of fiber ingestion). A recent meta-analysis of 631 

microplastics effects on aquatic organisms (Foley et al., 2018), reported that reproduction was the 632 

least commonly affected function, in contraposition to growth, consumption or survival. Given 633 

that the GSI is linked to energy reserves and trophic condition one would expect a certain delay 634 

between the ingestion and accumulation of fibers and a significant effect on GSI. It seems 635 

unlikely, with this rather fast increase in fiber load (over a two-month period), without a negative 636 

impact on stomach fullness, general body condition index or clear histopathological effects 637 

identified, that the presence of fibers on its own is the cause of reduced GSI. The fact that this 638 

correlation was only found in shrimps off Barcelona, after episodes of great rainfall and river 639 

discharge, could suggest the arrival of pulses of other pollutants (Koenig et al., 2013), with 640 

specific, unknown, mechanisms to produce a faster impact on reproduction (Kirby et al., 1999). 641 

In a parallel study performed in 2007, values of organic pollutants (PCBs, DDTs and PAHs) in 642 

sediments of the same area (off Barcelona) were considered low, and chemical exposure was 643 

regarded to have little influence on specific fish biomarkers (Solé et al., 2010). On the contrary, 644 

Sánchez-Avila et al. (2012), estimated a significant pollution risk (organic micropollutants) for 645 

sensitive mysid shrimps in coastal waters. Regarding heavy metals, a depocenter with high trace-646 

metal contents (enrichment factors ranging between 1.2 and 10) was identified in front of the 647 

Llobregat river (Palanques et al., 2008). However, in the same work authors noted a high small-648 

scale variability and that a significant dilution of metal concentration occurred deeper in the 649 

canyons. Since A. antennatus obtains macrofaunal prey from both outside and inside canyons 650 

(Cartes, 1994) a real relationship with heavy metals cannot be established without a specific study. 651 

Therefore, among other factors, possible negative effects or interactions with organic pollutants 652 

or heavy metals on shrimp’s health could not be discarded. 653 

 654 

CONCLUSIONS  655 

 656 

Our findings demonstrate that Aristeus antennatus can experience acute episodes of plastic fiber 657 

accumulation in the digestive tract yet no consistent signs of a negative impact of fibers on 658 

shrimp’s health condition were observed. Throughout the study, high values of fiber occurrence 659 

were found, especially in those areas where higher inputs of fibers into the environment are 660 

expected due to great anthropogenic pressure (high population density) and episodes of increased 661 

precipitation and river discharge. The variability in fiber ingestion observed in A. antennatus 662 

among locations and betweenyears could suggest the potential for using this species as a monitor 663 

for fiber contamination in the deep-sea. Finally, but importantly, the results obtained demonstrate 664 

the need to improve our waste management policies, especially regarding anthropogenic fibers 665 

for which sources and pathways into the ocean are yet to be clearly identified.  666 

 667 



15 
 

Acknowledgements 668 

We are grateful to two anonymous reviewers for their comments and suggestions. We would like 669 

to thank Dr. Francesc Padrós for helping with the histological assessment of shrimps and for 670 

valuable discussions on the topic of shrimp’s condition. This study was supported by the Spanish 671 

Ministry of Science, Innovation and Universities project “PLASMAR” (RTI2018-094806-B-100) 672 

and by the Catalan Department of Agriculture, Livestock, Fisheries and Food (European Maritime 673 

and Fisheries Fund (EMFF)) project “SOMPESCA” (ARP059/19/00003). We thank all fishermen 674 

from commercial fishing vessels involved in the “SOMPESCA” project. Carreras-Colom benefits 675 

from an FPU Ph.D. student grant from the Spanish Ministry of Science, Innovation and 676 

Universities (FPU16/03430). 677 

 678 

References 679 

Agència Catalana de l’Aigua (ACA) [WWW Document], 2019. URL http://aca-680 
web.gencat.cat/sdim21 (accessed 9.20.04). 681 

Alomar, C., Deudero, S., 2017. Evidence of microplastic ingestion in the shark Galeus 682 
melastomus Rafinesque, 1810 in the continental shelf off the western Mediterranean Sea. 683 
Environ. Pollut. 223, 223–229. https://doi.org/10.1016/j.envpol.2017.01.015 684 

Alomar, C., Estarellas, F., Deudero, S., 2016. Microplastics in the Mediterranean Sea: 685 
Deposition in coastal shallow sediments, spatial variation and preferential grain size. Mar. 686 
Environ. Res. 115, 1–10. https://doi.org/10.1016/j.marenvres.2016.01.005 687 

Anderson, M.J., Gorley, R.N., Clarke, K.R., 2008. PERMANOVA+ for PRIMER: Guide to 688 
Software and Statistical Methods. Plymouth. 689 

Bagaev, A., Mizyuk, A., Khatmullina, L., Isachenko, I., Chubarenko, I., 2017. Anthropogenic 690 
fibres in the Baltic Sea water column: Field data, laboratory and numerical testing of their 691 
motion. Sci. Total Environ. 599–600, 560–571. 692 
https://doi.org/10.1016/j.scitotenv.2017.04.185 693 

Beer, S., Garm, A., Huwer, B., Dierking, J., Nielsen, T.G., 2018. No increase in marine 694 
microplastic concentration over the last three decades – A case study from the Baltic Sea. 695 
Sci. Total Environ. 621, 1272–1279. https://doi.org/10.1016/j.scitotenv.2017.10.101 696 

Bell, S., 2006. Forensic Chemistry, 1st ed. Pearson Prentice Hall. 697 
Bell, T.A., Lightner, D. V, 1988. A Handbook of Normal Penaeid Shrimp Histology. World 698 

Aquaculture Society, Baton Rouge, Louisiana. 699 
Bellas, J., Martínez-Armental, J., Martínez-Cámara, A., Besada, V., Martínez-Gómez, C., 2016. 700 

Ingestion of microplastics by demersal fish from the Spanish Atlantic and Mediterranean 701 
coasts. Mar. Pollut. Bull. 109, 55–60. https://doi.org/10.1016/j.marpolbul.2016.06.026 702 

Browne, M.A., Crump, P., Niven, S.J., Teuten, E., Tonkin, A., Galloway, T., Thompson, R., 703 
2011. Accumulation of Microplastic on Shorelines Woldwide: Sources and Sinks. 704 
Environ. Sci. Technol. 45, 9175–9179. https://doi.org/10.1021/es201811s 705 

Burnham, K.P., Anderson, D.R., 1998. Model Selection and Inference. Springer New York, 706 
New York, NY. https://doi.org/10.1007/978-1-4757-2917-7 707 

Canals, M., Puig, P., de Madron, X.D., Heussner, S., Palanques, A., Fabres, J., 2006. Flushing 708 
submarine canyons. Nature 444, 354–357. https://doi.org/10.1038/nature05271 709 

Carbonell, A., Grau, A., Lauronce, V., Gómez, C., 2006. Ovary Development of the Red 710 
Shrimp, Aristeus Antennatus (Risso, 1816) from the Northwestern Mediterranean Sea. 711 
Crustaceana 79, 727–743. https://doi.org/10.1163/156854006778026807 712 

Carr, S.A., 2017. Sources and Dispersive Modes of Micro-Fibers in the Environment. Integr. 713 
Environ. Assess. Manag. 13, 466–469. https://doi.org/10.1002/ieam.1916 714 

Carr, S.A., Liu, J., Tesoro, A.G., 2016. Transport and fate of microplastic particles in 715 
wastewater treatment plants. Water Res. 91, 174–182. 716 
https://doi.org/10.1016/j.watres.2016.01.002 717 

Carreras-Colom, E., Constenla, M., Soler-Membrives, A., Cartes, J.E., Baeza, M., Padrós, F., 718 
Carrassón, M., 2018. Spatial occurrence and effects of microplastic ingestion on the deep-719 
water shrimp Aristeus antennatus. Mar. Pollut. Bull. 133, 44–52. 720 



16 
 

https://doi.org/10.1016/j.marpolbul.2018.05.012 721 
Cartes, J.E., 1994. Influence of depth and season on the diet of the deep-water aristeid Aristeus 722 

antennatus along the continental slope (400 to 2300 m) in the Catalan Sea (western 723 
Mediterranean). Mar. Biol. 120, 639–648. https://doi.org/10.1007/BF00350085 724 

Cartes, J.E., López-Pérez, C., Carbonell, A., 2018. Condition and recruitment of Aristeus 725 
antennatus at great depths (to 2,300 m) in the Mediterranean: Relationship with 726 
environmental factors. Fish. Oceanogr. 27, 114–126. https://doi.org/10.1111/fog.12237 727 

Collignon, A., Hecq, J.-H., Glagani, F., Voisin, P., Collard, F., Goffart, A., 2012. Neustonic 728 
microplastic and zooplankton in the North Western Mediterranean Sea. Mar. Pollut. Bull. 729 
64, 861–864. https://doi.org/10.1016/j.marpolbul.2012.01.011 730 

Compa, M., Ventero, A., Iglesias, M., Deudero, S., 2018. Ingestion of microplastics and natural 731 
fibres in Sardina pilchardus (Walbaum, 1792) and Engraulis encrasicolus (Linnaeus, 732 
1758) along the Spanish Mediterranean coast. Mar. Pollut. Bull. 128, 89–96. 733 
https://doi.org/10.1016/j.marpolbul.2018.01.009 734 

Confedereración Hidrográfica del Ebro (SAIH) [WWW Document], n.d. . 2019. URL 735 
http://www.saihebro.com/saihebro/index.php?url=/autoservicio/inicio (accessed 4.20.19). 736 

Constant, M., Kerhervé, P., Mino-Vercellio-Verollet, M., Dumontier, M., Sànchez Vidal, A., 737 
Canals, M., Heussner, S., 2019. Beached microplastics in the Northwestern Mediterranean 738 
Sea. Mar. Pollut. Bull. 142, 263–273. https://doi.org/10.1016/j.marpolbul.2019.03.032 739 

Courtene-Jones, W., Quinn, B., Ewins, C., Gary, S.F., Narayanaswamy, B.E., 2019. Consistent 740 
microplastic ingestion by deep-sea invertebrates over the last four decades (1976–2015), a 741 
study from the North East Atlantic. Environ. Pollut. 244, 503–512. 742 
https://doi.org/10.1016/j.envpol.2018.10.090 743 

Dantas, D. V., Barletta, M., da Costa, M.F., 2012. The seasonal and spatial patterns of ingestion 744 
of polyfilament nylon fragments by estuarine drums (Sciaenidae). Environ. Sci. Pollut. 745 
Res. 19, 600–606. https://doi.org/10.1007/s11356-011-0579-0 746 

de Haan, W.P., Sanchez-Vidal, A., Canals, M., 2019. Floating microplastics and aggregate 747 
formation in the Western Mediterranean Sea. Mar. Pollut. Bull. 140, 523–535. 748 
https://doi.org/10.1016/j.marpolbul.2019.01.053 749 

Demestre, M., 1995. Moult activity-related spawning success in the Mediterranean deep-water 750 
shrimp Aristeus antennatus (Decapoda:Dendrobranchiata). Mar. Ecol. Prog. Ser. 127, 57–751 
64. https://doi.org/10.3354/meps127057 752 

Departament d’Agricultura, Ramaderia, Pesca i Alimentació (DARPA) [WWW Document], 753 
2019. URL 754 
http://agricultura.gencat.cat/ca/ambits/pesca/dar_estadistiques_pesca_subhastada (accessed 755 
4.20.19). 756 

Devriese, L.I., van der Meulen, M.D., Maes, T., Bekaert, K., Paul-Pont, I., Frère, L., Robbens, 757 
J., Vethaak, A.D., 2015. Microplastic contamination in brown shrimp (Crangon crangon, 758 
Linnaeus 1758) from coastal waters of the Southern North Sea and Channel area. Mar. 759 
Pollut. Bull. 98, 179–187. https://doi.org/10.1016/j.marpolbul.2015.06.051 760 

Dris, R., Gasperi, J., Mirande, C., Mandin, C., Guerrouache, M., Langlois, V., Tassin, B., 2017. 761 
A first overview of textile fibers, including microplastics, in indoor and outdoor 762 
environments. Environ. Pollut. 221, 453–458. 763 
https://doi.org/10.1016/j.envpol.2016.12.013 764 

Eriksen, M., Lebreton, L.C.M., Carson, H.S., Thiel, M., Moore, C.J., Borerro, J.C., Galgani, F., 765 
Ryan, P.G., Reisser, J., 2014. Plastic Pollution in the World’s Oceans: More than 5 766 
Trillion Plastic Pieces Weighing over 250,000 Tons Afloat at Sea. PLoS One 9, e111913. 767 
https://doi.org/10.1371/journal.pone.0111913 768 

Foley, C.J., Feiner, Z.S., Malinich, T.D., Höök, T.O., 2018. A meta-analysis of the effects of 769 
exposure to microplastics on fish and aquatic invertebrates. Sci. Total Environ. 631–632, 770 
550–559. https://doi.org/10.1016/j.scitotenv.2018.03.046 771 

Font, J., Salat, J., Tintoré, J., 1988. Permanent features in the circulation of the Catalan Sea., in: 772 
Minas, H.J., Nival, P. (Eds.), Oceanologica Acta. Oceanographie Pelagique 773 
Méditerranéene. 774 

Gago, J., Carretero, O., Filgueiras, A.V., Viñas, L., 2018. Synthetic microfibers in the marine 775 



17 
 

environment: A review on their occurrence in seawater and sediments. Mar. Pollut. Bull. 776 
127, 365–376. https://doi.org/10.1016/j.marpolbul.2017.11.070 777 

Galgani, F., Jaunet, S., His, E., 1995. Distribution and Abundance of Debris on the Continental 778 
Shelf of the North-Western Mediterranean Sea 31, 713–717. 779 

Galimany, E., Marco-Herrero, E., Soto, S., Recasens, L., Lombarte, A., Lleonart, J., Abelló, P., 780 
Ramón, M., 2019. Benthic marine litter in shallow fishing grounds in the NW 781 
Mediterranean Sea. Waste Manag. 95, 620–627. 782 
https://doi.org/10.1016/j.wasman.2019.07.004 783 

García-Rivera, S., Lizaso, J.L.S., Millán, J.M.B., 2018. Spatial and temporal trends of marine 784 
litter in the Spanish Mediterranean seafloor. Mar. Pollut. Bull. 137, 252–261. 785 
https://doi.org/10.1016/j.marpolbul.2018.09.051 786 

Geyer, R., Jambeck, J.R., Law, K.L., 2017. Production, use, and fate of all plastics ever made. 787 
Sci. Adv. 3, e1700782. https://doi.org/10.1126/sciadv.1700782 788 

Gündoğdu, S., Çevik, C., Ayat, B., Aydoğan, B., Karaca, S., 2018. How microplastics quantities 789 
increase with flood events? An example from Mersin Bay NE Levantine coast of Turkey. 790 
Environ. Pollut. 239, 342–350. https://doi.org/10.1016/j.envpol.2018.04.042 791 

Hartmann, N.B., Hüffer, T., Thompson, R.C., Hassellöv, M., Verschoor, A., Daugaard, A.E., 792 
Rist, S., Karlsson, T., Brennholt, N., Cole, M., Herrling, M.P., Hess, M.C., Ivleva, N.P., 793 
Lusher, A.L., Wagner, M., 2019. Are We Speaking the Same Language? 794 
Recommendations for a Definition and Categorization Framework for Plastic Debris. 795 
Environ. Sci. Technol. 53, 1039–1047. https://doi.org/10.1021/acs.est.8b05297 796 

Imhof, H.K., Sigl, R., Brauer, E., Feyl, S., Giesemann, P., Klink, S., Leupolz, K., Löder, M.G.J., 797 
Löschel, L.A., Missun, J., Muszynski, S., Ramsperger, A.F.R.M., Schrank, I., Speck, S., 798 
Steibl, S., Trotter, B., Winter, I., Laforsch, C., 2017. Spatial and temporal variation of 799 
macro-, meso- and microplastic abundance on a remote coral island of the Maldives, 800 
Indian Ocean. Mar. Pollut. Bull. 116, 340–347. 801 
https://doi.org/10.1016/j.marpolbul.2017.01.010 802 

Institut d’Estadística de Catalunya (IDESCAT) [WWW Document], 2019. URL 803 
http://www.idescat.cat/serveis/consultes (accessed 4.20.19). 804 

Isobe, A., Iwasaki, S., Uchida, K., Tokai, T., 2019. Abundance of non-conservative 805 
microplastics in the upper ocean from 1957 to 2066. Nat. Commun. 10, 417. 806 
https://doi.org/10.1038/s41467-019-08316-9 807 

Jambeck, J.R., Geyer, R., Wilcox, C., Siegler, T.R., Perryman, M., Andrady, A., Narayan, R., 808 
Law, K.L., 2015. Plastic waste inputs from land into the ocean. Science (80-. ). 347, 768–809 
771. https://doi.org/10.1126/science.1260352 810 

Kirby, M.F., Matthiessen, P., Neall, P., Tylor, T., Allchin, C.R., Kelly, C.A., Maxwell, D.L., 811 
Thain, J.E., 1999. Hepatic EROD Activity in Flounder (Platichthys flesus) as an Indicator 812 
of Contaminant Exposure in English Estuaries. Mar. Pollut. Bull. 38, 676–686. 813 
https://doi.org/10.1016/S0025-326X(98)00201-X 814 

Koenig, S., Fernández, P., Company, J.B., Huertas, D., Solé, M., 2013. Are deep-sea organisms 815 
dwelling within a submarine canyon more at risk from anthropogenic contamination than 816 
those from the adjacent open slope? A case study of Blanes canyon (NW Mediterranean). 817 
Prog. Oceanogr. 118, 249–259. https://doi.org/10.1016/j.pocean.2013.07.016 818 

Ladewig, S.M., Bao, S., Chow, A.T., 2015. Natural Fibers: A Missing Link to Chemical 819 
Pollution Dispersion in Aquatic Environments. Environ. Sci. Technol. 49, 12609–12610. 820 
https://doi.org/10.1021/acs.est.5b04754 821 

Le Cren, E.D., 1951. The Length-Weight Relationship and Seasonal Cycle in Gonad Weight 822 
and Condition in the Perch (Perca fluviatilis). J. Anim. Ecol. 20, 201. 823 
https://doi.org/10.2307/1540 824 

Lechner, A., Ramler, D., 2015. The discharge of certain amounts of industrial microplastic from 825 
a production plant into the River Danube is permitted by the Austrian legislation. Environ. 826 
Pollut. 200, 159–160. https://doi.org/10.1016/j.envpol.2015.02.019 827 

Lima, A.R.A., Costa, M.F., Barletta, M., 2014. Distribution patterns of microplastics within the 828 
plankton of a tropical estuary. Environ. Res. 132, 146–155. 829 
https://doi.org/10.1016/j.envres.2014.03.031 830 



18 
 

Lusher, A.L., Welden, N.A., Sobral, P., Cole, M., 2017. Sampling, isolating and identifying 831 
microplastics ingested by fish and invertebrates. Anal. Methods 9, 1346–1360. 832 
https://doi.org/10.1039/C6AY02415G 833 

Markit, I., 2016. Acrylic and Modacrylic Fibers - Chemical Economics Handbook. 834 
Menges, F., 2019. Spectragryph - optical spectroscopy software. 835 
Miquel, J.C., Fowler, S.W., La Rosa, J., Buat-Menard, P., 1994. Dynamics of the downward 836 

flux of particles and carbon in the open northwestern Mediterranean Sea. Deep Sea Res. 837 
Part I Oceanogr. Res. Pap. 41, 243–261. https://doi.org/10.1016/0967-0637(94)90002-7 838 

Murphy, F., Ewins, C., Carbonnier, F., Quinn, B., 2016. Wastewater Treatment Works 839 
(WwTW) as a Source of Microplastics in the Aquatic Environment. Environ. Sci. Technol. 840 
50, 5800–5808. https://doi.org/10.1021/acs.est.5b05416 841 

Murray, F., Cowie, P.R., 2011. Plastic contamination in the decapod crustacean Nephrops 842 
norvegicus (Linnaeus, 1758). Mar. Pollut. Bull. 62, 1207–1217. 843 
https://doi.org/10.1016/j.marpolbul.2011.03.032 844 

Nadal, M.A., Alomar, C., Deudero, S., 2016. High levels of microplastic ingestion by the 845 
semipelagic fish bogue Boops boops (L.) around the Balearic Islands. Environ. Pollut. 214, 846 
517–523. https://doi.org/10.1016/j.envpol.2016.04.054 847 

Ogonowski, M., Gerdes, Z., Gorokhova, E., 2018. What we know and what we think we know 848 
about microplastic effects – A critical perspective. Curr. Opin. Environ. Sci. Heal. 1, 41–849 
46. https://doi.org/10.1016/j.coesh.2017.09.001 850 

Palanques, A., Masqué, P., Puig, P., Sanchez-Cabeza, J.A., Frignani, M., Alvisi, F., 2008. 851 
Anthropogenic trace metals in the sedimentary record of the Llobregat continental shelf 852 
and adjacent Foix Submarine Canyon (northwestern Mediterranean). Mar. Geol. 248, 213–853 
227. https://doi.org/10.1016/j.margeo.2007.11.001 854 

Pedrotti, M.L., Petit, S., Elineau, A., Bruzaud, S., Crebassa, J.C., Dumontet, B., Martí, E., 855 
Gorsky, G., Cózar, A., 2016. Changes in the floating plastic pollution of the mediterranean 856 
sea in relation to the distance to land. PLoS One 11, 1–14. 857 
https://doi.org/10.1371/journal.pone.0161581 858 

Ramirez-Llodra, E., De Mol, B., Company, J.B., Coll, M., Sardà, F., 2013. Effects of natural 859 
and anthropogenic processes in the distribution of marine litter in the deep Mediterranean 860 
Sea. Prog. Oceanogr. 118, 273–287. https://doi.org/10.1016/j.pocean.2013.07.027 861 

Rochman, C.M., Brookson, C., Bikker, J., Djuric, N., Earn, A., Bucci, K., Athey, S., 862 
Huntington, A., McIlwraith, H., Munno, K., De Frond, H., Kolomijeca, A., Erdle, L., 863 
Grbic, J., Bayoumi, M., Borrelle, S.B., Wu, T., Santoro, S., Werbowski, L.M., Zhu, X., 864 
Giles, R.K., Hamilton, B.M., Thaysen, C., Kaura, A., Klasios, N., Ead, L., Kim, J., 865 
Sherlock, C., Ho, A., Hung, C., 2019. Rethinking microplastics as a diverse contaminant 866 
suite. Environ. Toxicol. Chem. 38, 703–711. https://doi.org/10.1002/etc.4371 867 

Rodriguez-Seijo, A., Lourenço, J., Rocha-Santos, T.A.P., da Costa, J., Duarte, A.C., Vala, H., 868 
Pereira, R., 2017. Histopathological and molecular effects of microplastics in Eisenia 869 
andrei Bouché. Environ. Pollut. 220, 495–503. 870 
https://doi.org/10.1016/j.envpol.2016.09.092 871 

Ruiz-Orejón, L.F., Sardá, R., Ramis-Pujol, J., 2016. Floating plastic debris in the Central and 872 
Western Mediterranean Sea. Mar. Environ. Res. 120, 136–144. 873 
https://doi.org/10.1016/j.marenvres.2016.08.001 874 

Rumolo, P., Cartes, J.E., Fanelli, E., Papiol, V., Sprovieri, M., Mirto, S., Gherardi, S., Bonanno, 875 
A., 2015. Seasonal variations in the source of sea bottom organic matter off Catalonia 876 
coasts (western Mediterranean): links with hydrography and biological response. J. 877 
Oceanogr. 71, 325–343. https://doi.org/10.1007/s10872-015-0291-7 878 

Saborowski, R., Paulischkis, E., Gutow, L., 2019. How to get rid of ingested microplastic 879 
fibers? A straightforward approach of the Atlantic ditch shrimp Palaemon varians. 880 
Environ. Pollut. 254, 113068. https://doi.org/10.1016/j.envpol.2019.113068 881 

Salvador Cesa, F., Turra, A., Baruque-Ramos, J., 2017. Synthetic fibers as microplastics in the 882 
marine environment: A review from textile perspective with a focus on domestic 883 
washings. Sci. Total Environ. 598, 1116–1129. 884 
https://doi.org/10.1016/j.scitotenv.2017.04.172 885 



19 
 

Sánchez-Avila, J., Tauler, R., Lacorte, S., 2012. Organic micropollutants in coastal waters from 886 
NW Mediterranean Sea: Sources distribution and potential risk. Environ. Int. 46, 50–62. 887 
https://doi.org/10.1016/j.envint.2012.04.013 888 

Sanchez-Vidal, A., Higueras, M., Martí, E., Liquete, C., Calafat, A., Kerhervé, P., Canals, M., 889 
2013. Riverine transport of terrestrial organic matter to the North Catalan margin, NW 890 
Mediterranean Sea. Prog. Oceanogr. 118, 71–80. 891 
https://doi.org/10.1016/j.pocean.2013.07.020 892 

Sanchez-Vidal, A., Thompson, R.C., Canals, M., de Haan, W.P., 2018. The imprint of 893 
microfibres in southern European deep seas. PLoS One 13, e0207033. 894 
https://doi.org/10.1371/journal.pone.0207033 895 

Schmidt, N., Thibault, D., Galgani, F., Paluselli, A., Sempéré, R., 2018. Occurrence of 896 
microplastics in surface waters of the Gulf of Lion (NW Mediterranean Sea). Prog. 897 
Oceanogr. 163, 214–220. https://doi.org/10.1016/j.pocean.2017.11.010 898 

Servei Meteorològic de Catalunya (Meteocat) [WWW Document], 2019. URL 899 
www.meteo.cat/wpweb/climatologia/serveis-i-dades-climatiques (accessed 4.20.19). 900 

Siegfried, M., Koelmans, A.A., Besseling, E., Kroeze, C., 2017. Export of microplastics from 901 
land to sea. A modelling approach. Water Res. 127, 249–257. 902 
https://doi.org/10.1016/j.watres.2017.10.011 903 

Solé, M., Baena, M., Arnau, S., Carrasson, M., Maynou, F., Cartes, J.E., 2010. Muscular 904 
cholinesterase activities and lipid peroxidation levels as biomarkers in several 905 
Mediterranean marine fish species and their relationship with ecological variables. 906 
Environ. Int. 36, 202–211. https://doi.org/10.1016/j.envint.2009.11.008 907 

Torre, M., Digka, N., Anastasopoulou, A., Tsangaris, C., Mytilineou, C., 2016. Anthropogenic 908 
microfibres pollution in marine biota. A new and simple methodology to minimize 909 
airborne contamination. Mar. Pollut. Bull. 113, 55–61. 910 
https://doi.org/10.1016/j.marpolbul.2016.07.050 911 

Tubau, X., Canals, M., Lastras, G., Rayo, X., Rivera, J., Amblas, D., 2015. Marine litter on the 912 
floor of deep submarine canyons of the Northwestern Mediterranean Sea: The role of 913 
hydrodynamic processes. Prog. Oceanogr. 134, 379–403. 914 
https://doi.org/10.1016/j.pocean.2015.03.013 915 

UNEP/MAP, 2015. Marine Litter Assessment in the Mediterranean. Athens, Greece. 916 
UNEP, 2009. Marine Litter: a Global Challenge. Nairobi. 917 
Von Moos, N., Burkhardt-Holm, P., Köhler, A., 2012. Uptake and effects of microplastics on 918 

cells and tissue of the blue mussel Mytilus edulis L. after an experimental exposure. 919 
Environ. Sci. Technol. 46, 11327–11335. https://doi.org/10.1021/es302332w 920 

Wagner, M., Lambert, S., 2018. Freshwater Microplastics, The Handbook of Environmental 921 
Chemistry. Springer International Publishing, Cham. https://doi.org/10.1007/978-3-319-922 
61615-5 923 

Waller, C.L., Griffiths, H.J., Waluda, C.M., Thorpe, S.E., Loaiza, I., Moreno, B., Pacherres, 924 
C.O., Hughes, K.A., 2017. Microplastics in the Antarctic marine system: An emerging 925 
area of research. Sci. Total Environ. 598, 220–227. 926 
https://doi.org/10.1016/j.scitotenv.2017.03.283 927 

Watts, A.J.R., Urbina, M.A., Corr, S., Lewis, C., Galloway, T.S., 2015. Ingestion of Plastic 928 
Microfibers by the Crab Carcinus maenas and Its Effect on Food Consumption and 929 
Energy Balance. Environ. Sci. Technol. 49, 14597–14604. 930 
https://doi.org/10.1021/acs.est.5b04026 931 

Welden, N.A.C., Cowie, P.R., 2016a. Long-term microplastic retention causes reduced body 932 
condition in the langoustine, Nephrops norvegicus. Environ. Pollut. 218, 895–900. 933 
https://doi.org/10.1016/j.envpol.2016.08.020 934 

Welden, N.A.C., Cowie, P.R., 2016b. Environment and gut morphology influence microplastic 935 
retention in langoustine, Nephrops norvegicus. Environ. Pollut. 214, 859–865. 936 
https://doi.org/10.1016/j.envpol.2016.03.067 937 

Woodall, L.C., Sanchez-Vidal, A., Canals, M., Paterson, G.L.J., Coppock, R., Sleight, V., 938 
Calafat, A., Rogers, A.D., Narayanaswamy, B.E., Thompson, R.C., 2014. The deep sea is 939 
a major sink for microplastic debris. R. Soc. Open Sci. 1, 140317–140317. 940 



20 
 

https://doi.org/10.1098/rsos.140317 941 
  942 



Figures  

 

 

Fig. 1. Map of the study area showing the occurrence of fibers and balls and the mean total length 

of fibers (TL) per individual in Aristeus antennatus captured along the Catalan coast in spring (sp) 

and summer (su) of 2018. Occurrence values in percentage of individuals are displayed in the top 

right corner with vertical bars in white fill color for all fibers (isolated or tangled) and black fill 

color for balls (tangled fibers). Mean values (± standard error) of TL in mm per individual are 

depicted with vertical bars in white fill color for fibers in the stomach and dark fill color for fibers 

recovered from the intestine content. Main rivers (Tordera, Besòs, Llobregat and Ebro) and 

industrial (orange) and urban (magenta) areas are also represented. The background map is from 

EMODnet Bathymetry Consortium (2016): EMODnet Digital Bathymetry (DTM). 

https://doi.org/10.12770/c7b53704-999d-4721-b1a3-04ec60c87238. Land and urban areas data 

reprinted from SIOSE [www.siose.es] under a CC BY licence, original copyright 2016. River data 

reprinted from [aca.gencat.cat] under a CC BY licence, original copyright 2012. (For interpretation 

of the references to color the reader is referred to the web version of this article.) 
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Fig. 2. Spatial (three localities: CB – Costa 

Brava, BC – Barcelona, ED – Ebro Delta) and 

seasonal (A – spring, B – summer) values of 

ball occurrence according to their category 

(form small and simple to big and complex: B-

I, B-II, B-III, B-IV).  

 

  

Fig. 3. Polymer composition of fibers recovered from Aristeus antennatus sampled along the Catalan 

coast (off Costa Brava (CB), off Barcelona city (BC) and off the Ebro Delta (ED)) in spring (top line) 

and summer (bottom line) in 2018. PA = polyamide; PET = Polyethylene terephthalate; PP = 

polypropylene.  



 
 

Fig. 4. Color composition of fibers recovered from individuals of Aristeus antennatus along the Catalan 

coast (off Costa Brava - CB, off Barcelona city – BC, and off the Ebro’s Delta - ED) during spring 

and summer of 2018. Dark category included from green to purple dark colors others than black and 

blue. Bright category included yellow to turquoise bright colors others than red or bright blue.  

 

Fig. 5. Mean values (± standard error) of fiber load (TL) per individual of Aristeus atennatus 

captured in the area off Barcelona (BC) in spring (sp) and summer (su) of 2007, 2017 or 2018. See 

Table 1 for details on the sampling.  



 

 

Fig. 6. Polymer composition of fibers recovered from individuals of Aristeus antennatus off Barcelona 

in different periods (2007 - left, 2017/18 - right) and seasons (spring – top; summer – bottom). Values 

from different localities (in front of the Besòs river mouth  and just south from Llobregat’s river, see 

Table 1 for details) were grouped and the mean value is depicted. PA = polyamide; PET = 

polyethylene terephthalate; PP = polypropylene.  

 

 

 



Tables 

Table 1. Sampling data for Aristeus antennatus. Loc: locality, BCB : off Barcelona city just 
in front of the Besòs River, BCL: off Barcelona city just south of the Llobregat River, 
CB: off costa Brava, ED: off Ebro Delta. Season, sp: spring; su: summer. n: number of 
individuals; CL: cephalothorax length 

Code Coordinates Loc Season  Year Depth n CL (mm) 

B2B 41.15 N; 2.40 E BCB sp 2007 790 16 35.0-47.4 
B3B 41.15 N; 2.40 E BCB su 2007 790 31 22.9-46.6 
B3V 41.07N; 2.22 E BCL su 2007 791 20 22.5-44.7 
P0B 41.18 N; 2.39 E BCB sp 2017 785 25 33.8-42.5 
P1G 41.39 N; 3.25 E CB sp 2018 641 22 26.8-31.2 
P1V 41.04 N; 2.05 E BCL sp 2018 759 23 26.8-35.6 
P1D 40.13 N; 1.23 E ED sp 2018 551 9 33.4-37.3 
P2G 41.47 N; 2.81 E CB su 2018 396 20 25.9-31.9 
P2V 41.11 N; 1.94 E BCL su 2018 572 18 31.1-38.3 
P2D 40.33 N; 1.32 E ED su 2018 425 17 33.1-40.7 

 

 

Table 2. Visual classification of balls (aggregation of tangled up fibers) based on three main criteria: 
morphology, number of constituent fibers and sum of the length of all constituent fibers (TL). 

Type Description 
Constituent 

fibers 
TL (mm) 

B-I 
Very loose ball. Sometimes aggregation depends strongly on 
attached organic matter. No core. Easy to untangle. 

<5 <50 

    

B-II 
Medium-loose ball. Loose core. Can be easily unraveled 
(sometimes only braided). 

10-20 50-100 

    

B-III 
Tight ball. Not only braided but also with several knots. One 
tight core. Difficult to unravel. 

30-50 100-200 

    

B-IV 
Tight large ball. More than one tight core or an extended one, 
with several complex knots. Impossible to untangle completely 
without breaking fibers. 

>50 >200 
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Table S1. Categorization of fibers encountered in the digestive system of Aristeus antennatus according to 
visual characteristics (general aspect) and results of the identification of 119 anthropogenic fibers (2.9% of 
the total) by means of FTIR (percentage of each polymer identified in %). Polymers identified Acr. = 
Acrylic; Cel. = Cellulose; PA = Polyamide; PET = Polyethylene terephthalate; PP = polypropylene.  

Category Description 
Polymer identified (%) 

Acr. Cel. PA PET PP 

A  Uniform diameter and round cross-section 
 Sometimes with wide molten or frayed ends 
 Generally smooth surface texture. Granular backbone texture. 

Pilling or fraying surface when damaged 
 Mostly transparent, yellowed or brownish 

0 0 70.8 16.7 12.5 

 

 
     

B  Mostly uniform diameter (sometimes with molten bends) and 
round cross-section 

 Clean ends, sometimes molten 
 Smooth surface texture. Refringent. Usually with delustrant 

agents visible as a bubbly backbone texture 
 Generally transparent or bright colored 

8.1 0 0 81.1 10.8 

 

 
     

C  Non-uniform diameter, flat or film-like 
 Diagonal-cut ends 
 Wrinkled surface with angular edges. Sometimes fraying surface 
 Mostly transparent, blue or black, usually non-uniform 

0 100 0 0 0 

 

 
     

D  Non-uniform diameter with dumbbell cross-section 
 Usually with fraying ends  
 Smooth and homogeneous surface and backbone texture. 
 Mostly transparent or bright colors 

80 0 0 14.3 5.7 

 

 
     

E  Non-uniform diameter with almost round-section 
 Generally clean ends 
 Wrinkled with smoothed or round edges 
 Mostly smooth texture (no fraying) 
 Mostly with dark colors 

10 20 0 70 0 

 29 



 S3 

Table S2. Descriptive parameters for fiber occurrence and load in individuals of Aristeus antennatus from three localities along the Catalan Coast (off Costa Brava, off 
Barcelona city, and off Ebro Delta) for spring and summer samplings in 2018 and according to their location in the digestive tract (stomach or intestine). Significant 
differences are indicated with superscripts as follows: seasonal differences (within the same locality) are denoted with numbers and spatial differences (within the 
same season) are indicated with letters (low case letters for spring and capital letters for summer). Absence of letters or numbers indicates no differences were found. 
Mean values ± standard deviation are given except for occurrence values (in percentage). FO: fiber occurrence; TA: total abundance of fiber per individual; TL: total 
length of fibers per individual; TLs: total length of synthetic fibers per individual; BO: ball occurrence; BA: estimated area per ball; BD: estimated density per ball.  

  
 

Costa Brava 
 

Barcelona city 
 

Ebro Delta 

  
 

spring summer 
 

spring summer 
 

spring summer 

STOMACH 
 

        

 FO (%) 
 

68.2  60.0 A  80.8  94.4 B  100.0  76.5 AB 

 TA (n fibers/ind) 
 

1.82 ± 2.11 a 10.0 ± 29.59 A  7.48 ± 17.90 1,b 157.33 ± 129.45 2,B  7.89 ± 4.08 c 16.41 ± 23.49 A 

 TL (mm of fibers/ind) 
 

6.44 ± 7.05 a 33.34 ± 71.32 A  32.36 ± 54.22 1,b 888.73 ± 637.59 2,B  32.42 ± 18.79 b 85.63 ± 109.28 A 

 BO (%) 
 

4.5 1,a 35.0 2,A  34.8 1,b 88.9 2,B  77.8 1,c 52.9 1,A 

 BA (mm2/ball) 
 

1.02  1,a* 1.73 ± 0.98 2,A  2.06 ± 0.26 1,b 18.53 ± 19.76 2,B  1.48 ± 0.66 c 2.63 ± 1.65 A 

 BD (mm/mm2·ball) 
 

17.37  1,a* 36.55 ± 26.20 2,A  32.36 ± 41.88 1,b 62.46 ± 34.39 2,B  28.98 ± 20.21 c 43.54 ± 30.24 A 

INTESTINE 
 

        

 FO (%) 
 

50.0 1 5.0 2,A  30.4 1 88.9 2,B  66.7 1 17.6 2,A 

 TA (n fibers/ind) 
 

0.91 ± 1.11 1 0.05 ± 0.22 2,A  0.65 ± 1.23  1 6.72 ± 5.05  2,B  1.11 ± 0.93 1 0.24 ± 0.56 2,A 

 TL (mm of fibers/ind) 
 

2.19 ± 2.86 1 0.27 ± 1.20 2,A  2.62 ± 8.06 1 26.32 ± 21.61 2,B  1.95 ± 1.62  0.97 ± 2.20 A 

TOTAL 
 

        

 FO (%) 
 

77.3  65.0 A  95.7 94.4 B  100  82.4 AB 

 TA (n fibers/ind) 
 

2.73 ± 2.69 a 10.05 ± 29.58 A  8.13 ± 17.78 1,b 164.06 ± 130.47 2,B  9.00 ± 4.58 b 16.65 ± 23.54 A 

 TL (mm of fibers/ind) 
 

8.63 ± 7.74 a 33.61 ± 71.19 A  34.98 ± 53.60 1,b 915.05 ± 640.56 2,B  34.37 ± 20.09 b 86.60 ± 109.19 A 

 
TLs (mm of 
plastic/individual) 

 

7.07 ± 6.66 a 32.03 ± 70.99 A  34.65 ± 53.12 1,b 899.34 ± 630.04 2,B  33.38 ± 19.88 b 73.72 ± 104.23 A 

* Only one ball found.  
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Table S3. Descriptive parameters for fiber occurrence and load in individuals in individuals of Aristeus antennatus off Barcelona city (just in front of the Besòs River or just south of the 
Llobregat River) for spring and summer samplings in 2007, 2017 and 2018, and according to their location in the digestive tract (stomach or intestine). Significant differences are indicated 
with superscripts as follows: seasonal differences (within the same year and locality) are denoted with numbers and temporal differences (within the same season and locality) are indicated 
with letters (low case letters for spring and capital letters for summer). Mean values ± standard deviation are given except for occurrence values (in percentage). FO: fiber occurrence; 
TA: total abundance of fibers per individual; TL: total fiber length; TLs: total length of synthetic fibers per individual; BO: ball occurrence; BA: ball area; BD: ball density. More details 
on each sampling station can be found in Table 1.  

 

  Besòs  Llobregat 

  2007  2017  2007  2018 

  spring (B2B) summer (B3B)  spring (P0B)  summer (B3V)  spring (P1V) summer (P2V) 

STOMACH          

 FO (%) 93.8 1,a 71.0 1  56.0 b  80.0 A  91.3 1 94.4 1,A 
 TA (n fibers/ind) 6.38 ± 7.54 1,a 15.32 ± 26.55 1  2.60 ± 4.85 b  5.10 ± 7.85 A  7.48 ± 17.90 1 157.33 ± 129.45 2,B 
 TL (mm of fibers/ind) 42.87 ± 51.89 1,a 61.75 ± 99.05 1  18.74 ± 37.06 b  29.80 ± 59.93 A  32.36 ± 54.22 1 888.73 ± 637.59 2,B 
 BO (%) 50.0 1,a 38.7 1  16.0 b  25.0 A  34.8 1 88.9 2,B 

 BA (mm2/ball) 2.97 ± 1.88 1,a 3.60 ± 3.12 1  4.87 ± 2.88 a  3.09 ± 3.07 A  2.06 ± 0.26 1 18.53 ± 19.76 2,B 

 BD (mm/mm2·ball) 27.58 ± 17.70 1,a 50.34 ± 28.62 1  15.44 ± 4.23 b  33.45 ± 17.07 A  32.36 ± 41.88 1 62.46 ± 34.39 2,B 
 

INTESTINE          

 FO (%) 68.8 1,a 32.3 2  48.0 a  35.0 A  30.4 1 88.9 2,B 
 TA (n fibers/ind) 1.50 ± 1.59 1,a 0.55 ± 1.09 2  1.20 ± 2.10 a  0.50 ± 0.76 A  0.65 ± 1.23 1 6.72 ± 5.05 2,B 
 TL (mm of fibers/ind) 5.67 ± 8.12 1,a 2.03 ± 5.49 2  4.34 ± 7.29 a  2.25 ± 3.86 A  2.62 ± 8.06 1 26.32 ± 21.61 2,B 
 

TOTAL          

 FO (%) 100.0 1,a 74.2 2  72.0  b  85.0 A  95.7 1 94.4 1,A 

 TA (n fibers/ind) 7.88 ± 7.86 1,a 15.87 ± 26.51 1  3.80 ± 5.31 b  5.60 ± 8.24 A  8.13 ± 17.78 1 164.06 ± 130.47 2,B 

 TL (mm of fibers/ind) 48.54 ± 53.19 1,a 63.78 ± 98.23 1  23.08 ± 37.51 b  32.05 ± 60.39 A  34.98 ± 53.60 1 915.05 ± 640.56 2,B 

 TLs (mm of synthetic fibers/individual) 47.65 ± 53.78 1,a 62.37 ± 95.42 1  22.45 ± 37.39 b  31.15 ± 60.52 A  34.65 ± 53.12 1 899.34 ± 630.04 2,B 
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Table S4. Studies conducted in the NW Mediterranean Sea reporting environmental concentrations of microplastics or marine litter.  

 Location Year 
Size range 

(mm) 
Analysis Method 

Depth 
range 
(m) 

Particle concentrations  Source Notes 

average  (± SD) units   

 
Blanes 2018 0.16-22.4 Digestive content 

screening 
396-641 6.399 fibers ·ind-1 Our 

study 
 

21.12 mm ·ind-1 

 
Barcelona 2007 0.35-37.7 Digestive content 

screening 
790 9.78 fibers ·ind-1 Our 

study 
 

48.12 mm ·ind-1 

 
Barcelona 2017-2018 0.21-37.3 Digestive content 

screening 
572-785 58.66 fibers ·ind-1 Our 

study 
 

324.37 mm ·ind-1 

 
Delta 2018 0.62-37.9 Digestive content 

screening 
425-551 12.83 fibers ·ind-1 Our 

study 
 

60.49 mm ·ind-1 

Surface waters 

 
Blanes a 2011-2012 0.33-5 Manta trawl (335 µm) 0 80000-160000 items · km-2 [1] No exact values given for the 

specific area of Blanes.  

 
Blanes a 2015 0.33-5 Manta trawl (335 µm) 0 0.497 items · m-2 [2] Fibers were not counted.  

0.080 mg·m-2 

 
Barcelona b 2011-2012 0.33-5 Manta trawl (335 µm) 0 >320000 items · km-2 [1] No exact values given for the 

specific area of Barcelona. 

 
Barcelona b 2015 0.33-5 Manta trawl (335 µm) 0 0.110 items · m-2 [2] Fibers were not counted.  

0.023 mg·m-2 

 
Catalan coast 
 

2015 0.33-5 Manta trawl (335 µm) 0 0.183 ± 0.158 items · m-2 [2] Fibers were not counted.  

0.025 ± 0.025 mg·m-2 

 
Balearic Basin 2013 0.2-1000 Neuston net (200 µm) 0.2 549.6 g · km-2 [3] Broader area than our study 

area. 
 Gulf of Lion 2010 0.33-5 Manta trawl (335 µm) 0 0.06 mg·m-2 [4] Close, yet not our area of study. 
 Gulf of Lion 2015 0.2-5 WP2 net (200 µm) 0 0.23 ± 0.20 items · m-3 [5] Close, yet not our area of study 

 
W Mediterranean 2010 0.33-5 Manta trawl (335 µm) 0 0.116 items · m-2 [4] Much broader area than our 

study area.  
2.02 mg·m-2 

 

All Mediterranean 2011-2012 0.33-5 Manta trawl (335 µm) 0 129682 items · km-2 [1] Much broader area than our 
study area. 

62.211 mg·km-2 

 

All Mediterranean 2011-2012 >5 Manta trawl (335 µm) 0 5700 items · km-2 [1] Much broader area than our 
study area.  

12000 mg·km-2 
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Sardinian-Balearic 
transect 

2013-2016 >200 Visual survey 0 2.5 items · km-2 [6] Close, yet not our study area. 
Macrolitter, including non-
plastic items, considered 

Coastal sediments / Beach sand 

 Barcelona b 2015-2017 <5* Beach sediment  0 148 items · kg-1 [7] Far from deep-sea areas. 

 
Ebro Delta c 2017 <0.05- 

>0.3 
Beach sediment 0-5 422 ± 119 items · kg-1 [8] Far from deep-sea areas. 

 
Ebro Delta c 2017 <0.05- 

>0.3 
Riverbed sediment  0-5 2052 ± 746 items · kg-1 [8] Far from deep-sea areas. 

 
Cap Croisette 
(Gulf of Lion) 

2016 0.063 – >5 Beach sediment  0 4,654 items · m-2 [9] Far from deep-sea areas. 

 Balearic Islands 2013 0.063 – 5 Subtidal sediment 8-10 0.27 items · g-1 [10] Far from deep-sea areas. 

Seafloor 

 
Blanes a 2009-2012 3-8 Deep-sea sediment 67-2222 8222 ± 3,700 fibers · m-2 [11] Similar approach (man-made 

fibers counted).  

 
Blanes a 1994-1996 macro Trawl composition 40-1600 ~1,600 items · km-2 [12] Macrolitter considered, yet only 

plastic items. 

 
Blanes a 1999-2011 macro Trawl composition 35-4500 31.1 items · ha-1 [13] Macrolitter, including non-

plastic items, considered 0.7-1.2 kg · ha-1 

 
Blanes a 2009 macro Trawl composition 900-2700 0.02-3264.6 kg · km-2 [14] Macrolitter, including non-

plastic items, considered 

 
Blanes a 2015 macro Visual survey 860-1509 1559 items · km-2 [15] Macrolitter, including non-

plastic items, considered 

 
Barcelona b 1993-1994 macro Trawl composition - 1762.6 items · km-2 [16] Macrolitter, including non-

plastic items, considered 

 
Cap de Creus 2009 20-500 Trawl composition 40-80 60.03 items · ha-1 [17] Macrolitter, including non-

plastic items, considered 

 
Catalan coast 2007-2017 >20 Trawl composition 0-800 ~3,1 kg · km-2 [18] Macrolitter, including non-

plastic items, considered 

 
French coast 1992-1998 macro Trawl composition - 19.35 items · ha-1 [19] Macrolitter, including non-

plastic items, considered 

a Equivalent to our Costa Brava sampling location 
b Equivalent to our Barcelona sampling location 
c Equivalent to our Delta sampling location 
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Table S5. Summary of biological parameters, including size and body condition indices, for each sampling station. 
Mean values ± SD are given. 

Code n CL (mm) Kn HSI GSI 

B2B 16 35.0-47.4 0,957 ± 0,070 6,29 ± 1,67 0,40 ± 0,20 

B3B 31 22.9-46.6 0,957 ± 0,064 4,31 ± 1,97 3,11 ± 3,14 

B3V 20 22.5-44.7 0,978 ± 0,074 2,96 ± 1,49 3,43 ± 2,34 

P0B 25 33.8-42.5 1,051 ± 0,073 6,48 ± 1,54 0,39 ± 0,23 

P1G 22 26.8-31.2 1,013 ± 0,100 7,36 ± 1,18 0,38 ± 0,22 

P1V 23 26.8-35.6 1,019 ± 0,066 8,02 ± 2,31 1,63 ± 1,00 

P1D 9 33.4-37.3 1,026 ± 0,066 5,91 ± 1,73 0,34 ± 0,22 

P2G 20 25.9-31.9 1,023 ± 0,088 5,72 ± 1,80 3,73 ± 2,12 

P2V 18 31.1-38.3 0,984 ± 0,050 5,54 ± 1,24 6,67 ± 2,34 

P2D 17 33.1-40.7 0,994 ± 0,062 5,39 ± 1,05 1,26 ± 0,93 
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 87 

 88 
Fig. S1. Map of the study area showing the occurrence of balls (BO in %) in stomachs of Aristeus 89 

antennatus captured along the Catalan coast during 1988-1989 in a monthly sampling (n=768 90 

specimens analyzed for diet studies). BO is calculated as the percentage of individuals with balls 91 

(tangled up fibers) over the total of individuals analyzed per each sampling. Largest circles 92 

represent BO = 20%. Differences in color intensity compared to the legend presented are due to 93 

the superposition of values for individuals from different samplings.  94 
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