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Abstract: Physical-chemical and biologicaldiversity of streams are influenced by the land use in
their watersheds. Plastics currently make up the most important waste asset, representing an im-
portant part of the transported and accumulated material in water courses. This work analyzes the
consumption of plastics debris by the fish communities in streams with two contrasting types of
land use. We worked with threestreams impacted by urbanization and threeby extensive ranching.
The stomach and intestinal contents of 309 individuals of 29 species were analyzed, by a modified
alkaline digestion, and observed under a stereo microscope with polarized light. A total of 373
plastic itemswere found, of which the majority corresponded to fibers (318). A significant differ-
ence was found between the percentage of individuals that consumed plastic debrisbetween both
systems (51.6% in ranchers and 76.6% in urban, p = 0.014 Mood’s Median), but no difference was
found in the average ingested per individual. This study establishes the first baseline on plastic
debris consumption by fish in Uruguayan streams, showing the extent of the plastic and micro-
plastic pollution problem. Although there are differences between the analyzed sites, we also
observed significant contamination in streams far from urbanization.

Keywords: urban streams; plastic pollution; microplastic consumption; freshwater fishes; gut

content

1. Introduction

Rivers and streams reflect their geographic location, geomorphological and natural
characteristics, and the human activities carried out in their hydrographic basins [1]. The
different land uses, such as urbanization, industries and the various agricultural activi-
ties that may be developed in a watershed, condition and determine the wastes and
pollutants that eventually end up reaching freshwater systems [2].

Particularly in the case of plastic wastes, their entry into inland water systems can
occur through several paths, both from point or diffuse sources. Among the former we
may include: (i) improper disposal direct to watercourses of their vicinity as a result of
bad practices at users level [3,4], (ii) domestic wastewater (including existing treatment
plants in the case of certain MPs for domestic use), (iii) failures in waste management
procedures in recycling plants, industries and agricultural activities. Diffuse sources
may include:(iv) urban runoff waters [5,6] as well as (v) airborn deposition arriving from
urban or industrial areas [7]. Distance from population centers, industries and landfills
certainly seem to be a determining factor increasing plastic waste inputs to freshwater
systems [5,8,9].

Plastics are a type of pollutants that have gained interest in the last decade, both in
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fresh and marine systems, because of their worldwide distribution and their ecological
consequences [10,11]. Despite having been identified in the early 1970s [12], it was not
until the last decade that they have been considered as a significant emerging pollutant
[13]. Plastics highly versatile and durable materials, with low production costs, generally
made from organic synthetic polymers obtained mainly from oil. Due to these character-
istics, their use is widespread throughout all industries, making them essential consum-
er goods in our daily lives [14]. However, because of their massive use and production,
particularly of the so-called “single use plastics”, immense amounts of plastic wastes are
generated, of which less than 15% is properly handled and recycled [15]. Their high
chemical stability ensures long term environmental perseverance and cumulative dy-
namics.

Once in freshwater systems, and particularly in streams, plastics are exposed to the
forces of the water currents that transport them downstream. Through this journey the
friction acceleratestheir degradation and subsequent fractioning, thus increasing the
number ofsmaller plastic particles (microplastics MPs <5mm) available in the environ-
ment. This is mainly due to the increase in secondary MPs, generated from the fragmen-
tation of larger wastes, as opposed to primary MPs, which are manufactured with small-
er sizes [16,17]. Whatever the origin of these plastics debris, from the moment they take
contact with the environment, and particularly when they reach lotic systems, a part gets
trapped in sediment, rocks or vegetation, and some are transported downstream [18].
Thus, the transport of plastics and microplastics will be determined both by the hydrol-
ogy and morphology of each stream, and by the characteristics of each plastic particle
(density, shape, size), making them take pelagic or benthic transport routes [13,16]. Due
to their slow decomposition rate, these wastes accumulate and successively fractionate
to microscopic dimensions, and become an integral part of ecological systems, interact-
ing and impacting biota [6,8,19].

This interaction with the fauna is further dependent on the characteristics of the bi-
ota (eg. size, feeding habits, trophic groups), but the smaller fraction of plastic debris
seems to be more available to fauna due to itssize [18,20]. Although several interactions
have been described, probably the most important for both fish and their potential con-
sumers, and therefore for the entire food web, is the ingestion of small plastic particles.
This would not only imply a physical affectation due to direct lesions or a false satiety
that would alter the growth and survival of the fishes. It has been shown that plastic de-
bris can behave as a pollutant trap (eg POPs). These contaminants could bioaccumulate
in organisms besides being transferred in the food web they can promote various toxic
effects, including endocrine disturbance, oxidative and metabolic stress, enzyme activi-
ty, and cell necrosis [21-23]. The consequences can compromise the survival, growth,
and reproduction [23,24]. Although rivers and streams are major carriers of these waste
(up to 80% of what reaches the oceans [9]), there is not much information on the plastic
transport and retention cycle, nor of their interaction withfauna in these systems [9,25].
Particularly for freshwater fish, although MPs consumption has been demonstrated,
there is no clear evidence of possiblerelationships between the size of the fish and the
amount, size or type of plastics debris ingested, nor the consequences of these interac-
tions [4,26,27].

Given that this encounter between stream biota and plastic and microplastic debris
is unfortunately unavoidable, the study of the possible ecological consequences of these
interactions becomes of great environmental importance [28-30]. Both globally and for
Uruguay [8,31], it appears urgent and very necessary to evaluate and analyze MPs
pathways, fates, and impacts in freshwater systems. This is of particular interest to fish
communities, since in addition to being an important source of food, fish also have a
great importance to the ecosystem functioning of streams and rivers, as they can control
the rest of the communities through predation, mediate nutrient flows, and can act as
ecosystem engineers [32-35]. In this context, in which fish can bioaccumulate and bio-
magnify the different pollutants that enter in the stream food webs, our objective is to
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evaluate the fish community and the incidence of plastic debris in the diet of the species
present insmall streams. In order to further evaluate the effect of human activities we-
compare streams that run through urban areas and areas of extensive cattle ranching. In
this scenario, considering the implications of each land use, and that in our country most
urban streams receive untreated sewage water [36],we expect to find a higher incidence
of plastic pollution in the diet of fish belonging to urban watersheds.

2. Materials and Methods
2.1. Study Sites

For this work we selected six lowland streams corresponding to southern Uruguay,
located principally in areas with two different land use, three with a predominance of
extensive ranching (Insaurral 33°47'07.1”S, 56°08'02.3"W, Curupi 34°40'26.9”S,
55°25'14.2”W and Las Nifias 34°40'18.3”S, 55°24'59.5”W) and three in urban or peri-
urban areas (Cafiada del Colorado 34°40'40.5”S, 56°14'50.4”"W, Las Piedras
34°45'6.4”S,56°15'22.9”Wand Cafiada del Dragén 34°43'58.8”S, 56°1736.9”W) (Figure 1).
All streams correspond to order 2 or 3 and belong to the Rio de la Plata basin. For each
sampling site, the drainage area was delimited using geographic information systems,
and the information on ground cover was obtained from SIT-MVOTMA (former Minis-
terio de Vivienda Ordenamiento Territorial y Medio Ambiente from Uruguay/Ministry
of Housing, Land Use Planning and the Environment).
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Figure 1. Map of the study area including the watersheds of the six sampled streams. The first row corresponds to the
watersheds of the Extensive Ranching streams, while the bottom row shows the watershed of the Urban streams. Col-
ours corresponding to land uses.

2.2. Environmental and Fish Communities Sampling

The six selected sites were sampled in February 2017, measuring physicochemical
parameters (i.e., conductivity, pH, temperature, dissolved oxygen) with a YSI-6000MS-
V2 multiparameter sonde (Xylem Analytics, Yellow Springs, OH, USA.) and taking wa-
ter samples which were refrigerated at 4°C. Once in the laboratory, total phosphorus and
total nitrogen were measured [37]. The morphology of the stream was characterized for
each site by performing six cross transects every 10 m along 50 m of shoreline. For each
of the transects, the width of the stream was measured, as well as the depth every 25 cm.
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Fishes were collected by electrofishing along the same stream reach. The same
three-person team applied 50 electric pulses for a maximum of 10 s, capturing fish with a
hand net and placing all fishes in a bucket with water until the fishing was finished [38].
All collected individualswere euthanized with an overdose of a dilution of eugenol of 2
ml/L (dilution: 1 eugenol:10 ethanol) for 15 min. Individuals were immediately fixed in
formaldehyde solution (10%) and finally preserved in ethanol (70%). All the fish caught
were pooled into one sample per site, and in the laboratory fishes were classified to spe-
cies level, weighed and measured (standard length), prior to dissection. Species were al-
so classified into trophic groups using guides [39] and unpublished data from our labor-
atory. Richness, relative abundance, total biomass, and size distribution of individuals
were calculated for every stream. Individuals and biomass density (ind.m2and g.m=2,
respectively) were also estimated for each site, based on sampled area, mean abundance,
and mean biomass following Teixeira-de-Mello et al. [38]. The fish collection and han-
dling procedure was carried out following the approved Comision Honoraria de Exper-
imentacién Animal (CHEA) protocol 603(101)-CEUA CURE.

2.3. Plastics Consumption

There is currently no consensus on a single classification for the study of plastics
and their sub-fractions, which results in difficulties when it comes to contrasting data
[40]. In this study we used one of the most widespread classifications, where microplas-
tics (MPs) are defined as plastic items smaller than 5 mm in their longer axis and meso-
plastics (MesoP) as those smaller than 2.5 cm [18,40,41]. Beyond their sizes, plastic debris
can also be classified according to their origin into primary (those that since their manu-
facture already have a small size- for example pellets of microspheres found in cosmetics
[42]) or secondary (those that originate from fragmentation of larger particles), although
this classification is mainly used for MPs [14,18]. Considering their shape, they were
classified in two large categories: fibers (when the particle is very elongated and lacks
width and thickness of relevance) and fragments (rounded or angular particles, with ir-
regular edges) [43]. Information about their size and colour was also documented. Plas-
tic fibers or filaments make up one of the most abundant MPs groups today (50-90%),
both in water and gut content [4,10,44].

In order to prevent potential airborne plastics contamination in the laboratory, all
work surfaces and materials were cleaned with alcohol and miliQ water, the latter cov-
ered with aluminum foil, and all work was conducted avoiding the use of air condition-
ers to prevent particle movement. In addition, control blanks with miliQ water were set
up at two stages; firstly when the tissues were chemically digested and later when the
samples were observed under stereomicroscope and microscope. Each control was ob-
served and analyzed after each sample analysis in the laboratory, and exchanged for a
new one. If plastic items were found in the blanks, they were counted, photographed,
measured and classified (shape and color). In the case of observing coincidences (shape
and color) with the items found in the sample, the particles found in the blank plate
were respectively discounted from the sample.

Regarding the fish, five individuals perspecies, or the total number of individuals in
species with lower captures, were consideredin the analysis. In streams with low species
diversity, the number of individuals was increased among those available up to 20. The
removal of the digestive tract (gut or full intestine in those species that do not have a
gut) was made through a ventral cut. The tissues of each digestive tract were digested
following a modified alkaline digestion process [45], by adding a volume necessary to
cover the sample (in the smallest samples a minimum of 25 ml was used) of 10% KOH
solution in a 150 ml glass Erlenmeyer (previously rinsed with alcohol and miliQ water
and covered with aluminum foil until use). Finally, these Erlenmeyer flasks, again cov-
ered with aluminum, were placed in an oven at 60 °C for 12 h. With these samples, a
blank Erlenmeyer was prepared containing 25 ml of 10% KOH solution, that was also
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covered with aluminum and placed in the oven, to be later analyzed for procedure con-
trol.

The contents of the Erlenmeyer were subsequently filtered (100 microns mesh) and
the retained materials were transferred to glass Petri dishes using miliQ water and ob-
served under a stereomicroscope (SZX7, 56x, Olympus, Tokyo, Japon). During the ob-
servation the Petri dishes remained closed at all times, and when a possible plastic item
was found, it was measured and photographed. Later the particle was extracted and an-
alyzed under anEclipse 50imicroscope (type 104,Nikon, Tokyo, Japon) equipped with a
polarized light filter (Ascer 2015, Nikon, Tokyo, Japon) to confirm that it was indeed
aplastic, and was stored in a 2 mL eppendorf tube. Polarized light allows us to identify
polymers such as polyethylene, polypropylene and polyethylene terephthalate, because
they are anisotropic materials. These materials appear bright while other materials ap-
pear completely dark [46]. In the case of particles that were not optically active under
polarized light, the ‘hot needle’ technique was also used to evaluate their response
[46,47]. Once confirmed asa plastic item, the particles were classified into fibers or frag-
ments, and were also measured based on their maximum length and separated accord-
ing to their size and color.

2.4. Estimation of Plastics at Species and Community Level

The presence of plastic debris was accounted per analyzed individual, per stream,
and per land use group.Average presence of plastic items per individual and land use
group were calculated, as well as the average presence per species.

With the obtained calculation of plastic items per fish and per fish biomass we ex-
trapolated the information at the community level. Starting off the data of plastic items
consumed per individual biomass, the average per gram of individual analyzed was ob-
tained, for each species. This value is then extrapolated to the total weight collected per
each species, to obtain a value of plastic items weighted per gram per species. The sum
of the data for each species allowed us to estimate the total amount of plastic consumed
per unit area (m?). This estimation allowed us to obtain the amount of plastic per square
meter (items-m=) corrected by biomass. The same procedure, considering the mean
number of plastic items per individual of each species, and the density estimate for each
stream (ind.m™2), allowed us to estimate the amount of plastic per square meter for the
whole community (items-m2) corrected by density of individuals.

3. Statistical Analysis

To assess if there were differences between the two land use categories, using three
replicates for eachfish community we compared density, richness, biomass, and for wa-
ter parameters pH, dissolved oxygen, phosphorus, nitrogen and temperature,using
Mood’s median test. This test compares medians between groups and can be applied to
groups without normal distribution and heterogeneity of variance [48].

For plastics both fibers and fragments were treated as one group. Three approaches
were used to evaluate possible differences between the two land use categories. (i) On
the one hand, a generalized linear mixed model of the negative binomial family was
used to evaluate the relation between the number of plastic items per individual (count
variable) with the land use type and the individual’s trophic group (categorical varia-
bles). (ii) On the other hand, the presence/absence of plastics in each sample (binomial
variable) was analyzed based on the explanatory variables used in the previous model.
In order to compare this relationship, a generalized linear mixed model of the binomial
family was fitted. (iii) Finally, the number of plastic items per gram of fish (continuous
numerical variable) was compared on one side between Urban and Extensive Ranching,
and on the other hand between the same trophic group from different land use. Both
analyses were carried out using a Generalized Linear Mixed Model (GLMM) from the
log normal family. However, these analyses could not be performed for Invertivorous
and Piscivorous due to the different body size ranges between land uses for these
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trophic groups. In all cases, the identity of the species was used as a random variable
seeking to eliminate the possible correlation between data obtained for the same species.

Cnesterodon decemmaculatus was selected for specific analysis as it was the only spe-
cies that occured in all sites. In this way, a GLMM from the binomial family, using the
site identity as a random variable and stream type as fixed effect was generated. Using
this analysis we compared if there were differences in the probability of plastic ocur-
rence between Urban and Extensive Ranching streams for C. decemmaculatus.All these
analyzes were carried out using free software R [49]. The generalized mixed models
were fitted using the “Ime4” package [50]. Residual analysis was carried out using the
DHARMa package in the case of GLMM from the binomial family [51].

4. Results

All lowland streams are of similar watershed area, width and depth (Table 1). The
order of urban streams is lower, which may be due to the practice of piping the lower
orders (one and two) in urban areas. In the Extensive Ranching group (ER), there’s a
predominance of coverage by natural herbaceous areas (mean 50.7% + 30.3%), native
forest (15.8% * 27.3%) and pastures (24.0% =+ 13.2%). While in the watershed of the Urban
(Ur) streams, there are important urban areas (25.3% * 11.1%), predominantly irrigated
and rainfed crops (41.3% + 19.8%) and in third place the natural herbaceous (21.7% =+
8.1%). There were significant differences between both groups for dissolved oxygen, pH,
nitrogen and phosphorus (Mood’s median, Chi2 = 6, p = 0.014), and non-significant dif-
ferences for temperature (Mood’s median, Chi2 = 0.67, p = 0.41).

Table 1. Main characteristics of the 6 streams analyzed, mean and standard deviation per group. The streams are sepa-
rated in two groups according to the main activity carried out in their watershed: Extensive Ranching (Insaurral, Curupi
and Las Ninas) and Urban (Cafada del Dragén, Cafiada del Colorado and Las Piedras).

Extensive Ranching Urban
Insaurral CurupiLas Nifias Average C. del DragonC. del Colorado Las Piedras  Average
Watershed (km?) 14.42 16.32 4.421 11.7+ 6.4 11.21 6.063 25.83 14.4 £10.3
Order 3 3 3 - 2 1 2 -
Average width (m) 1.67 3.03 1.97 22+0.7 2.33 1.57 413 27+1.3
Average depth (m) 0.19 0.45 0.34 0.32 +0. 13 0.45 0.25 0.32 0.34+0.10
Land use (%)
Urban area 0.05 0 0 0.02 +0.03 13.17 29.03 34.52 25.6 £+11.1
Natural grassland 67.66 15.76 68.7 50.7 £30.3 14.06 30.26 20.75 21.7 £8.1
Riverine forest 0 47.37 0 15.8 £27.3 4.65 0.02 1.22 20+24
Rainfed and irrigated crop 0 0 0 0 62.64 23.42 37.75 41.3+19.8
Pastures 32.1 8.81 31.12 24 #¥13.2 1.1 14.4 292 6.1+72
Afforestation 0.19 28.07 0.18 9.5 £16.1 4.37 2.87 2.84 3409
Physico-chemical parameters
Dissolved oxygen 8.78 8.22 11 9.3+1.5 5.72 5.05 3.78 49+1.0
pH 8.28 7.89 8.41 8.2+0.3 7.38 7.43 7.66 75%0.1
Total Nitrogen (ug/L) 497 275 673 481.7 £199 258 471 706 478.3 +224
Total Phosphorus (ug/L) 706 770 1170 882 + 251 2689 1330 5862 3293.7 £2325
Temperature (°C) 244 25.46 23.7 24.5 0.9 23.14 23.53 25.28 24 +11

4.1. Fish Communities

A total of 29 species of fish were found in the six sampled streams, with an average
of 15 (+1) species in ER streams and 11 (+6) in Ur streams (with non-significant differ-
ences). The species found belong to four trophic groups: invertivores (11), detritivores
(6), omnivores (11) and piscivores (1) (Annex 1).

The ER streams presented a significantly higher biomass than the Ur streams (8.64 +
1.95 g.m2 and 1.52 + 0.45 g.m, respectively) (Mood’s median, Chi2 = 6, p = 0.014). How-
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ever, the density of individuals didn’t present a significant difference between Ur (10.0 +
11.0 ind.m™2) and ER streams (7.65 + 4.26 ind.m2) (Mood’s median, Chi2 =0.67, p = 0.41).

The order with the highest relative abundance in ER streams was Characiformes
(55.53 + 18.65), while in the Ur streams it was Cyprinodontiformes (62.90 + 35.94). The
species with the highest relative abundance for the first stream group were Cnesterodon
decemmaculatus (21.0 + 8.7), Characidium rachovii (11.8 + 11.5) and Ectrepopterus uruguayen-
sis (9.5 + 10.4). In Urban streams they were C. decemmaculatus (53.6 + 49.7), Phalloceros
caudimaculatus (9.0 = 15.6) and Bryconamericus iheringii (7.5 + 12.2). The only one present
in all systems was the tolerant species C. decemmaculatus (Table 2).

Table 2. Main characteristics of the communities of the 6 streams analyzed. Mean is presented for each stream, and
mean and standard deviation (SD) per land use group. Relative abundance of each species per stream is presented.

Extensive Ranching Urban
Insaurral Curupi Las Niflas Mean * SD C. del Dragén C. del Colorado Las Piedras Mean * SD

Richness 16 14 16 15.3+1.2 17 11 5 11£6.0
Biomass (g/m?) 10.84 7.11 7.97 8.6+1.9 1.94 1.57 1.05 1.5+0.5

Density (ind/m?) 11.11 2.89 8.95 7.7+4.2 4.24 3.12 22.79 10.1+11.1

Relative abundance of species (%)

Cnesterodon decemmaculatus 12.85 30.18 19.83 21.0£8.7 0.98 60 99.7 53.6 +49.7
Characidium rachovii 5.91 4.47 25 11.8 +11.5 1.47 3 0 1.5+15
Ectrepopterus uruguayensis 7.97 0 20.65 9.5 +£10.4 0 0 0 0.00+0
Astyanax sp. 5.41 17.88 3.26 8979 10.78 10 0 6.9 +6.0
Bryconamericus iheringii 23.39 0 1.36 8.3+13.1 21.57 1 0 7.5+12.2
Australoheros facetus 12.08 8.37 0.54 7.0+5.9 0 0 0 0.00+0
Cheirodon interruptus 11.31 5.03 2.72 6.4+4.5 10.78 6 0 5.6 +5.4
Hyphessobrycon meridionalis 0.76 2.23 8.97 4.0+44 4.9 0 0 1.6+28
Gymmnogeophagus terrapurpura 5.14 391 2.45 3.8+1.4 0.98 0 0.05 0.3+0.6
Heptapterus mustelinus 6.43 4.47 0 3.6+3.3 0.98 0 0 0.3+0.6
Gymmnogeophagus mekinos 1.03 7.82 1.36 3.4+3.8 0 0 0 0.00+0
Crenicichla scottii 3.34 5.58 0.82 33+24 0 0 0 0.00+0
Steindachnerina biornata 0 0 5.98 2.0+35 0.98 1 0 0.7 0.6
Rineloricaria sp. 2.06 2.23 0 14+1.2 0 9 0 3.0+£5.2
Australoheros scitulus 0.26 0 3.53 1.3+1.9 0 0 0 0.00+0
Charax stenopterus 0 3.35 0.27 1.2+19 0 0 0 0.00+0
Oligosarcus jenynsii 0.51 1.12 1.63 1.1+0.6 0.49 0 0 0.2+0.3
Synbranchus marmoratus 0 1.68 0 0.6 +1.0 0.49 3 0 1.2+1.6
Hoplias argentinensis 0 0 1.63 0.5+0.9 0.49 0 0 0.2+0.3
Ancistrus taunayi 0 1.12 0 0.4+0.7 0 0 0 0.00+0
Corydoras paleatus 0.77 0 0 0.3+0.4 6.86 4 0.15 3.7+34
Hypostomus commersoni 0 0.56 0 0.2%0.3 0 0 0 0.00+0
Pseudocorynopoma doriae 0.26 0 0 0.1+0.2 4.9 0 0 1.6 +2.8
Hisonotus nigricauda 0.26 0 0 0.1+0.2 1.47 0 0 0.5+0.9
Gymnotus omarorum 0.26 0 0 0.1+0.2 0 0 0 0.00+0
Phalloceros caudimaculatus 0 0 0 0.0+0 26.96 0 0 9.0 +15.6
Otocinclus arnoldi 0 0 0 0.0+0 2.45 0 0.05 0.8+1.4
Rhamdia aff. quelen 0 0 0 000 0.49 2 0 0.8+1.0
Jenynsia lineata 0 0 0 0.0+0 0 1 0.05 0.4 0.6

Regarding size distribution, ER streams contained fish communities with longer in-
dividuals compared to the communities of Ur streams. In ER streams 90% of the indi-
viduals were smaller than 6 cm and 25% while in Ur systems, 90% of the individuals
were smaller than 4 cm (Figure 2A,B, respectively).
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Figure 2. Histograms of the lengths of sampled individuals according to two different land use: (A) in green corresponds
to Extensive Ranching systems and (B) in orange corresponds to Urban systems. The curve represents the cumulative
percentage of individuals of each size. In all cases individuals longer than 10 cm were included in the last category.

4.2. Plastic Debris
4.2.1. Community Level and Land Use

The analysis of plasticdebris included 309 individuals of 29 species, from the six
streams. Plastics were found in all streams and in 60% of the gut content analyzed (189
individuals of 309 analyzed), adding up to a total of 373 items, of which 85% were fibers
(318) and 15% fragments (55) (Figure 3). This dominance of fibers was also found within
each land use group, with 93.4% (+4.9) of the items found in ER streams and 82.3% (+7.1)
in Ur streams. Fragments, however, were more abundant in Ur streams. Regarding the
frequency of occurrence of these two types of plastics in fish digestive tract, 59% of the
individuals presented fibers, while only 9% presented fragments. The most frequent col-
or among fibers was blue (67%), and white for fragments (87%) (Figure 4). Of the total of
items collected, 5.1% (19 items) measured between 5-6mm (63% were fibers and 37%
fragments), of these 59% correspond to ER systems and 41% to Ur. The most abundant
size between items under 5mm was between 1-2mm for both types of systems (40% ER
and 36% Ur).
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Figure 3. Variety of fibers (A—C) and fragments (D-F) recovered from digestions of digestive tract contents of fish. C and
F show the reaction of the items to exposure to polarized light (optical active).
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Figure 4. Size distribution of the plastic fibers found and their colours for each stream and for the groups (Extensive Ranching and
Urban). Each graph also contains information about the amount of individuals analyzed, species and fibers collected.
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The gut contents of ER streams account the 46% of the total registered plastic parti-
cles (172 items, Insaurral 20%, Curupi 15%, Las Nifias 11%, from the total items), and the
remaining 54% was registered in Ur streams (201 items, Cafiada del Dragén 20%, Ca-
fnada del Colorado 29%, Las Piedras 5%).

The probability that one fish contains plastic items was significantly higher in the
Ur streams in comparison with ER streams (0.78 and 0.55, respectively; ANOVA, F =
8.15, p = 0.004) (Figure 5A). Regarding the number of plastic itemsper individual, the
model shows that the mean number ofitems per individual is also significantly higher in
the Ur streams in comparison with ER streams (1.76 and 0.90, respectively) (ANOVA, F =
8.15, p =0.004) (Figure 5B). Based on the results of plastic items in gut content, an estima-
tion of the number of items per gram of individual for each of the groups of streams
showed significantly higher values in Ur streams (mean = 1.39) than in ER streams
(mean =1.22) (ANOVA, F =8.19, p = 0.004) (Figure 5C).

Extensive Ranching

Average items per individual
Average items per gram of fish
o
®

Urban Extensive Ranching Urban Extensive Ranching Urban

Figure 5. (A) Mean and standard deviation of the probability of collecting a fish containing at least one plastic itemin Ex-
tensive Ranching and Urban streams. (B) Mean and standard deviation of the number of plastic itemsper individual for
Extensive Ranching and Urban streams. (C) Average number of plastic items per gram of fish and their deviation for Ex-
tensive Ranching and Urban streams.

From the results of the abundance of plastics in the gut content and the fish density
(individuals and biomass per square meter), an estimation of the number of plastic items
consumed per square meter at the moment of sampling was obtained (Table 3). Alt-
hough no significant differences were observed between the two types of systems for the
plastics estimated per fish biomass per square meter (items.m=2) nor by plastics estimat-
ed per individual per square meter (items.m2) (in both cases Mood’s Media, Chi2 = 0.67,
p =0.41), a trend of higher density was observed in the Urban group (Table 3).

Table 3. Plastic density calculated per square meter for each site estimated by fish biomass and
density. The first three streams correspond to Extensive Ranching systems (Insaurral, Curupi and
Las Nifias) and the final three to Urban systems (Cafiada del Dragén, Cafiada del Colorado and
Las Piedras).

items.m2Estymate by Bi-

Streams omass items.m2Estymate by Density
Insaurral 2.4 12.7
Curupi 1.2 3.1
Las Ninas 1.2 5.8
Canada del Dragén 1.6 5.7
Canada del Colorado 1.9 74

Las Piedras 3.2 24.4
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4.2.2. Trophic Level Group Analysis

When taking account of the number of plastic items per trophic group, no differ-
ences were detected between groups (Chi? =3.77, p = 0.437). However, differences were
found when comparing trophic groups from different land use systems. Both compari-
sons showed higher results in urban systems for Omnivores and Detritivores. The aver-
age mean value for Omnivores was 1.99 items-g™ in Urban streams meanwhile it was
1.3%items.g'in Extensive Ranching streams (ANOVA, F = 20.26, p < 0.05). In the Detri-
tivorous case, the mean value in Urban systems was 1.49 items-g™, while in Extensive
Ranching systems the mean value was 1.08 items-g' (ANOVA, F =4.66, p = 0.05).

4.2.3. Species and Individual Level

A qualitative analysis of the consumption of plastic debris at the species level was
carried out integrating all the individuals analyzed, regardless of the site in which they
were collected. Because not all species were present in both types of systems, it was not
possible to carry statistical comparisons.

All the species analyzed presented plastic items in at least one of the individuals
analyzed. Hypostomus commersoni was the only species that presented at least one item in
all the individuals analyzed, and the one that showed the highest average number of
particles per individual (2.4 items.ind?) in at least three individuals.

At the individual level, the highest number of fibers was found in a Crenicichlascotti
with (16 items) in the Insaurral stream (ER group), while the highest number of frag-
ments were found in two individuals of Astyanax spp. (seven items each) at the Canada
del Colorado stream (Ur group).

The species with the lowest meannumber of plastic items per gram of individual
was Australoheros facetus (0.021items-g1), while Cnesterodon decemmaculatus was the one
with the highest amount (8.3 items-g™, Figure 6B). Cnesterodon decemmaculatus was pre-
sent at all sites, and the GLMM analysis carried out didn’t show any significant differ-
ences in the mean number of plastics between land use groups (i.e., ER and Ur) (ANO-
VA; F=0.14; p=0.71).
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Figure 6. (A) Average of plastic items per individual per species, with its standard deviation. (B) Average of plastic
itemsper gram of individual. Both graphs present the species in increasing order. In parentheses next to each species
name, appears the amount of individuals analyzed, and secondly, how many sites within each group was the species
collected, for Extensive Ranching and Urban streams respectively.

5. Discussion

This work analyzes for the first time the incidence of plastic debris in the gut con-
tent in stream fish communitiesin Uruguay, including the potential effect of land use.
Being the first antecedent in Uruguay, the results obtained from this research are of ut-
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most importance due to the limited information available on the incidence of microplas-
tics at the fish community levelin streams at international level.

The streams analyzed presented both physico-chemical and fish communities with
differential characteristics. The studied Uruguayan systems affected by urbanization
tend to have poorer water quality than extensive ranching streams, and less diverse fish
communities, characterized by fish of a smaller size, as has been reported in previous
studies [51]. Regarding the incidence ofplastic pollution, urban and peri-urban systems
presented a higher percentage of fish that consumed plastic debrisand a significantly
higher amount of items per gram of fish, compared to extensive ranching systems.

A great variety of plastics were found in the analyzed streams, regarding size,
shape, and coloration. Both fibers and fragments were present in all sites and thus in
both types of systems, although to a greater extent in the streams from the Urban group,
supporting the hypothesis about the greater contribution and consumption by the com-
munities of these streams. The high percentage of fibers with respect to fragments or
other types of plastic debris is consistent with the bibliography, as fibers have been doc-
umented as the most common and even the only form found in some cases [4,13]. Alt-
hough fibers are considered less harmful relative to fragments in terms of their conse-
quences to the digestive system (lacking sharp edges or thickness that could lead to
blockages), they would be more likely to accumulate in the digestive system [18].

Regarding the color of the plastics found, a predominance of blue fiber is consistent
with previous data from the region and world trends [4,13,25,52-55]. This prevalence of
blue colored fibers could be associated with the resistance of this colour to UV radiation
degradation [56]. In the case of the fragments, the predominant color was white, coincid-
ing with data from more distant areas [54] but not with previous results for the region,
where the highest abundance found was of blue fragments [13]. According to Wang et
al. [20], a higher consumption of white MPs could be not only due to its greater availa-
bility but also to its similarity in coloration with certain types of zooplankton, being able
to generate in some species an active consumption. However, it is not yet clear how
shape, density and coloration of the plastic debris relates to selectivity and feeding hab-
its of different species of fish [20,57].

In agreement with our expected results, we found a higher percentage of individu-
als with plastic debris in Urban streams. This coincides with recent studies carried out in
Brazil which show a positive relationship between the incidence of MPs by the fish
community and the urbanization area [13]. Although in our case we also found higher
amounts in the urban systems, the percentage of individuals taht consume plastic items
was much higher than the reported by Garcia et al. [6] for the Ivai river in the state of Pa-
rana (37% in Brazil versus 76% in Uruguay). Regarding non-urban systems, studies in
the region report values of 28% [6] and 50% [58] of individuals with presence of MPs,
which are similar to those obtained in our Extensive Ranching systems analyzed (51.6 +
9.8%, adding MPs and MesoPs).

When analyzing the average number of items consumed in both streams groups, no
significant differences were found, suggesting that at an individual level the fishes of Ur
systems would not necessarily consume more plastic than those of ER systems. Alt-
hough this was not expected, it is possible that the potential contribution of plastic de-
bris by the activities carried out in ER systems may have been underestimated. In this
sense, environments outside urbanized areas may be receiving significant contributions
of MPs from multiple sources, both poor waste disposal in the area, contribution of the
productive activities in the watershed, or the atmospheric deposition [9,59]. Recent stud-
ies have also described significant concentrations of MPs in undeveloped and remote ar-
eas [7,59]. The physical and meteorological patterns behind paths and fates of small plas-
tic debris are yet to be fully understood, but it is clear that once suspended they can be
transported from a few hundreds of kilometers, favoring the presence of these particles
in areas with less human activity than the one from which they originated [59]. It is
common to consider that a water course is influenced by the activities that take place di-
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rectly in its watershed, but in future research it may be necessary to consider external
factors and activities carried further away from them since the arrival by atmospheric
deposition can represent an important source of entry of MPs into aquatic systems. An-
other factor that may be explaining why at the individual level there would be no differ-
ences in plastic consumption between Ur and ER streams is the possible existence of a
“consumption threshold”. This threshold has recently been documented, and would be
given by passive consumption and a common general concentration of MPs that could
be masking the expected relationship of maximum levels of MPs consumption in Ur
streams [56,60]. In this sense, it is crucial to complement gut content analysis with sedi-
ment and water analysis, in order to determine what is the offer of plastic debris, and
particularly MPs, in the environment and thus understand more integrally the dynamics
of interaction.

There is scarce research on the consumption of plastics at a community level in
freshwater environments and thus this study proposes a new level of analysis, evaluat-
ing in two different and complementary ways, the possible load of MPs and MesoPsin
the community (estimate by density of fish ind-m= and by total biomass of fish g-m=).
These results show an increase in the plastic items load for both estimates in urban sites,
which is consistent with our hypothesis. These density estimates could allow us to ex-
trapolate up to the load of “active plastic” or plastic circulating in food chains. However,
different estimates of plastic load (items'm2) are obtained depending on whether we
start from individuals (ind-m2) or biomass (g'm=2) even from the same stream. These re-
sults suggest that variations in the size of individuals and species may be affecting their
relationship with plastic consumption. A smaller body size could make a species more
vulnerable, compared to bigger species, which at first sight do not show a higher aver-
age consumption of plastics, but there is a higher ratio of particles per gram.Although at
first glance its average consumption may not be higher and may even be much lower
than that of a larger species, its item load per gram could be much higher. In this con-
text, it is also relevant to include the analysis of the presence and concentration of con-
taminants associated with plastic debris [20,22]. In this sense, equal consumption of plas-
tics per individual, assuming the same pollutant load per plastic consumed, would im-
ply greater consequences in the smallest individuals due to a higher ratio of pollutant
load to biomass, and therefore a greater risk due to this anthropogenic hazard. This
could be also particularly important for early stages of development and juvenile indi-
viduals regardless of species [61]. Although this first approach still needs to be pushed
forward and refined in other studies, combining it, for example, with the analysis of the
load/supply of plastic debris from water, sediment and other compartments, or the anal-
ysis of contaminants related to plastics, it would may give a systemic vision of this pol-
lution.

Considering the study case of C. decemmaculatus, there were no significant differ-
ences in the consumption of MPs between ER and Ur systems, so this small omnivorous
species would be affected regardless of land use. Like most, this species showed a higher
incidence of fibers rather than fragments, probably because the fibers can be easier to
consume by having only one dominant dimension [56]. When considering the consump-
tion of plastics in respect to the body weight C. decemmaculatus had the highest incidence
rates. These results would support the hypothesis that smaller species would be more
vulnerable even when their individual loads of plastic (items.ind)are not among the
highest, due to a high incidence in respect to their biomass (items.g™").These results can
support the hypothesis that some species might be more vulnerable to consumption of
plastic debris, although they do not show the higher averages of ingestion at the indi-
vidual level, as it has been seen with other vertebrates [61].

Due to the variety of shapes and colorations of the plastics debris, as already men-
tioned, it is possible that some of these are consumed intentionally by being confused
with food. Based on experimental results it has been observed that MPs are transferred
and biomagnified in the trophic chain, and different eating habits may have different
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rates of MPs consumption, either directly or indirectly, exposing them to different con-
sequences [13,27,45]. One of the most common and studied consequences of the intake of
MPs in a variety of taxonomic groups is the accumulation in the digestive tract, which
causes a false sensation of satiety and thus a deterioration in nutrient absorption,
growth, metabolic rates and reproductive performance [13,60]. Recent studies have be-
gun to analyze the physiological impacts that could result from MPs consumption, par-
ticularly in peptides and enzymes related to digestion, which may also affect fish at
muscular and nerve function level [62-64]. Some studies have observed that between 2
and 40% of the individuals analyzed had ingested between one and seven plastic parti-
cles [45]. Compromise in predatory capabilities could be primarily detrimental in pisciv-
orous species, being able to have effects in top down controls and in trophic networks,
affecting ecosystem functioning [63,65].

Regarding MPs consumption and trophic habits, although the current evidence is
not yet clear, generalist habits seem to expose individuals to a greater number of envi-
ronmental compartments, and thus to greater exposure to a potential consumption of
MPs [4,13,54]. Previous studies in South America found positive relationships between
omnivory habits and the consumption of MPs [13,45], but our results do not show any
significant differences in the mean number of items per fish and per gram between
trophic groups. It is important to highlight that some authors are questioning the inten-
tionality in the ingestion of MPs, and due to the variability of the omnivorous habit, it is
possible that individuals passively ingest small plastic debris when foraging for food or
along with their prey, so they could be more susceptible to ingestion of MPs
[56,64,66,67].

From the hypothesis raised in this work we can conclude that the land use has an
impact on the consumption of plastics by fish communities of lowland streams of Uru-
guay. This is evident from the highest number of individuals who presented plastic de-
bris and the highest amount of items per gram in Urban streams. These results indicate a
greater impact of plastic pollution on these systems, which is consistent with the bibliog-
raphy analyzed. This work also proposes a new way to quantify and relativize the inci-
dence ofplastics, both from estimates of density at the community level and consump-
tion with respect to the number of individuals and their biomass. Beginning to use this
type of estimations would make it possible to unify the data and make comparisons of
communities, estimating the loads of plastic debris and also understand the intake at in-
dividual levels in these systems, both at trophic groups level and of species. The devel-
opment, use and improvement of this kind of estimation would allow to unify data and
achieve comparisons at the community level, estimating plastic loads at system level but
also understanding intake at the individual level, and therefore at the level of species
and trophic groups. Understanding these dynamics would help to estimate the plastic
load circulating in streams and its balance, including what enters from watersheds and
what could potentially reach estuaries and ultimately seas and oceans. The problem of
plastics and microplastics pollution is of great interest and concern worldwide, therefore
it is necessary to continue deepening the understanding of the relationship between
these waste and biota, and especially in continental water courses, which have been rel-
egated so far in the face of marine studies.
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