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Abstract
Most freshwater habitats have been substantially affected by anthropogenic factors such as fish
introductions, plastic pollution, and river regulation. Urban rivers are highly vulnerable to impacts
associated with land use changes resulting from increasing urbanization, including altering habitat
and establishing aquatic biological communities in these areas. In turn, the introduction of exotic
species into sensitive and threatened ecosystems such as tropical urban streams and their rapid
establishment, such as Pterygoplichthys multiradiatus, was used as an ecological model to determine
the relative population size of the species. Also, the species was used to evaluate the presence of
microplastics (MPs) in the gastrointestinal tract (GIT) of fish in rivers with different land use
history. Our results showed significant differences in pleco abundance between areas with high and
low urban (LU) development in the watersheds. The study demonstrated that abiotic
environmental factors directly influence the relative abundance of plecos at the range and
watershed scales. In a total of 42 fish examined, only 85.7% showed MPs retained in the GIT, with
fibers and fragments being the most common. A total of 22 pieces of microplastic were identified
with Nile Red staining by slide analysis. A significant difference was found between the abundance
of microplastic ingested per total fish length between streams with high and LU development
reaches. Therefore, in relatively small amounts, microplastic ingestion appears to be common in P.
multiradiatus species, regardless of the habitat in which they are found and the diet present.

1. Introduction

In recent years, urban development has had a negative impact, causing physical, chemical, and biological
disturbances that significantly affect the composition and quantity of organisms inhabiting freshwater
ecosystems [1]. For example, aquatic organisms inhabiting rivers in urban areas are exposed to a wide variety
of environmental pollutants due to the high accumulation and toxicity of these wastes, which can have
detrimental effects on free-living animals and cause population collapse [2]. Degradation due to changes in
channel stability and geomorphology, alteration of water and sediment quality, and changes in the ecological
status of receptors are described by the urban stream syndrome [3]. Furthermore, vulnerable impacts
associated with changes in land uses contribute to the direct and indirect introduction of different forms of
anthropogenic litter (e.g. plastic waste, used water discharges, pesticide or oil contamination, etc), which
may or may not cause an imbalance in the ecosystem [4], being irreversible to its natural regeneration in
many cases.

It is widely recognized that anthropogenic litter represents a severe threat to the environment on a global
scale. Numerous studies have shown that plastics make up the majority of this concern, which is now known
as plastic waste pollution [5]. Plastic use continues to increase worldwide, and some plastic waste is released
into rivers unchecked. Although plastic pollution in rivers remains understudied [6]. Recent studies have
shown excessive accumulation of different plastic fragments in freshwater systems [7–10], identifying sinks of
plastic pollution in riverbanks, buried in riverbed sediments, and accumulation of plastics within freshwater
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organisms [1, 11]. Consequently, this is a growing problem intimately linked to the current urbanization
model.

Microplastics (MPs) (defined as plastics<5 mm), fall into two categories: (1) primary MPs, which are
plastic particles originally manufactured in those sizes for commercial use (e.g. cosmetics, clothing, and
other textiles); and (2) secondary MPs, particles resulting from the breakdown of larger plastic items (e.g.
plastic bottles, cleaner and detergent containers, and many others). Ingestion of MPs by aquatic organisms
(e.g. zooplankton, invertebrates, bivalves, and fish, among others) is the most studied interaction at present
[12, 13] because of the potential for trophic transfer [14]. However, when MPs are ingested, they cause
deleterious effects on the health of the organism (e.g. reduced survival, reproduction, feeding, immune
function, growth rate, and lipid peroxidation) [14, 15]. They also serve as an entry point for the leaching of
toxic chemicals and their introduction into the food chain [16, 17]. In this sense, several studies have used
different organisms as bioindicators to characterize environmentally induced changes and the serious
problem of plastic pollution for aquatic ecosystems. For example, in inland waters in Turkey, organisms such
as the zebra mussel, Dreissena polymorpha (Pallas, 1771), have begun to be used to provide much more
effective detection rates and characterization of MP [18]. There is increasing evidence that MPs can be
transferred in the food chain. Also, studies have found up to 232 MPs in the gastrointestinal system in
dominant fish species in freshwater ecosystems in Turkey [19], revealing the extent of MP contamination in
aquatic ecosystems, especially in freshwater. For these reasons, there is increasing evidence that freshwater
fish ingest MPs around the world [20, 21].

However, given the increased imperviousness and channelization projects caused by increased
urbanization, urban rivers significantly impact how different fish species are distributed and how their
communities are composed [22, 23]. For example, dam construction and some channel modifications act as
barriers to native fish species in Puerto Rico, affecting their migratory patterns and assemblages. As a result,
native species assemblages are overburdened due to altered or disrupted migratory patterns and life cycles,
while the spread of exotic species continues to increase [24, 25]. In addition, it may be possible to study the
population dynamics of exotic fish in urban streams in Puerto Rico, to serve as bioindicators of
anthropogenic pollution (particularly plastic debris) and to better understand the connections between
freshwater fish and their habitat and the impact of pollutants on altering aquatic ecosystems.

The freshwater fish fauna of Puerto Rico is dominated mainly by exotic fish species [22, 26], introduced
from the southeastern United States, Africa, Asia, and South America [27, 28]. Exotic fishes were introduced
to Puerto Rico through the aquaculture sector, pet shop trade, and game fishing [22, 26, 27, 29]. In fact, of
the 45 primarily freshwater species on the island, 38 are introduced exotic species [22, 29, 30], with this
proportion of exotic freshwater fishes being among the highest globally for island faunas [26, 28].

Recent introductions include the Orinoco sailfin catfish or pleco (Pterygoplichthys multiradiatus, Family:
Loricariidae) (Hancock, 1828), an exotic species brought from Venezuela, probably introduced by aquarium
hobbyists during the 1990s [27]. During the last few decades, several species of the genus Pterygoplichthys
and putative hybrids have been widely introduced outside their native ranges [22, 29, 31, 32]. Currently,
evidence has been obtained on the distribution of this exotic species in slow-flowing rivers and estuarine
zones, as well as lakes and swamps [22, 29, 32], with a temperature range in tropical areas of 23 ◦C–27 ◦C
and a pH of 6.5–7.8. P. multiradiatus has rapid growth during the first two years of life, living for more than
ten years [33]. Their body sizes range from 30 to 50 cm, up to 70 cm in adults. They are bottom-dwelling
fish, characterized by a depressed body covered by large bony plates forming a flexible armor and a flat
bottom body shape [27]. The mouth is inferior (sucker), with surrounding lips forming a suction disk, and
in combination with teeth, is an adaptation to attach to the substrate to consume algae, organic sediments,
small invertebrates, and even eggs of other fish [34–36]. In addition, due to competition for food [36, 37],
plecos show aggressive and territorial behavior in direct competition with native fish.

This species presents significant threats to native fish communities and aquatic habitats in the United
States [36], affecting ecosystems at lower and upper trophic levels. In Puerto Rico, the Puerto Rico
Department of Natural and Environmental Resources has cataloged P. multiradiatus as an invasive species,
causing severe damage to sectors of the economy such as agriculture and fisheries and negative impacts on
the island’s diversity, constituting a public health risk for local communities. Among the adverse effects of
this species are physical habitat degradation and ingesting native fish eggs [33, 36, 38]. Also, soil uptake and
grazing affect primary productivity (e.g. by altering sediment size and algal growth cultures) and secondary
productivity (e.g. by bypassing net food consumption).

The primary aim of this study was to determine the relative population size of P. multiradiatus and to
compare abundance between watersheds that have different land uses and between urban and suburban
areas within the watersheds. A secondary aim is to determine, quantify, and identify the types of MPs found
within the gastrointestinal tract (GIT) of fish collected from different urban reaches in relation to different
land use conditions between watersheds. We hypothesized that (1) the population of P. multiradiatus will be
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higher in areas of LU density compared to areas of high urban (HU) density due to different habitat
alterations, and (2) a high concentration of MPs could be found in the GIT of P. multiradiatus inhabiting
highly developed urban areas because they are exposed to high levels of plastic pollution in these stream areas
compared to areas of LU or rural development.

2. Materials andmethods

2.1. Study sites
The Río Bayamón and Río Piedras watersheds were selected to describe and compare the population status of
P. multiradiatus. These watersheds represent the highest levels of urbanization based on the percentage of
urban coverage on the island. At each watershed, two sampling sites were selected, one located in the urban
area and the other in the peri-urban area; each represents a different urban impact degree. Also, two pools
were randomly selected at each sampling site, with approximately 100 m of separation between pools.
Sampling sites within the watersheds were selected based on the percentage of urbanization in each
watershed. For this, classifications provided by the US Census Bureau, identifying and defining the
differences between individual urban areas and suburban areas, were used. HU reaches were defined as
urbanized areas based on a minimum threshold of 2000 housing units or at least 2500–5000 people [39].
While LU reaches consisted of a population of fewer than 2500 people [39].

The Río Bayamón watershed (figure 1) is located in northern Puerto Rico and is one of the longest
streams on the island. The stream has an elevation of up to 450 m above sea level. It originates in the
mountainous areas south of Cidra, running approximately 40 km from the Cidra Reservoir to its mouth at
the Atlantic Ocean, between Cataño and Levittown in northern Puerto Rico [40]. The Río Bayamón
watershed has one of the highest urbanization rates on the island, with about 24% urban and 7% suburban
developments [41]. Forests (41%) and pasture areas (26%) predominate in the upper part of the watershed.
The water discharge of the Río Bayamón increases due to contributions from the Minillas and Guaynabo
streams (downstream of the reservoir), along with another 22 primary streams and 36 secondary tributaries.
Plecos were collected at the following stations: HU (18.3767◦ N, 66.1370◦ W) and LU (18.3470◦ N,
66.1359◦ W).

The Río Piedras watershed (figure 1) has the island’s highest level of urban development. Its headwaters
are located in the Caimito in the municipality of San Juan, and it flows northward for about 16 km at its
mouth into San Juan Bay [42]. The Río Piedras is the only stream in San Juan that originates at about 150 m
above sea level on the slopes of the mountains that separate the municipality of Trujillo Alto from San Juan,
formed by the Los Guanos and Las Curias streams, the latter being the stream that feeds the Las Curias dam
in the upper part of the watershed. Most of the watershed is urban, reaching about 60% urbanized area in the
San Juan metropolitan area [41], except for the highlands south of the Experiment Station, with abundant
vegetation. The watershed has forest cover (26.4%) and pasture areas (15.3%). There are no substantial
agricultural activities in the watershed. Plecos were collected at the following stations: HU (18.4107◦ N,
66.0708◦ W) and LU (18.3912◦ N, 66.0578◦ W).

2.2. Physicochemical parameters
In each sampling site in each watershed, six chemical parameters were measured (temperature, pH,
conductivity, total dissolved solids, dissolved oxygen, and salinity) using a multiparameter sonde. Also,
stream habitat was quantified through direct measurements of the physical characteristics of the pools
(length, width, depth, water flow, and substrate composition) at the four reaches (two per sampling site)
with high and LU reaches.

The water discharge for each watershed was obtained from the United States Geological Service gauging
station located nearest the stream sampling sites. The size composition of the substrate was estimated at each
sampling reach where the fish were collected. A total of 500 rocks were randomly selected from each of the
pools in the different sampling reaches using a gravelometer to determine and classify the size and structure
of the substrate. The percentage categories were converted to a substrate index (SI) using the following
formula: SI= [(0.08)(% bedrock)+ (0.07)(% boulder)+ (0.06)(% coble)+ (0.05)(% gravel)+ (0.04)(%
fine gravel)+ (0.03)(% sand and fines)].

2.3. Fish sampling andmorphological measurements
Plecos were collected in each pool per sampling site in the Río Bayamón and Río Piedras watersheds. Plecos
were collected using a fishing net because the pools were shallow (<one meter deep). Collections consisted of
capturing as many fish as possible during a time limit of 60 min per pass per pool, which was delimited by a
fishing net to limit fish emigration or immigration during sampling. At the end of the capture time limit,
each fish collected was counted and marked with plastic strips of a different color for each pool to avoid
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Figure 1. Location of Río Bayamón and Río Piedras watersheds of the studied streams in the north coast of Puerto Rico. The black
circle represents the high urban reach (HU) [Parque Pedrín Zorrilla, Río Piedras, San Juan (18.4107◦ N, 66.0708◦ W), Río
Bayamón Golf Course, Bayamón (18.3767◦ N, 66.1370◦ W)]; and the white circle represents the lower urban reach (LU) [Jardín
Botánico University of Puerto Rico, San Juan (18.3912◦ N, 66.0578◦ W), Barrio Guaraguao Abajo, Bayamón (18.3470◦ N,
66.1359◦ W)].

mixing fish between pools and to facilitate their identification for the recapture rounds of sampling. This
procedure was carried out for four consecutive days during the first week and four consecutive days during
the second week. Catch per unit effort (CPUE) was calculated for a total sampling of eight days. CPUE
represented the number of plecos divided by the sampling effort (i.e. the number of catches among the eight
days at each sampling site).

In order to determine the presence of microplastic particles in the GIT contents of fish, a total of 42
plecos were collected between urban reaches in both watersheds. In the Bayamon River watershed, 25 plecos
were collected in the HU reach and five plecos in the LU reach. In the Río Piedras watershed, ten plecos were
collected in the HU reach and two plecos in the LU reach. The captured fish were deposited in coolers with
water and constant aeration until they were transported to the laboratory of the University of Puerto Rico
Río Piedras campus, where they were identified (by location and date of capture), treated with an overdose of
anesthetic (MS-222), kept on ice until prior use, and analyzed for GIT extraction.

At the laboratory, photographs of the lateral and ventral views and morphological measurements of the
plecos were collected for visual comparison among samples. The following measurements were calculated:
(i) total length (TL): defined as the length of a fish measured from the tip of the snout to the tip of the tail or
caudal fin; (ii) standard length (SL): refers to the length of a fish measured from the tip of the snout to the
posterior limit of the last vertebra or the mediolateral portion of the hypural lamina; (iii) fork length (FL):
defined as the length of a fish measured from the tip of the snout to the end of the median rays of the caudal
fin; (iv) head length (HL): defined as the length of the head from the tip of the snout to the most posterior
portion of the operculum; (v) pectoral length (PL): defined as the length from the most posterior portion of
the operculum to the end of the dorsal fin; (vi) length of the caudal peduncle (PCP): refers to the length from
the end of the dorsal fin to the posterior limit of the last vertebra or the mediolateral portion of the hypural
lamina; and, (vii) body width (BW): measured to determine the distance from the anterior part of the
pectoral fin to the anterior part of the other pectoral fin, passing through the width of the animal (figure 2).
It is important to mention that BW is not girth. The circumference is a contour measurement (it takes the
shape of the fish).

2.4. Population estimation
The capture-mark-recapture method was used to determine the relative population size of P. multiradiatus at
the different sampling sites in both watersheds. Peterson’s Index was used to estimate population size, and a
slightly more complex formula can be used to perform many additional capture-markings and markings in
addition to the first one: Ň=M2 • C2 +M3 • C3 …/R2 + R3 …where N represents the population size,M
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Figure 2.Morphological measurements in P. multiradiatus. (TL) total length; (SL) standard length; (FL) fork length; (HL) head
length; (PL) pectoral length; (PCP) caudal peduncle length; and, (BW) body width.

is the number of individuals marked in the population, C is the number of individuals captured in the
sample, and R is the number of individuals recaptured from the sample.

2.5. MPs identification
In order to minimize the risk of contamination, the materials and tools used in our study were thoroughly
cleaned with 70% ethyl alcohol before use and handling. Laboratory clothing made of non-plastic materials
and gloves (nitrile) were used throughout the dissection and instruments were cleaned with pure filtered
water after handling each specimen.

This study involved the use of two types of methods for the identification of MPs in the samples. One
method involved the use of vacuum filtration, while the other involved the use of Nile Red staining. The
organism was dissected using a method similar to previous studies [17]. The entire GIT from the 42 plecos
was isolated, dissected into parts (esophagus, stomach, and intestine), and preserved in 250 ml glass vials
with a 10% formaldehyde solution for two days at room temperature. The formaldehyde solution improved
conservation time and did not destroy or alter tissue characterization. Each part of the GIT was washed with
distilled water under controlled pressure to remove all contents adhering to the tissue. Prior to filtration of
the contents, 1 ml of the stomach content sample was extracted to prepare slides with different dyes. Safranin
was used to determine the presence of algae; floroglucinol for lignin detection; lactophenol cotton blue to
recognize fungal chitin; alizarin red for animal chitin; and Nile red for microplastic detection. These dyes
provided a balance in visibility and ease of internal stomach properties. Nile Red was adopted because it is
the most effective in adsorption and fluorescence intensity for identifying plastic particles [43]. A total of five
slides per staining per organ were performed in order to detect the highest composition of organic matter in
fish. The stained residues on the prepared slides were examined with a stereo microscope, and
microphotographs of the different types of organic matter and plastic particles were taken.

The solution with the remaining contents was vacuum filtered using mixed cellulose ester membrane
filters (47 mm diameter, pore size of 1.0 µm), and examined for MPs under a stereomicroscope.
Observations of MPs on filters and on slides prepared by staining with Nile red were classified according to
their size and shape [13] and were categorized into (i) fragments: irregularly shaped particles, crystals, fluff,
dust, films, flakes, granules; (ii) fibers: filaments, strands, threads; (iii) spheres: grains, microspheres; (iv)
foam: polystyrene fragments, expanded polystyrene; and (v) pellets: resin or pre-production pellets. No
plastic materials (beakers, Petri dishes, droppers, or micropipettes) were used in the MPs analysis.

2.6. Statistical analysis
The environmental and physicochemical variables were compared among study sites for both watersheds
using one-way ANOVA analysis. Two-way ANOVA was used to compare the CPUE between streams and
urban reaches (HU and LU); CPUE data were transformed to LN+ 1. A cluster analysis was performed to
determine the similarities characteristics between the urban reaches of both watersheds. Non-metric
multidimensional scaling (NMDS) analysis was used to describe the relationship between the environmental
variables (pool depth, pool length, pool width, water flow, % Substrate Index, temperature, pH, conductivity,
total dissolved solids, dissolved oxygen, and salinity) and P. multiradiatus abundance. Measurements of
stream habitat environmental variables in the different sampling reaches in Río Bayamón (RBHU—Río
Bayamón HU and RBLU—Río Bayamón LU) and Río Piedras (RPHU—Río Piedras HU reach and
RPLU—Río Piedras LU reach), were plotted as vectors. The Bray–Curtis dissimilarity index was used as a
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Table 1.Mean (±SE) water chemistry parameters in the high urban (HU) and low urban (LU) reaches in the Río Bayamón and Río
Piedras watersheds. NS–not significant at p= 0.05; ∗ p< 0.05.

Chemical parameters

Río Bayamón Río Piedras

ANOVAHU LU HU LU

Temperature (˚C) 30.07± 0.08 31.27± 0.02 27.84± 0.07 27.08± 0.06 ∗

pH 7.41± 0.04 7.79± 0.07 7.69± 0.04 7.66± 0.04 ∗

Conductivity (µS·cm−1) 436± 5.03 425± 0.6 455± 4.6 473± 4.5 ∗

Total dissolved solids (ppm) 218± 2.4 212± 0.4 231± 2.0 236± 2.24 ∗

Dissolved oxygen (mg·l−1) 7.46± 0.1 5.20± 0.1 5.10± 0.2 5.10± 0.3 ∗

Salinity (ppt) 0.21± 0.002 0.20± 0.001 0.22± 0.002 0.22± 0.002 ∗

distance variable for NMDS ordination. All statistical analyses will be performed with PAST software version
4.04.

Descriptive analyses were performed to describe the amount and type of microplastic retained in the GIT
of P. multiradiatus. A Chi-square test was performed to determine the sex of the plecos. To understand the
variations in the abundance of MPs between the two different urban stream sites in each watershed, a
one-way ANOVA was performed under a statistical significance level of p< 0.05. However, prior to ANOVA
analysis, microplastic abundance data were tested using the Kolmogorov–Smirnov test to confirm normal
distribution and Levene’s test (p> 0.05) to assess homogeneity of variances without any transformation. The
total fish length in each urban reach of the watersheds was compared to the total amount of plastic particles
found in the GIT using a Pearson correlation test.

3. Results

3.1. Physicochemical parameters
In the Río Bayamón watershed, the one-way ANOVA results for chemical parameters showed significant
differences (F(5,6) = 4484, p< 0.05) in temperature, pH, conductivity, total dissolved solids, dissolved
oxygen, and salinity between the urban reaches (HU and LU) within the same watershed. The HU reach
showed a mean water temperature of 30.07± 0.08 ◦C and a pH with a high mean value of 7.41± 0.04. While
in the LU reach the temperature and pH showed low mean values of 30.07± 0.08 ◦C and 7.41± 0.04,
respectively. The parameters of conductivity, total dissolved solids, dissolved oxygen concentration, and
stream salinity in the HU reach were higher in comparison to the LU (table 1).

One-way ANOVA for chemical parameters in the Río Piedras watershed showed significant differences
(F(5,6) = 616, p< 0.05) in temperature, pH, conductivity, total dissolved solids, dissolved oxygen, and
salinity between the urban reaches (HU and LU) within the same watershed. The high mean values of
temperature and pH were recorded in the HU reach (27.84± 0.07 ◦C and 7.69± 0.04, respectively), while in
the LU, lower mean values were recorded (27.08± 0.06 ◦C and 7.66± 0.04, respectively). The LU recorded
high mean values for conductivity, total dissolved solids, and dissolved oxygen concentration, unlike the HU,
which recorded low mean values. Salinity for both urban reaches was similar, with mean values of
0.22± 0.002 ppt (table 1).

Comparison of physicochemical parameters among urban reaches between the Río Bayamón and Río
Piedras watersheds showed significant differences (F(5,18) = 2691, p< 0.05) in temperature, pH, conductivity,
total dissolved solids, dissolved oxygen, and salinity (table 1). Our results showed that the stream water
temperature of the Río Bayamón watershed is significantly higher for all urban reaches compared to the Río
Piedras watershed. The highest stream water temperature was observed in the LU reach of the Río Bayamón
watershed (31.27 ◦C± 0.02 ◦C), while the temperature with low mean values was in the LU of the Río
Piedras watershed (27.08 ◦C± 0.06 ◦C). Significant differences in conductivity, total dissolved solids,
dissolved oxygen concentration, and salinity were observed between the watersheds (table 1). The urban
reaches of the Río Piedras watershed had high mean values for Conductivity (HU: 455± 4.6 µS•cm−1; LU:
473± 4.5 µS•cm−1), total dissolved solids (HU: 231± 2.0 ppm; LU: 236± 2.24 ppm), and salinity
concentrations (HU: 0.22± 0.002 ppt; LU: 0.22± 0.002 ppt), while in the Río Bayamón watershed, the
urban reaches showed low mean values for these parameters. The mean values for dissolved oxygen
concentration for the Río Bayamón watershed (HU: 7.46± 0.1 mg•l−1; LU: 5.20± 0.1 mg•l−1) were higher
than those for the Río Piedras watershed (HU: 5.10± 0.2 mg•l−1; LU: 5.10± 0.3 mg•l−1) (table 1).

One-way ANOVA results comparing environmental variables (depth, water flow, and substrate index) of
the urban reaches between the Río Bayamón and Río Piedras watersheds and between sampling sites showed
statistically significant differences (F(2,9) = 15.3, p= 0.001) (table 2). The urban reaches in the Río Bayamón
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Table 2.Mean (±SE) of physical measurements in the high urban (HU) and low urban (LU) reaches in the Río Bayamón and Río
Piedras watersheds. NS–not significant at p= 0.05; ∗ p< 0.05.

Physical measurements

Río Bayamón Río Piedras

ANOVAHU LU HU LU

Depth (m) 37.5± 5.0 38.6± 4.5 51.2± 5.5 49.0± 5.4 ∗

Water flow 42.57± 9.93 12.10± 1.26 16.34± 1.37 29.5± 3.24 ∗

Substrate index 4.99± 1.37 4.98± 1.28 4.94± 1.09 4.94± 1.10 ∗

Figure 3.Mean (LN+ 1) (±SE) of catch per unit effort (CPUE) for P. multiradiatus in Río Bayamón and Río Piedras watershed.
The dark gray bars represent fish caught in the high urban reach and the light gray bars represent fish caught in the lower urban
reach in each watershed. The horizontal line above the bars represents the differences in the two-way ANOVA test between the
urban tract categories. NS–not significant at p= 0.05; ∗ p< 0.05.

watershed showed no significant differences (F(2,3) = 2.76, p= 0.208), while the urban reaches in the Río
Piedras watershed did show significant differences (F(2,3) = 29.34, p= 0.01) (table 2).

3.2. Fish sampling and population size
A total of 383 specimens of P. multiradiatus were collected in the Río Bayamón and Río Piedras watersheds.
Higher numbers of P. multiradiatus were observed in the HU (N = 264), in contrast to the LU (N = 80) in
the Río Bayamón watershed. For the Río Piedras watershed, the catch of organisms was lower than the Río
Bayamón, with the HU (N = 32) having the highest number in the watershed and the LU (N = 7) having a
lower abundance.

Significant differences were found in CPUE between Río Bayamón and Río Piedras watersheds (Two-way
ANOVA, F(3,56) = 43.85, p< 0.05) (figure 3). The urban reaches in the Río Bayamón watershed showed a
statistically significant difference between the CPUE (F(1,28) = 45.57, p< 0.05) (figure 3). While in the urban
reaches of the Río Piedras watershed, there was no significant difference between CPUE (F(1,28) = 0.157,
p= 0.694) (figure 3). Our results showed that HU reaches in Río Bayamón (2.06± 0.21 CPUE) and Río
Piedras (0.25± 0.56 CPUE) had significantly different mean CPUE. Similar results were found for LU
reaches (figure 3).

The population estimate by the Petersen Index of P. multiradiatus in the urban reaches of HU and LU in
Río Bayamón and Río Piedras showed variations between watersheds (table 3). The Río Bayamón watershed
had the highest population estimate of P. multiradiatus in the HU reach, with a population size estimate of
408 individuals, while the LU showed a population size estimate of 19. On the other hand, the Río Piedras
watershed obtained a much lower population estimate of P. multiradiatus, where the HU had 15 individuals
and the LU had 7 (table 3).

Plecos collected in the HU and LU reaches of the Río Piedras watershed had a greater TL than fish
collected in the Río Bayamón watershed. The HU and LU reaches in the Río Piedras watershed showed a
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Table 3. Population estimation by Petersen index (PI) of P. multiradiatus in the high urban (HU) and low urban (LU) reaches of the Río
Bayamón and Río Piedras watersheds.

Watershed Urban reach Population size by PI

Río Bayamón
HU 408
LU 19

Río Piedras
HU 15
LU 7

Table 4.Mean (±SE) morphological measurements of P. multiradiatus in the high urban (HU) and low urban (LU) reaches of the Río
Bayamón and Río Piedras watersheds.

Watershed
Urban
reach

Mean weight
± SE (g)

Mean total
length± SE

(cm)

Mean fork
length± SE

(cm)

Mean
standard

length± SE
(cm)

Mean head
length± SE

(cm)

Mean
pectoral

length± SE
(cm)

Mean
caudal

length± SE
(cm)

Mean body
width±
SE (cm)

Sex M:F
(No. of fish)

Río
Bayamón

High 483.62± 19.4 40.41± 0.6 36.41± 0.7 32.97± 0.6 7.53± 0.2 16.60± 0.3 10.57± 0.3 12.21± 0.3 18:7
Low 345± 34.0 35.8± 0.9 31.34± 0.7 27.78± 0.7 6.52± 0.2 13.52± 0.5 9.42± 0.1 11.06± 0.3 2:3

Río
Piedras

High 1068± 26.7 50.55± 1.3 46.29± 1.2 42.61± 1.1 9.68± 0.2 20.34± 0.6 14.82± 0.5 16.53± 0.2 8:2
Low 495± 90 40.15± 2.7 35.3± 2.2 32.3± 2.3 8.65± 0.7 13.15± 0.7 11.35± 1.3 12.3± 1.0 1:1

Figure 4. Cluster analysis to determine similar characteristics between the urban reaches (HU and LU) of the Río Piedras and Río
Bayamón watersheds.

total fish length with high mean values of 50.55± 1.3 and 40.15± 2.7, respectively. Meanwhile, the HU and
LU reaches in the Río Bayamón watershed showed low mean values of 40.41± 0.6 and 35.8± 0.9,
respectively (table 4). Similarly, plecos from the Río Piedras watershed presented high mean values in
morphological measurements (FL, standard length, head length, pectoral length, caudal length, body width,
and weight) in contrast to plecos from the Río Bayamón watershed (table 4). No significant difference was
found between the sexes (Chi-square test, X2 = 2.977, df = 3, p= 0.3518).

3.3. Multivariable analysis
Cluster analysis showed that the urban reaches (HU and LU) of the Río Bayamón watershed are similar to
each other, as are the urban reaches of the Río Piedras watershed. However, the comparison at the watershed
level showed that the Río Bayamón watershed is different from the Río Piedras watershed (figure 4).

NMDS ordination of P. multiradiatus abundance in the HU and LU reaches in the Río Bayamón and Río
Piedras watersheds produced two main axes that explain most of the variation. Axes 1 and 2 were highly
related to conductivity (0.7) and water flow (0.8), respectively (figure 5). Streams with positive values on
NMDS axes 1 and 2 were located in the LU reach of Río Piedras watershed. Pool conductivity in the Río
Piedras watershed represented the environmental variable that best explained variation in P. multiradiatus
abundance on axis 1. The environmental variable that best explained variation on axis 2 was waterflow in the

8



Environ. Res.: Ecol. 2 (2023) 045004 E J Lozada-Gómez and O Pérez-Reyes

Figure 5. Non-metric multidimensional scaling (NMDS) results from the ordination of P. multiradiatus densities. Measurements
of stream habitat environmental variables in the different sampling reach in Río Bayamón (RBHU- Río Bayamón high urban and
RBLU- Río Bayamón low urban), and Río Piedras (RPHU- Río Piedras high urban reach and RPLU- Río Piedras low urban
reach), were plotted as vectors. Vector length and direction reflect the strength and direction of the relationship between stream
habitat parameters (dep: pool depth, len: pool length, wid: pool width, Wflow: water flow, %SI: % substrate index, temp:
temperature, pH, cond: conductivity, TDS: total dissolved solids, DO: dissolved oxygen and sal: salinity) and densities of P.
multiradiatus. Stress value= 0; axis 1 R2 = 0.9962 and Axis 2 R2 = 0.

Table 5. Presence of microplastics (MP) recovered in the gastrointestinal tract (GIT) of P. multiradiatus in the high urban (HU) and low
urban (LU) reaches of the Río Bayamón and Piedras watersheds.

Watershed Urban reach
No. of fish

GIT examined
No. of fish with
MP presence

No. of fish with
MP absence

Río Bayamón
HU 25 21 4
LU 5 5 0

Río Piedras
HU 10 8 2
LU 2 2 0

Río Bayamón watershed. Pool width, depth, total dissolved solids, salinity, and dissolved oxygen
concentration were also important factors directly influencing P. multiradiatus densities (figure 5).

3.4. MPs identification
Among the samples corresponding to the sampling between the Río Bayamón and Río Piedras watersheds,
MPs were identified in the GIT of 36 of the 42 specimens of pleco, representing 85.7% of the entire sample.
In the Río Bayamón watershed in the HU reach, 25 individuals were collected, with 21 plecos having MPs
present in the GIT, and in the LU reach (n= 5) all retained MP in their GIT (table 5). Meanwhile, in the Río
Piedras watershed, plecos collected in the HU (n= 10) and LU (n= 2) reaches hadMPs the GIT (8 and 2 fish,
respectively) (table 5). The highest amount of plastic particles varied among the total fish lengths in the HU
reach (mean 40.41± 0.6 cm Río Bayamón, mean 50.55± 1.3 cm Río Piedras) in both watersheds (table 6).

A total of 180 plastic particles were found in the GIT of the plecos, and there were 126 MPs (Río
Bayamón—HU), 21 MPs (Río Bayamón—LU), 26 MPs (Río Piedras—HU) and 7 MPs (Río Piedras—LU)
(table 6). Most of the MPs found in the GIT of the samples varied between fibers and fragments. The
esophagus was the region of the GIT with the highest presence of MPs, followed by the intestine and stomach
(table 7, figure 6). Most of the MPs retained in the sections of the GIT were fibers, and only a few individuals
presented retention of fragments.

The one-way ANOVA to compare the abundance of MPs between the different categories of HU and LU
showed no significant differences between the watersheds (F(1,4) = 2.42, p= 0.19) (figure 7). The
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Table 6.Mean (±SE) length, width, weight, number, and type of microplastics (MP) recorded in the gastrointestinal tract (GIT) of P.
multiradiatus in the high urban (HU) and low urban (LU) reaches of the Río Bayamón and Río Piedras watersheds.

Watershed
Urban
reach

No. of
fish GIT
examined

Mean
weight
GIT±
SE (g)

Mean
length

fish± SE
(cm)

Mean
width

fish± SE
(cm)

Mean weight
fish± SE (g)

No. of MP
identified
(no. of
fish)

Plastic
type

Río Bayamón
HU 25 35.7± 1.9 40.41± 0.6 12.21± 0.3 483.62± 19.4 126 (21) Fiber and

fragment
LU 5 28.2± 5.1 35.8± 0.9 11.06± 0.3 345± 34.0 21 (5) Fiber

Río Piedras
HU 10 96.5± 6.0 50.55± 1.3 16.53± 0.2 1068± 26.7 26 (8) Fiber and

fragment
LU 2 33.0± 1.0 40.15± 2.7 12.3± 1.0 495± 90 7 (2) Fiber

Table 7. Total number of microplastics (MP) in the gastrointestinal tract (GIT) of P. multiradiatus by type in the high urban (HU) and
low urban (LU) reaches of the Río Bayamón and Río Piedras watersheds.

Watershed
Urban
reach

No. of fish
GIT examined

Parts of the GIT (no. of MP identified)

Plastic type (no. of MP identified)Esophagus Stomach Intestine

Río Bayamón
HU 25 (86) (22) (18) Fiber (123) and fragment (3)
LU 5 (16) (1) (4) Fiber (21)

Río Piedras
HU 10 (9) (3) (14) Fiber (14) and fragment (12)
LU 2 (2) (5) (0) Fiber (7)

Figure 6. Amount of microplastics recovered in organs (esophagus, stomach, and intestines) of the gastrointestinal tract of P.
multiradiatus. (a) Río Bayamón and (b) Río Piedras watersheds. The dark gray bars represent fish caught in the high urban reach
and the light gray bars represent fish caught in the lower urban reach in each watershed.

Kolmogorov–Smirnov test (p> 0.150), as well as the Levene test (p> 0.506), to confirm the normal
distribution of the MPs abundance and evaluate the homogeneity of variances between watersheds, did not
show a statistically significant difference between each of the variances.

The Pearson correlation test to compare the total fish length (cm) and the total amount of plastic
particles found in the GIT showed positive and negative variations in the correlation coefficients. The
concentrations of plastic particles identified in fish captured in the HU reach in the Río Bayamón watershed
showed a positive degree of correlation in the total fish length (r = 0.1192, p< 0.05) (figure 8(a)). In
comparison to the LU reach in the same watershed, which showed a negative correlation coefficient
(r =−0.4442, p< 0.05) (figure 8(b)). However, fish caught in the HU and LU reaches in the Río Piedras
watershed showed a negative (r =−0.02120, p< 0.05) and positive (r = 1, p< 0.05) correlation coefficient,
respectively (figures 8(c) and (d)). There was no significant relationship between total fish length and the
number of particles identified in the fish’s GIT (figure 8).

No benthic filamentous algae, detritus, or small invertebrates could be found in the analysis of the filters.
Therefore, multiple dyes (safranin, phloroglucinol, lactophenol cotton blue, alizarin red, and Nile red) were
tested to identify some of the exposed properties of the stomach tissue of each GIT sampled (figure 9). No
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Figure 7.Mean (±SE) of microplastics (MPs) abundance between the two different categories (high urban and low urban)
between the Río Bayamón and Río Piedras watersheds. The dark gray bars represent fish caught in the high urban reach and the
light gray bars represent fish caught in the lower urban reach in each watershed. The horizontal line above the bars represents the
differences between the urban density categories in the one-way ANOVA test. NS–not significant at p= 0.05.

Figure 8. Correlation plots between microplastics (MP) identified and total fish length (cm) for P. multiradiatus captured in the
HU and LU reaches in (a–b) Río Bayamón and (c–d) Río Piedras watersheds. Y = 42.81+ 0.1460 MP−0.08897 total fish length;
R2= 0.012997.

algae was observed in the specimens from both watersheds. The presence of lignin was only identified in
individuals sampled in the Río Piedras watershed (HU, n= 2; LU, n= 1), while it was absent in the Río
Bayamón watershed. For fish captured in both watersheds, in the HU and LU reaches in the Río Bayamón
watershed, plecos showed the presence of fungal (HU, n= 3; LU, n= 3) and animal chitin (HU, n= 17; LU,
n= 3). While in the Río Piedras watershed, only the plecos captured in the HU section showed the presence
of fungal (n= 2) and animal chitin (n= 8). The presence of microplastic in individuals from both urban
reaches in both watersheds was determined by staining plastic particles with Nile Red (figures 9(D)–(L)),
with plastic-type fibers and fragments being the most common MPs identified. In the HU and LU reaches of
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Figure 9. Images of the internal properties of P. multiradiatus stomach tissue with multiple dyes. (A) Lignin stained with
Phloroglucinol; (B) fungi chitin stained with lactophenol cotton blue; (C) animal chitin stained with alizarin red; and, (D)–(F)
fragment and (G)–(L) fiber stained with Nile red.

the Río Bayamón watershed, a total of 12 microplastic particles were identified, with fibers and fragments
dominating. Meanwhile, in the Río Piedras watershed’s urban reaches, 10 microplastic particles were
identified.

4. Discussion

4.1. Population size of P. multiradiatus
Over the past decade, several publications have reported the presence of Pterygoplichthys outside its natural
range, some suggesting new sites of introduction and others documenting expansion into existing
populations [31, 34, 44, 45]. Related to the high environmental pressure caused by human activities, the
introduction and expansion of Pterygoplichthys constitutes a severe threat to the reduction of native fish
communities (e.g. Gobiomorus dormitor, Dormitator maculatus, Eleotris pisonis, Sicydium plumieri, Awaous
tajasica, and Awaous banana) and the physical alteration of the aquatic ecosystems where they establish
themselves (e.g. by altering sediment size and algal communities through competition for food) in the
streams of Puerto Rico [33, 36].

This study showed no relationship in the abundance of P. multiradiatus between the HU and LU reaches
in the Río Bayamón and Río Piedras watersheds. The HU reach in the Río Bayamón watershed had a higher
mean CPUE and a higher estimated population of P. multiradiatus than the LU reach in the same watershed.
The observed result confirms previous studies that found similar characteristics, such as shallow depth,
sedimentary soils, rocky aquatic relief, aquatic plants, and a large amount of detritus [33, 36]. Although
sections of the Río Bayamón are currently highly degraded by anthropogenic actions, it has a larger
catchment area, a more or less constant depth, and the introduction of organic matter due to the canopy
cover present. However, if the previously mentioned conditions are absent in a particular area, we would
anticipate that the results would show a negligible or absent pleco population. This is why our results showed
that the HU and LU reaches of the Río Piedras watershed had low mean CPUE values and a smaller estimated
population of P. multiradiatus by the Petersen index than the urban reaches of the Río Bayamón watershed.

However, we cannot consider a direct relationship between pleco abundance and environmental
parameters because it is contradictory to the low pleco catch in the urban reaches of the Río Piedras
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watershed; there is an important contribution of organic matter present, the geological characteristics are
favorable, and the relief is ideal for the establishment and development of pleco. However, the low abundance
of this species in the Río Piedras watershed could be directly related to the construction of physical barriers
such as dams (e.g. Las Curias dam), canalizations, and other human impacts such as degradation and
fragmentation of the stream habitat. Similarly, poor water quality may influence the low presence of this
species. The Puerto Rico Environmental Quality Board and the U.S. Environmental Protection Agency
classify the waters of the Río Piedras as highly polluted [42]. As a consequence of these characteristics and
according to our results, it is likely that plecos can migrate to adjacent areas, which explains their low
abundance in the streams of the Río Piedras watershed.

The results of this study do not support the hypothesis. The abundance of plecos, which we found in
both watersheds, indicates that reaches with HU development may be mostly influenced by abiotic factors
such as temperature, pH, conductivity, total dissolved solids, dissolved oxygen concentration, and salinity;
unlike reaches with LU development that may be less influenced by abiotic factors within the same
watershed. Similar data are shown in previous studies, which have identified the areas with the highest
number of species as well as the number of individuals, possibly due to the same abiotic factors [46–48]. In
general, since it has been demonstrated that even a small population of the genus Pterygoplichthys can
significantly reduce the abundance of aquatic vegetation and the physical habitat, the presence of these fish in
any aquatic environment in Puerto Rico represents a significant threat to the biodiversity of native fish
species in the region.

4.2. MPs analysis in the GIT of P. multiradiatus
MPs in freshwater fish have been documented since 2014 [49]. Since then, more studies have been conducted
directly by MPs on these freshwater vertebrates and their relationship with plastic pollution. Due to their
size, MPs can easily be mistakenly eaten as natural fish food, and their ingestion can cause injuries such as
internal abrasions and obstructions [13, 14]. The present study documents the first record of MPs in the GIT
of an invasive fish, P. multiradiatus, in the urban streams of Puerto Rico.

The analyses showed that the presence of MPs between these streams and urban areas was not different.
Various factors can affect the distribution of MPs in surface waters, including source loading, plastic
properties, and climatic and hydrodynamic conditions [50]. Similarly, the primary effluent entering the
stream is likely due to the fragmentation of urban plastic products, and at the expense of this, these
pollutants are likely to become more prevalent in aquatic organisms and environments, particularly those
found in urban areas. Thus, the high concentration of MPs in the GIT of pleco, like other bottom-feeding
species in urban aquatic environments, may serve as a good bioindicator for this type of pollution. However,
the use of biomarkers is not limited to individual species that have limited environmental tolerance [18]. For
example, findings from previous studies indicated the presence of MPs in the GIT (232 MP) in dominant fish
species in freshwater ecosystems in Turkey [19]. Among the dominant species studied, chub (Squalius
cephalus) was found to contain the most common type of plastic contaminants with fibers and fragments
being the most common forms [19]. On the other hand, there are findings on the presence of MP in zebra
mussels [18], despite the fact that this species can filter contaminants even when these contaminants are at
low levels in the environment.

The correlation between the morphological measurements of P. multiradiatus, specifically the TL, and the
abundance of MPs provides fundamental information on the availability of these plastic particles in
freshwater bodies, influencing the direct intake of fish. However, no direct relationship between fish body
size and the number of plastic particles ingested could be established. MPs were found in 36 of the 42 plecos
analyzed, ranging from 7 to 126 plastic particles per fish caught in different urban reaches. A total of 180 MPs
were found in the GIT of plecos in two categories: fibers and fragments, with the esophagus having the
highest retention of MPs, followed by the intestine and stomach. Ingestion of this debris probably occurred
accidentally during normal feeding activity. Likewise, plastic fibers and fragments are likely to be retained in
the stomach along with other undigested waste due to MPs’ unique shape and morphological characteristics,
which cause longer retention [51]. Although plastic is normally expected to pass through the intestines along
with any other non-digestible material,

In addition, the ingestion of MP by plecos could be more closely related to feeding habits than habitat
occupancy; that is, it does not depend on different land uses due to urban development to determine the
abundance of these small plastic particles in the GIT of fish. Adding to these disturbance conditions are the
findings of this study, which demonstrate that the amount of MP recorded in the GIT in plecos is remarkably
similar to that recorded for other species in aquatic environments near urban areas (e.g. [52–54]). This
demonstrates the regular frequency of this type of plastic pollution input, which results from direct and
indirect input of anthropogenic debris, together with the aforementioned topographic features and human
influences.
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Most of the MPs found and identified in fish were sources of secondary MPs, being fragments and fibers,
one of the most common forms of plastic found in the environment [55], making them prone to being
ingested by bottom-dwelling fish. Similar findings have been reported in numerous studies (e.g. [56–59]), in
which the amount of MP found in freshwater aquatic environments is influenced by the degree of the
surrounding environment. Analysis of stomach contents using a variety of dyes showed that selective
ingestion with the detritivorous habits of these fish combined with the consumption of MP may be
connected to the feeding habits of these organisms, but it is unclear whether the food availability influences
the amount of particles ingested by these vertebrates in the environment in which they are found. Therefore,
the presence and high concentration of MP in the GIT of the 42 specimens of P. multiradiatus studied
indicate that the urban rivers of the Río Bayamón and Río Piedras watersheds have been heavily
contaminated with plastic debris. However, more research is needed to determine if the diet of P.
multiradiatus is related to the amount and type of plastic particles found in their digestive system.

5. Conclusions

The main objective of this study was to describe how human impact, as a function of urban density,
influences microplastic pollution in urban streams of Puerto Rico and its effect on freshwater fish such as P.
multiradiatus. To achieve this objective, a freshwater fish species, P. multiradiatus (Hancock, 1828), was used
as a bioindicator, given its natural distribution range, in order to evaluate an experimental design to
determine the effect of MPs on aquatic organisms. In addition, P. multiradiatus, being a freshwater fish, is
reported as an invasive species in Puerto Rico, with increasing evidence of impacts on the ecosystem and
biodiversity [22, 27, 28].

The accumulation of anthropogenic debris reaching rivers is known to increase the production of plastic
debris of various sizes, to which a diversity of organisms living in freshwater environments are exposed [11].
Tropical rivers contain a variety of aquatic life, including fish, freshwater shrimp, and macroinvertebrates,
that may be affected by anthropogenic activities related to urban development. In particular, freshwater fish
are vulnerable to the physical, chemical, and biological degradation of river resources [23]. In addition to
effects associated with land use change or increased imperviousness due to urbanization and increased
channelization projects, urban streams have a major impact on the distribution of different fish species and
community composition. As a result, native species assemblages are overburdened by disrupted migration
patterns and life cycles, while the introduction and dispersal of exotic species continue to increase [24, 25].
However, it is not entirely clear which environmental and anthropogenic variables are most important in
explaining the establishment of exotic fish populations in Puerto Rican streams.

This study found that urban areas have a high abundance of the freshwater fish P. multiradiatus. As a
result, the difference in abundance of plecos found in both watersheds suggests that sites with HU
development are mostly influenced by abiotic factors such as temperature, pH, conductivity, total dissolved
solids, dissolved oxygen concentration and salinity; as opposed to sites with LU development, where the
influence of abiotic factors is low.

Plastic debris contamination from anthropogenic activities in Caribbean aquatic environments is poorly
documented, especially in Puerto Rico [15]. This study documented the first evidence of microplastic
contamination in the GIT of P. multiradiatus, a freshwater fish species widely distributed in urban streams in
Puerto Rico [29, 32]. We found that the distribution of MPs in different localities according to different land
uses by urban development (HU and low urban) in streams is not statistically different. Furthermore, the
high concentration of MPs in the GIT analysis of P. multiradiatus is due to anthropogenic activities, which
are the main source of plastic pollution in aquatic ecosystems. This research also revealed that P.
multiradiatus is a suitable test organism due to its high tolerance and dominance in disturbed environments
[22], which can represent tropical freshwater environments altered by anthropogenic activities and
disturbances related to unsustainable urban development.

In context, the presence of MPs in the GIT of the freshwater fish P. multiradiatus is alarming since it is
part of an ecosystem where it interacts with a great diversity of aquatic species in the rivers of Puerto Rico. In
addition, these wastes enter the food chain and are accidentally ingested, causing problems in the organism
or causing bioaccumulation and retention problems. Therefore, future research should conduct additional
studies to complement this work, either by extending the sampling period to have a higher fish capture rate
or by generating a greater relationship between the different rivers and different land uses due to urban or
rural development adopted on the island. In addition, create awareness programs on plastic pollution aimed
at the population near the streams, especially the surrounding communities, merchants, and fishermen.
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