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Abstract

Microplastic (MP) contamination in freshwater systems has emerged as a growing envi-
ronmental concern. This study investigated the occurrence and seasonal variability of
MPs in surface water, the water column, and sediments at selected sites in Lake Alhajuela,
Panama. Lake Alhajuela is an artificial reservoir that supplies water to the Panama Canal
lock system and to the cities of Panama and Colón, serving more than 50% of the coun-
try’s population. MPs were isolated using two digestion protocols followed by density
separation, and fragments and films larger than 1 mm were chemically characterized using
FTIR–ATR spectroscopy. Mean MP concentrations were 759 ± 536 MPs L−1 in surface water,
328 ± 140 MPs L−1 in the water column, and 109 ± 87 MPs g−1 in sediments. Statistical
analyses revealed no significant differences among sampling sites; however, significant sea-
sonal differences were observed (p < 0.01). Smaller MPs (63–249 µm) were more abundant
compared to larger MPs (>250 µm). Fragments and fibers were the most predominant type
of MP reported. Our results confirm the presence of MPs in the surface and water column,
as well as sediments of the Alhajuela Lake. Further studies are needed to elucidate the fate,
sources, transport, and distribution of MPs across Lago Alhajuela as well as to assess the
lake’s potential contribution of MPs to Gatun Lake and the Panama Canal system.

Keywords: lake; microplastics; anthropogenic activities; exoreic; pollutants

1. Introduction
Microplastics (MPs) are increasingly recognized as persistent organic pollutants [1],

originating from the fragmentation and degradation of plastics manufactured for con-
sumer and industrial use. The excessive production and improper management of plastic
waste [2] have led to their widespread accumulation in the environment, resulting in the ad-
verse consequences currently observed. Since the seminal study by Thompson et al. (2004),
MPs have received growing scientific attention due to their ubiquity and persistence
across ecosystems [3]. Their impacts, particularly on marine ecosystems, have been ex-
tensively documented, showing ecological and environmental risks associated with MP
pollution [4–6].

The impacts of MPs on freshwater ecosystems, including lakes, and on human health
have also received increasing attention in recent years [7–10]. Approximately 80% of MPs
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entering the marine environment originate from land-based sources and are transported
through freshwater systems [11–14]. MPs exhibit the defining characteristics of emerging
contaminants, including environmental persistence, bioaccumulation potential, long-range
transport, and inherent toxicity, which together may result in adverse effects on ecosystems
and human health [15–17].

MPs can adsorb and concentrate a wide range of chemical contaminants, thereby exac-
erbating pollutant enrichment and posing risks to lake ecosystems, which ultimately affects
humans [15]. Previous studies have shown that MPs’ abundance in lakes is negatively
correlated with lake depth, surface area, and distance from populated areas and positively
correlated with surrounding population density [16]. The first studies in lakes were per-
formed by Eriksen et al. in 2013 [17]. In their review, Yang et al. compare the differences
in lake MPs globally and show the correlation between distribution and countries’ socio
economic development [18], which might be one factor that contributes to the observed
increase in MP concentrations.

The morphology and limnological aspects of lakes are extremely important in these
studies. Almost all Panamanian lakes are exoreic basins or open lakes with an outflow to
rivers and the ocean, but they are also classified as shallow lakes, meaning that floating MP
accumulation will have a short retention time and they can be flushed out into the ocean.
Lake Alhajuela was created in 1935 as a reservoir of the Chagres River by flooding an area
of about 50 km and building a dam. The height difference allows for the generation of
hydroelectric power but affects the distribution and abundance of MPs. Studies in dams
around the world have shown that they act as MP sinks, interrupting their continuous
downstream flow [19,20]. The lake has two main functions: it serves as a water reservoir
for the Panama Canal and it is the main freshwater reservoir for the cities of Panama and
Colon. The impounded water of the Chagres River and five other minor tributaries form the
lake that feeds the Gatun Lake. Altogether, they are part of the Panama Canal watershed.
Population studies show that at least 40,000 inhabitants are settled around the lake in small
communities [21]. According to Gutiérrez et al. [22], the average depth of Lake Alajuela is
12.7 m, reaching a maximum of 48 m. Recent assessments of the reservoir confirm these
values [23].

The Chilibre water treatment plant is found on its banks and produces 250 million
gallons per day (MGD) of potable water. Anthropogenic activities such as fishing and
tourism take place and exert pressure on the watershed; settlements generate debris, with
plastic being the main component. One of the most significant changes observed in lake
basins is the transformation of natural areas into urbanized areas due to migration and
displacement of certain groups, such as Indigenous people and displaced farmers from rural
areas [24]. Migration occurs due to the need for more agricultural land, but relocation and
displacement occur due to development updates for the Panama Canal infrastructure [25].
Furthermore, the removal of natural vegetation in basins can increase soil erosion and lake
sedimentation, negatively impact water quality, and potentially reduce lake water storage
capacity [26]. The reservoir is crucial for supporting water levels for the Panama Canal,
but, most importantly, it provides drinking water to major cities and sustenance to the
population [27].

There are no studies on MPs in freshwater systems in Panama [7]. Due to its impor-
tance, Alhajuela Lake is monitored monthly by the Panama Canal Authority (ACP) [10,27]
for compliance with local standards and is periodically dredged to prevent silting up. MPs
are not included in the monitoring program, only physical–chemical parameters (pH, tur-
bidity, nitrates), heavy metals, and microbiological indicators. Therefore, this study reports
on the following objectives: (1) it quantifies MP concentrations, types, and abundances,
(2) it compares sites with the presence of MPs, and (3) it assesses the seasonal influence
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on MPs in the Alhajuela Lake. Because of technical limitations, it remains a quantitative
study; we hypothesized that MP densities would be (1) greater in surface water during
the dry season compared to the transition and rainy season, and (2) less abundant in lake
sediments than in the lake surface water and water column.

2. Materials and Methods
2.1. Site Description

Constructed between 1931 and 1939 by damming the Chagres River, Lago Alhajuela
plays a critical role in flood control and supports the operational water needs of the
Panama Canal. The reservoir covers approximately 50 km2 and is in the Chilibre district
of Panama Province, extending into parts of Colón Province. Lago Alajuela is situated
at 9◦15′18′′ N latitude and 79◦34′48′ ′ W longitude, with an average depth of 12.7 m and
a maximum depth of 48 m. The watershed area encompasses approximately 952 km2

and is characterized by dense vegetation cover and high annual rainfall, ranging from
1500 to 4000 mm. Water storage capacity fluctuates seasonally between approximately
765 million m3 at full capacity and 222 million m3 at minimum levels, affecting an exposed
area of about 13 km2. The reservoir supports significant fishing activity, with more than
1043 fishermen operating across 21 fishing communities with a combined population of
approximately 40,000 inhabitants. Major fishing zones include Victoriano Lorenzo and
San Juan de Pequení, the latter of which is one of the sampling sites in this study. Fishing
practices primarily involve gill nets and traps, and vessels are typically diesel-powered and
constructed from fiberglass and polymer-based materials. Local livelihoods depend largely
on fishing and ecotourism, particularly within Indigenous communities, where the average
reported income is approximately US$192.64 [28]. For MP sampling, four sites (Table 1)
were selected based on hydrological characteristics and human activity, as illustrated in
Figure 1. A total of eight field trips were carried out during 2025 (dry, transition and
rainy season).

 

Figure 1. Location of Alhajuela lake in the Panama Canal watershed in the hatched area (A) and
location of sampling sites (see Table 1) and communities settled around the lake (B).
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Table 1. Description of sampling sites A, B, C, and D with given denomination and a short description
of their main characteristic.

Sampling Site Coordinates Description

Point A Tranquilla 9.2321 N, −79.5770 W Located at the confluence of the
Chagres River

Point B Represa 9.2118 N, −79.5824 W
Near the Alhajuela dam and the
intake for the water treatment plant
of Chilibre

Point C Boqueron 9.3318 N, −79.5717 W At the confluence of the
Boquerón River

Point D Pequeni 9.3240 N, −79.5715 W Located on the delta of
Pequení River

The chosen sites are close to the basins and sub-basins that supply the lake. Settlements
and communities are located near these sites and are expected to exert pressure on the
lake’s water quality and increase the presence of MPs. Plastic pollution also reaches the lake
through five main tributaries and minor stream draining water from the upper watershed
of the Panama Canal basin [29].

2.2. Sampling and Treatment Methods
2.2.1. Superficial Water

A volume of 3000 mL (triplicates of one liter each) was collected at each sampling site
per field trip. Before sampling, bottles were rinsed three times with lake surface water,
then labeled and stored in a cooler. Upon arrival at the laboratory, visual inspection of
the samples revealed none to very few visible floating particles. Each water sample was
filtered through a stack of 63 and 250 µm certified sieves (Gilson, ASTM E11 standard
test sieves, Columbus, OH, USA) to enable primary size fractionation. The sieves, with
an outer diameter of 3.5 in, were placed over 400 mL beakers, and the remaining filtrate
was transferred to the beakers using small volumes of distilled water. Beakers containing
the filtrates were covered with aluminum foil and dried in an oven at 45 ◦C to avoid
overheating and prevent potential plastic fractionation. Subsequently, a wet peroxidation
step was performed to remove organic matter. In total, 10 mL of 30% H2O2 and 5 mL of
Fenton reagent (as a catalyst) were added to the dried filtrates to digest microalgae and
other organics. Peroxidation was conducted at room temperature (~23 ◦C) under a fume
hood, and the exothermic reaction was controlled using an ice bath. After the reaction,
2 mL of H2O2 was added to confirm completion. Finally, the digested filtrates were filtered,
dried, and stored in labeled Petri dishes for subsequent MP quantification.

2.2.2. Water Column

Samples of water column were collected using a 5 L Niskin bottle submersed to a depth
of approximately 5–6 m. The sealing mechanism was activated via Niskin’s triggering
system, and the collected water was transferred into three pre-labeled 1 L plastic bottles.
These triplicate samples were collected at each field trip and sampling point and then
treated in the same manner as surface water, being filtered through stacked sieves; however,
the resulting filtrates contained fewer visible particles compared to those obtained from
surface water. Using this approach, a total of 192 water samples (surface water and water
column) were processed. Quantification results for these samples are presented in Section 3
of this article.
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2.2.3. Sediments

Sediment samples were collected using a mini Van Veen dredge, with sampling depths
ranging from 3 to 20 m in all four locations. Recovered sediments were transferred to pre-
coded plastic Ziploc bags and transported to the laboratory in a cooler. In the laboratory,
sediments were weighed, placed in aluminum trays, covered with aluminum foil, and dried
in an oven at 45 ◦C. Triplicate subsamples of 1 g each were transferred to Erlenmeyer flasks
containing 35 mL of enzyme solution [30–32]. Digestion was performed using BioClean®

(Superior Biosolutions LLC, Dane, WI, USA), an industrial mixture of bacteria and enzymes
(Proteases, Lipases, Chitinases, and Cellulases); samples were placed in an orbital shaker
incubator (Infitek®, Minhang District, Shanghai, China) at 45 ◦C and 150 rpm for 72 h.
Using this approach, a total of 96 g sediment samples were processed.

Following enzymatic digestion, sediments were transferred to 50 mL plastic vials
and centrifuged at 1000 rpm for 30 min. Both the supernatant and centrifugation residue
were examined for the presence of MPs. The supernatant was then poured onto a 100 µm
certified metal filter and preserved. Two additional extractions were performed to recover
MPs based on density separation. First, 35 mL of NaCl solution (1.2 g mL−1) was added to
the remaining sediment in the vial, centrifuged at 1000 rpm for 30 min, and the supernatant
was filtered through the same 100 µm metal sieve to recover less dense MPs, which were
then dried in an oven. The remaining residue was treated with 35 mL of KI solution
(1.6 g mL−1), and the procedure was repeated. The KI supernatant, containing denser MPs,
was filtered through a second 100 µm metal sieve, dried, and preserved for counting.

2.2.4. Verification of Polymeric Nature of Particles

Due to the small size, even though the methodologies employed in the extraction of
particles for all three matrices followed the step-by-step elimination of unwanted organic
matter and any possible inorganic compounds, a quick verification method was applied
to randomly chosen filters. Nile Red is a lipophilic fluorescent dye that stains the surface
of plastics and becomes fluorescent under a blue light (Crime Lite: 450–510 nm) and
is observed using an orange filter (529 nm) for protection. We used the recommended
concentration for the dye, which was 10 µg mL−1 [33,34]

2.2.5. Quantification of Filters

Particle quantification was performed using a Leica S9i stereomicroscope with apoc-
hromatic optics (Leica Model LED2500, Boston, MA, USA), zoom range: 6.1×–110.0×). For
surface and water column samples, the 63 µm and 250 µm filters were examined, and both
the number and type of particles were recorded. Sediment samples, filtered through 100 µm
certified metal sieves, were similarly analyzed. All filters were meticulously inspected, and
particles were classified into fibers, fragments, pellets, microspheres, and foams. Represen-
tative particles from each category were photographed for documentation [34].

2.2.6. Fourier Transform Infrared Analysis

Particles larger than 250 µm recovered from surface water samples were manually
picked using fine tweezers and preserved in Petri dishes for FTIR–ATR analysis. Before
analysis, each particle was subjected to ultrasonic treatment in ultrapure water for 10 min
and then dried in an oven at 45 ◦C overnight to prevent interference from residual moisture.

Fourier transform infrared (FTIR) spectroscopy with attenuated total reflectance (ATR)
was conducted using an Alpha II Bruker spectrometer (Bruker, Ettlingen, Germany) at
the Microplastics Laboratory. For each particle, a background scan was first performed,
and spectra were recorded as an average of 24 scans over the range of 4500–400 cm−1 at a
resolution of 4 cm−1. Polymer composition was determined by comparing the full spectral
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range of the unprocessed spectra with reference spectra from the diamond crystal ATR
library (KIMW-Polymer, Kunststoff-Institut, Lüdenscheid, Germany). A match of ≥75%
similarity was considered acceptable for identification.

2.2.7. QA/QC Control in the Field and in the Laboratory

MPs are ubiquitous in both indoor and outdoor air, and laboratory contamination is a
significant concern during sample processing. To minimize contamination, staff wore cotton
clothing and pink-colored gloves and gowns, a precautionary measure chosen because the
color is uncommon in environmental samples and facilitates visual detection of potential
contaminants. All extraction, filtration, and density separation procedures were performed
within a Class II laminar flow cabinet (Infitek, Minhang District, Shanghai, China), and wet
peroxidation was conducted under a fume hood. Samples were covered with aluminum
foil whenever possible to reduce airborne contamination. The use of plastic materials in
the laboratory was minimized, as abrasion from items such as plastic centrifuge vials with
colored caps could contribute to MP contamination. Laboratory equipment and accessories
were periodically evaluated for integrity, and substitutions were made where feasible (e.g.,
glass rods replacing Teflon stirrers). Personal protective equipment, including goggles and
nitrile gloves, was mandatory. The laboratory is equipped with a stainless-steel distillation
apparatus and a water purification system (ARIUM Mini, Sartorius, Göttingen, Germany)
to ensure the use of ultrapure water in all procedures.

2.2.8. Data Analysis

MP concentrations were expressed as MPs per liter for surface and water column,
and MPs per gram for sediments. Data are presented as mean ± standard deviation for
concentrations in the text and mean ± standard error of the mean in graphs. Average
proportions ± are shown to describe MPs’ shape across the three seasons and three matrices
for four locations. To evaluate differences in MP concentrations across four locations
(factor 1) and three seasons (factor 2) for the three matrices (surface water, sediments,
and water column), a two-way ANOVA was conducted. Raw MP counts were square-
root-transformed to improve normality. Assumptions of normality and homogeneity
of variances were assessed using the Shapiro–Wilk test and Levene’s test, respectively.
Statistical significance was set at α = 0.05. All figures include the corresponding raw data
to provide a clearer illustration of MP distributions across locations, seasons, and matrices.
Figure 1 was created in ArcGIS Pro 3.5.57366 and modified with Biorender.com. This
software was used to create Figure 2, and R Studio (2025.09.2) was used to develop the
Sankey in Figure 3 using the network3D package [35].

Figure 2. Average MP concentrations in surface water (A), surface water (B), and water column
(C) across three seasons and four locations in Alajuela Lake, Panama. Bars represent mean ± standard
error of the mean. Different letters above bars indicate statistically significant differences within each
group and each matrix (p < 0.05).
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Figure 3. Occurrence of MPs across matrices represented in a Sankey diagram. The diagram
represents the proportion of MPs across matrices (sediment, surface water, and water column) to
seasons, sampling locations, and, ultimately, to the identified MPs’ shapes. The thickness of each
connection indicates the relative abundance of particles following each pathway. The visualization
highlights a high concentration of fragments and fibers across most locations and seasons, as well as
differences in shape composition among matrices and sampling periods.

3. Results
3.1. Microplastics in Surface Water

MP concentrations in surface water were measured across all four locations and
three seasons. During the dry season (DS), the highest concentrations were observed at
Tranquilla (455 ± 178 MPs L−1), followed by Represa (381 ± 197 MPs L−1) and Boquerón
(334 ± 95 MPs L−1). Pequení showed a concentration of 348 ± 131 MPs L−1, which was
higher than Boquerón but lower than Tranquilla and Represa (Figure 2A). This general
pattern was consistent across the transition season (TS) and rainy season (RS). A significant
seasonal effect on surface water MP concentrations was detected (F = 31.95, p < 0.001), with
significant differences between the DS and RS (p < 0.001), TS and RS (p = 0.04) and DS and
TS (p = 0.03). When analyzing seasonal differences within each location, Boquerón and
Pequení exhibited significantly higher MP concentrations in the DS compared to the RS
(p < 0.001). No significant differences in MP concentrations were found between locations
(p > 0.05).

3.2. Microplastics in Water Column

MPs were detected at all four locations and across all three seasons. During the DS,
the highest concentrations were observed at Tranquilla (132 ± 29 MPs L−1), followed by
Represa (113 ± 5 MPs L−1), Boquerón (101 ± 13 MPs L−1), and Pequení (89 ± 15 MPs L−1).
A significant seasonal effect was found (F = 21.9, p < 0.001), with MP concentrations
differing significantly between the DS and TS (p < 0.001) and between the TS and RS
(p < 0.001). When examining seasonal differences within each location, all four sites showed
significantly higher MP concentrations in the DS compared to the RS (p < 0.001). Represa
additionally showed significant differences between the DS and TS (p < 0.001) and between
the TS and RS (p < 0.001). No significant differences in MP concentrations were detected
between locations (p > 0.05, see Figure 2B).

3.3. Microplastics in Sediments

MPs were detected in all sediment samples across the four locations and three seasons.
Concentrations ranged from 68 to 269 MPs g−1 (165 ± 86 MPs g−1) during the dry season
(DS), reached 120 MPs g−1 in the transition season (TS), and ranged from 26 to 39 MPs g−1

(31 ± 7 MPs g−1) in the rainy season (RS). The highest sediment MP concentrations
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were observed in Tranquilla during both the TS and DS (57 ± 12 and 49 ± 25 MPs g−1,
respectively), followed by Pequení during the DS (43 ± 28 MPs g−1). A decreasing trend in
MP concentrations from DS to TS to RS was observed in Represa, Boquerón, and Pequení;
however, Tranquilla showed higher concentrations in the TS than in the DS (Figure 1A).
The two-way ANOVA indicated a significant temporal effect across seasons (F = 15.53,
p < 0.01, Figure 2C), with significant differences between the DS and RS (p < 0.001) and
between the TS and RS (p = 0.04). No significant differences in MP concentrations were
detected between locations (p > 0.05).

3.4. Characterization of MPs’ Shape

Across all seasons, matrices, and locations, five MPs shapes were identified: fragments,
microspheres, fibers, film, and foam (Figures 3 and 4). During the DS, fragments were the
most dominant shape in water column, surface water, and sediments (60 ± 1%, 55 ± 8%,
and 47 ± 7%, respectively). Fibers were the second most prevalent, particularly in column
and surface water (36 ± 4% and 36 ± 5%), followed by sediments (29 ± 3%). In the
TS, fiber became the predominant shape across matrices, following the pattern water
column > sediment > surface water (62 ± 9% > 52 ± 16% > 47 ± 12%). Fragments were
most abundant in surface water (50 ± 10%), followed by water column (30 ± 13%) and
sediments (15 ± 24%). During the RS, fibers remained the most abundant in column and
surface water (68 ± 8% and 44 ± 12%), followed by sediments (43 ± 6%). Although
fragments were more abundant than fibers in surface water (54 ± 12%), they were less
dominant than fibers in water column (30 ± 7%) and sediments (40 ± 11%).

 

Figure 4. Visual representation of small MP shapes: fiber cumulus (A), blue fragment (B), black
fragment (C), yellow-brownish dotted fragment (D), white, clear fragments and fiber (E), green fiber
(F). The actual size is shown in the pictures.

3.5. Size Distribution of Microplastics

This study focused on MPs between 63 µm and 249 µm (small) and higher than
250 µm (large) in surface and water column, and higher than 100 µm for sediments.
Our results show consistently higher concentrations of small MPs than large ones in
both the surface and water column (see Figure 5A,B). In the surface water during the
dry season, small MPs were markedly more abundant at all sites: Tranquilla (245 ± 46
vs. 71 ± 42 MPs L−1), followed by Represa (231 ± 60 vs. 59 ± 21 MPs L−1), Boquerón
(247 ± 36 vs. 55 ± 28 MPs L−1), and Pequení (201 ± 27 vs. 77 ± 57 MPs L−1). A similar
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pattern occurred in water column, where small MPs also dominated during the dry season:
Tranquilla (83 ± 16 vs. 33 ± 3 MPs L −1), Represa (68 ± 10 vs. 44 ± 11 MPs L−1), Boquerón
(67 ± 4 vs. 48 ± 4 MPs L−1), and Pequení (55 ± 5 vs. 34 ± 8 MPs L−1). Because sediment
sampling targeted MPs > 100 µm, size-based comparison was not possible. However,
sediments also show a decreasing trend in MP abundance from the dry to rainy season
(Figure 5C).

Figure 5. Cont.
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Figure 5. Size distribution of MPs across surface water (A), water column (B), and sediments
(C) during dry, transition, and rainy seasons for all sampling sites.

3.6. FTIR ATR Analysis

Only a total of 20 particles were recovered from surface water that were large enough
to be characterized (>1 mm). The measured particles were confirmed to be polymers,
with polystyrene being the most abundant one. Figure 6 shows the best spectral analysis
results of three different polymer types with main spectral bands at the following wave-
lengths: polypropylene (PP-AB: 2950, 2915, 2838, 1455, 1377, 1166, 997, 972, 840, 808 cm−1),
polystyrene (PS-AB: 3024, 2847, 1601, 1492, 1451, 1027, 694, 537 cm−1) and polyethylene
(PE-AB: 2915, 2845, 1462, 730, 717 cm−1).

Figure 6. Spectral analysis of MP particles > 1 mm recovered from surface water.
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4. Discussion
4.1. Novelty Contribution of MPs in the Alhajuela Lake

MP research in Latin America remains heavily focused on marine environments,
with freshwater studies representing a smaller—though rapidly growing—part of the
literature [8,9,14]. Freshwater systems are critical sources of drinking water for rural
communities, and contamination can directly threaten this essential resource [9]. In Panama,
Alhajuela Lake plays a significant role in providing potable water for the population
and maintaining the operation of the Panama Canal, one of the world’s most important
commercial routes [10]. Although recent studies have documented marine MP pollution
in Panamanian biota—for example, in Bocas del Toro [36] and on Pacific and Caribbean
beaches [37]—monitoring in freshwater environments remains limited. Therefore, this
multi-matrix, multi-season assessment offers valuable baseline data for inland freshwater
systems in Panama.

4.2. Factors Affecting the Presence and Distribution of MPs in Alhajuela Lake

Consistent with regional and global freshwater studies, which refer to high MP con-
centration in surface water and sediments depending on lake characteristics, we found
higher particle retention in surface water, which showed a tendency to decrease in water
column and sediments (Figure 2), suggesting that MPs remain in shallow and surface
water rather than in the Alhajuela lake system [38,39]. This might be explained by the
natural characteristics of the lake, which gets shallow during the dry season, mainly driven
by evaporation or long dry periods, and returns to its original depth during the rainy
season [40]. The fact that floating particles of bigger sizes of 1–5 mm are rare might be
explained through UV exposure in a shallow environment, elevated temperatures, and
mechanical forces caused by current dynamics or human intervention [41]. Thus, these
environmental or human factors increase MPs’ brittleness. Our findings show a wide
variety of MP types, such as fibers, fragments, pellets, microspheres, and foam, particularly
in the size range > 250 µm. Although recovered particles were counted and classified, it
was not possible to identify their polymer due to equipment limitations.

During the rainy season, MP concentrations decreased markedly across all four sam-
pling sites in the three matrices assessed. This reduction may occur because, once Alhajuela
Lake returns to its normal depth, excess water is released to help fill Gatún Lake, which
supplies water for running the Panama Canal locks. We hypothesize that a substantial
portion of MPs are being transported along this hydrological pathway from Alhajuela
Lake to Gatún Lake, through the Panama Canal, and, ultimately, into the ocean. Similar
studies in tropical reservoirs and lakes report increased MP transport during wet seasons
or high-flow periods, likely reflecting enhanced land-runoff and resuspension [9,39].

4.3. Occurrence of MPs Across Locations in Alhajuela Lake

As reported, surface water showed a total concentration of 759 ± 536 MPs/L and water
column showed a total concentration of 328 ± 140 MPs/L. The reported concentrations of
MPs in sediment were 109 ± 87 MPs/g for all four sites, with greater accumulation towards
the shores and communities and less towards the center of the lake. The highest values
were found in areas with greater human activity and confluence of tributaries. According
to our results, and remaining consistent with other studies [42,43] in tropical lakes, the
highest concentrations of MPs occurred during the dry season. The lake lowers its depth
with a variation of 8–14 m seasonal or drought-related drawdowns [44,45]; therefore, the
concentration of contaminants rises. As expected, the highest concentrations were observed
at Tranquilla and Represa, both of which are located near the strangled confluence of water
masses that gather at the dam during the dry season. The southern and western sectors of
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Lake Alhajuela are where most of the population is concentrated and where anthropogenic
activities like fishing or tourism take place. Furthermore, the access roads and water
supply infrastructure to Panama City are located there. The farther points, Boquerón C and
Pequení D, receive less input than the communities settled around the central section of
the lake, but contamination might originate at the main tributary, the dammed Chagres
River, through the contribution of Indigenous and rural communities. Special attention has
been given to sedimentation, a normal process in the lake, due to sediment supply from
the rivers feeding the lake [45,46].

4.4. Context of MP Pollution in Alhajuela Lake

Populations have settled around the shoreline of the lake and in the watershed, exert-
ing intense pressure on the ecological balance of the lake. The lake itself constitutes a sink
for accumulation, and transportation means for MPs when the dam is opened to release
water. During retention times in the dry season, heavy metals and other pollutants might
adhere to plastic particles, increasing their toxicity [39].

Recent studies consistently report widespread MP contamination in lake systems
across different climatic and land use contexts, with marked spatial variability and
matrix-specific patterns. In a suburban lake–tributary system influenced by highway
runoff, Velasquez et al. (2025) found MPs to be abundant in both surface waters and sed-
iments, dominated by fibers and fragments as reported in this study [46]. Similarly,
Duan et al. (2024) documented significant MP pollution in Lake Chenghai (southwest-
ern China), with higher concentrations in sediments than in surface waters, indicating
sedimentation as an important sink; fibers and fragments were the predominant shapes,
largely composed of polyethylene and polypropylene [47]. However, this study found
more MPs in surface water and the water column compared to sediments, which might
be due to the characteristics of and human intervention in Alhajuela Lake during the
dry season. These factors have also been reported in other studies, such as the one in
Dianchi Lake, where strong spatial heterogeneity in MP distribution was reported, driven
by hydrodynamics, inflowing rivers, urbanization intensity, and lake morphology, with
elevated concentrations near river mouths and densely populated areas [48,49]. Expanding
beyond single matrices, Wang et al. (2025) showed that MPs migrate across interconnected
environmental compartments in the Caohai watershed, accumulating in sediments and
soils, which ultimately might represent an ecological risk through uptake by aquatic or-
ganisms [50]. Finally, Prikler et al. (2024) also reported pronounced spatial variability, with
higher MP loads in sediments and wetland-protected areas, showing the role of low hydro-
dynamic energy zones in MP retention [51]. Altogether, these studies emphasize sediments
as major accumulation reservoirs for MPs and demonstrate that spatial patterns in lakes
are strongly controlled by anthropogenic inputs, hydrological connectivity, and physical
transport processes. Similar factors might be contributing to the spatial distribution of MPs
across matrices, but further studies will be needed to understand how MPs settle down and
resuspend either by environmental forces or human interventions in the Alhajuela Lake.

4.5. Limitations and Advantages of the Study

Although sampling techniques for MPs in sediments have been widely discussed,
there is currently no standardization regarding sediment subsample size. Devices such as
Van Veen dredge and box corers [52] are commonly used to collect submersal sediments
in lakes and rivers. Subsampling is required for laboratory analyses where sieving can
be achieved as low as 63 µm for water and 100 µm for sediments [52]. In addition, small
sediment subsamples allow for increased replication and the generation of seasonal datasets.
This can be advantageous for monitoring programs focused on superficial water and
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sediments. Small subsamples of both water and sediments also improve efficiency in terms
of processing time and analytical repeatability [53]. However, despite these advantages,
the analysis of very small sediment masses (e.g., 3 g) might not adequately capture the
heterogeneous distribution of MPs in lake sediments and, therefore, might underestimate
the true extent of MP contamination. Thus, further studies are needed to explore the
variability of MP quantification within and between sediment samples, as well as across
sampling events.

5. Conclusions
MP concentrations in surface water, water column, and sediments were quantified

across four locations and three seasons in Alhajuela Lake. This study reports, for the first
time, the occurrence, distribution, and types of MPs in all three environmental matrices of
the lake. MPs were consistently detected in surface water, the water column, and sediments,
with fragments and fibers being the dominant morphotypes. MPs’ average concentrations
were higher during the dry season compared to the transition and rainy season. Although
only a limited number of particles were subjected to polymer identification (>250 µm),
the polymers identified provide valuable preliminary evidence of the presence of specific
plastic types in Alhajuela Lake. However, further studies are required to comprehensively
characterize MP polymer composition. In addition, expanded spatial coverage, including
additional sampling sites and detailed mapping of pollution hotspots, input sources, and
transport pathways, is essential. Establishing a long-term monitoring program will be
critical to ensure drinking water safety, safeguard Panama Canal operations, and protect
the lake’s aquatic biodiversity.
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