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Microplastics (MPs), increasingly common in freshwater ecosystems, pose serious ecological threats 
to the Formosan landlocked salmon (Oncorhynchus masou formosanus), an endangered salmonid 
endemic to Taiwan. This study presents the first comprehensive investigation into how seasonal 
variation and land-use patterns influence MP abundance, composition, and distribution in the salmon’s 
exclusive habitats within Shei-Pa National Park, Taiwan. Using µ‑FTIR spectroscopy and fluorescence 
microscopy, we quantified microplastic concentrations and observed higher levels in the dry season 
(48–93 items/L) than in the wet season (45–72 items/L). Principal component analysis (PCA) further 
indicated spatial gradients aligned with land‑use contrasts, with higher concentrations associated 
with intensive agriculture and recreational tourism relative to pristine forest areas. Seasonal variation 
profoundly influenced MPs’ composition, with synthetic fibers (Rayon and Polyester) predominating in 
the wet season and common plastic polymers (PET, PE, PP) increasing in the dry season. Smaller-sized 
MPs (< 25 µm), potentially more hazardous due to their capacity for trophic transfer, were predominant 
in upstream reaches during critical salmon breeding periods.
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Due to their affordability and advances in processing technologies, plastics are extensively utilized in daily 
human activities and various products such as clothing, food packaging, agricultural nets, fertilizer bags, and 
fishing nets1,2. However, only approximately 7% of plastic products are recycled3. It is projected that by 2050, 
global plastic waste generation will reach 12 billion tons, accumulating significantly in landfills and natural 
environments4. Larger plastic waste typically degrades into microplastics (MPs), broadly defined as plastic 
fragments smaller than 5  mm, through environmental processes such as biological activity, UV irradiation, 
mechanical abrasion and temperature fluctuations5. MPs pose substantial risks to aquatic life due to their surface 
adsorption of toxic hydrophobic organic pollutants, exposing aquatic organisms to chemical contaminants6. 
Previous research has indicated that MPs accumulate in animal tissues, are difficult to remove, and biomagnify 
through food chains, thereby becoming a significant environmental concern7,8. Although extensive studies have 
quantified and described the spatial, depth, and temporal distribution of MPs, the effects of seasonal variations 
and surrounding land use on MPs remain insufficiently explored9.

MP pollution sources include various anthropogenic activities such as agriculture, residential areas, and 
industrial processes2,6,10, releasing both macroplastic debris and primary MPs into the environment11. Surface 
runoff, upstream inflow, sewage discharge, and atmospheric deposition are potential pathways of MPs into 
freshwater systems from their sources1,12,13. Areas proximal to pollution sources generally exhibit higher plastic 
concentrations14, suggesting significant associations between land use types adjacent to waterways and MP 
characteristics in aquatic environments. Additionally, the transport of plastic materials depends on surface water 
flow dynamics influenced by seasonal changes. Some studies suggest that during the wet season, continuous 
rainfall accelerates MPs entry into rivers and reservoirs via runoff and atmospheric deposition, whereas reduced 
precipitation during dry seasons limits this input9. Conversely, other studies have found increased rainfall 
during wet seasons enhances river flow, rapidly transporting plastics downstream and resulting in lower MP 
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concentrations in freshwater bodies15. Reduced water flow during dry seasons facilitates sedimentation of 
plastics in rivers and tributaries. These differing findings indicate an incomplete understanding of seasonal 
variations, essential for effective MP pollution prevention strategies.

Plastic debris undergoes various environmental degradation processes, forming secondary MPs, which, 
together with primary MPs, pollute ecosystems16,17. Smaller MPs become increasingly prevalent with ongoing 
degradation and are more easily transported downstream, potentially resulting in size-dependent MP 
distributions in river systems11. The combined effects of differential transport, continuous degradation, and 
hydrodynamics during wet and dry seasons drive dynamic variations in MP characteristics along river systems.

Due to its moderate flow velocity and diverse topography18, Creek Qijiawan and its tributaries in Wuling 
area of Shei-Pa National Park, Taiwan, represent the sole natural habitat of the Formosan landlocked salmon 
(Oncorhynchus masou formosanus). Although its parent species, Oncorhynchus masou, is listed as Least Concern 
on the IUCN Red List, the Formosa landlocked salmon is classified as Nationally Endangered in Taiwan’s 2017 
Red List19 and Critically Endangered under the 1996 IUCN assessment20. Previous research has shown water 
quality in this area is closely related to surrounding agricultural and recreational activities21,22, but MPs in stream 
waters have not yet been investigated. Tey23 observed reduced MP abundance in the salmon’s gastrointestinal 
tracts yet elevated levels in gill tissues, indicating possible direct MPs uptake from aquatic environments. In 
addition, this salmon species breeds and hatches in the dry season (autumn and winter) and grows during the 
wet season (spring and summer). Because salmon eggs and juveniles are generally more sensitive to pollutants 
than adults, understanding seasonal MP patterns in these streams is critical for evaluating potential ecological 
risks.

This study investigates seasonal MP patterns in the Qijiawan Creek watershed by integrating MP measurements 
with long-term water‑quality monitoring data. The specific objectives are to (1) quantify seasonal differences in 
MP abundance and size distribution among upstream, midstream, and downstream sites; (2) characterize MP 
polymer types and shapes in relation to surrounding land‑use categories (pristine forest, recreational areas, and 
agricultural zones); and (3) examine associations between MPs and water‑quality parameters across wet and dry 
seasons using principal component analysis. The overall aim is to elucidate how rainfall and land‑use patterns 
jointly influence MP characteristics in an endangered salmon habitat and to provide baseline information that 
supports future risk assessment and management of microplastic pollution in similar freshwater ecosystems.

Materials and methods
Study area and monitoring station characteristics
The study area (Fig. 1) is located in the Wuling region of central Taiwan, partly within Shei-Pa National Park. 
The Formosan landlocked salmon (Oncorhynchus masou formosanus) predominantly inhabits the Creek 
Qijiawan watershed, and the artificially stocked juveniles have successfully reproduced in the Creek Luoyewei. 
Considering representative surrounding land uses and upstream–downstream characteristics, seven monitoring 
stations were established for water quality and MPs analysis: Creek Taoshan West (T), upper Creek Qijiawan 
(Qu), middle Creek Qijiawan (Qm), lower Creek Qijiawan (Qd), Creek Gaoshan (G), Creek Yousheng (Yi), and 
Creek Luoyewei (L) (Fig. 1). Surrounding land uses include pristine forest around Creek Taoshan West (T) and 
Creek Luoyewei (L); recreational and conservation areas around Creek Qijiawan (Qu, Qm); and tourist-related 
facilities such as visitor centers and ecological education centers near Qd. The area between Qd and Yi experiences 
frequent tourist traffic, while Creek Yousheng (Yi) is characterized by intensive agricultural activities.

Water sampling and analysis methods
Water sampling and analyses were conducted following standard methods specified by the American Public 
Health Association (APHA) and the Environmental Protection Agency26. Due to shallow depths of the streams, 
samples were collected mid-stream at each station, approximately 8–10  cm below the surface. Sampling 
bottles were rinsed three times with stream water before collection. Immediate on-site measurements of 
water temperature (APHA Method 2550), dissolved oxygen (APHA Method 4500-O G), pH (EPA 9040C), 
and conductivity were conducted using portable instruments (HACH sension1, Metrohm 914). Samples 
were collected quarterly in January, April, July, and October, representing dry (January, October) and wet 
(April, July) seasons. Triplicate samples were collected, averaged, sealed, preserved at 4  °C, and transported 
to the laboratory for additional analyses. Turbidity (APHA Method 2130B) was measured with a turbidimeter 
(WTW TURB350IR). Silicate concentration (EPA Method 6010C) was determined by ICP-OES (Avio 200) at a 
specific wavelength (251.611 nm). Ion chromatography (DIONEX ICS-1500, APHA Method 4110B) quantified 
nitrate-nitrogen (NO₃⁻-N), sulfate (SO₄2⁻), and chloride (Cl⁻) using a DIONEX AS20 column. Nitrite-nitrogen 
(NO₂⁻-N) (APHA Method 4500-NO₂-B), ammonia–nitrogen (NH₄⁺-N) (APHA Method 4500-NH₃), and 
orthophosphate (PO₄3⁻) (APHA Methods 4500 P A, B, E) were analyzed via spectrophotometry (Perkin Elmer 
UV/VIS Lambda 16). Total organic carbon (TOC, APHA Method 5310B) was determined using a Shimadzu 
TOC-L CPH analyzer. Daily precipitation data for the 14 days preceding each sampling date were obtained from 
the nearby Central Weather Administration (CWA) meteorological station Taoshan. These records were used 
to characterize antecedent rainfall conditions during the dry- and wet-season sampling events (Table S1). A 
14-day antecedent window was chosen as a pragmatic compromise between event‑scale rainfall (1–3 days) and 
longer‑term seasonal precipitation.

MP sampling and analysis methods
MP samples were collected during dry and wet seasons in 2024, following the same sampling protocols as water 
samples at 8–10 cm depth using 1 L stainless steel bottles. Samples were triplicated, transported sealed at 4 °C, 
and filtered in a fume hood. Glass filters (KG-25 ADVANTEC®) with stainless steel mesh (size in 1 cm x 1 cm, 
with a pore size of 25 µm) were pre-cleaned by sonicating in deionized water and drying in a circulating oven. 

Scientific Reports |         (2026) 16:3590 2| https://doi.org/10.1038/s41598-025-33600-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Samples were shaken ≥ 25 times before filtration27. Post-filtration solids were sonicated in deionized water, dried 
at 59  °C, and digested with a 1:1 solution of 30% H₂O₂ and 20% KOH28–30. After a second filtration using 
stainless steel mesh, MPs (25 µm–5 mm) were characterized using µ-FTIR spectroscopy (micro-FTIR iN10, 
Thermo Scientific) equipped with a liquid-nitrogen-cooled linear-array MCT detector. Spectra were acquired 
in reflection mode over the mid-infrared region, with 16 scans at 8 cm−1 resolution. Each stainless‑steel mesh 
(1.0 × 1.0 cm, 25 µm pore size) was analyzed by whole‑filter ultra-fast mapping using point‑by‑point acquisition. 
Accordingly, the entire 1  cm × 1  cm filter area was scanned by stitching together approximately 40,000 sub-
images. Spectral processing was performed in OMNIC (Thermo Scientific) for polymer identification with 
match score ≥ 60%. Shape and size were also assessed based on digital CCD color-resolution images, classifying 
particles with aspect ratios > 3:1 as fibers and others as fragments28,31,32.

MPs (≥ 0.1  µm) were additionally processed using filtration with 0.1  µm PTFE membranes, sonicated in 
deionized water, dried at 59 °C, digested with 30% H₂O₂27,32, and re-filtered. Samples were stained with Nile Red 
dye (10 µg/mL)33 and analyzed using fluorescence microscopy (Revolve microscope) with a 10 × PLAN Fluorite 
Phase PH1 objective (NA 0.30, WD 10  mm) under 405–500  nm excitation. Digital fluorescent images were 
quantified using ECHO Pro APP and Image J software27,28,32.

For the size-frequency analysis, the longest dimension of each particle was measured from the digital images. 
To harmonize the µ‑FTIR and fluorescence microscopy datasets and to emphasize environmentally relevant 
small microplastics, particles were assigned to five size classes: 5–25, 25–50, 50–100, 100–300, and > 300 µm. The 
300 µm threshold was selected because MPs smaller than approximately 300 µm are increasingly recognized as 
a distinct “small microplastic” fraction that is often numerically dominant yet underrepresented in conventional 
net-based surveys, and may show enhanced bioavailability and ecological relevance in aquatic systems34–36.

QA & QC
Quality assurance/control included field, trip, equipment, and method blanks analyzed using Milli-Q water. 
All instruments and containers were pre-cleaned by sonication for 30 min (DELTA® DC600H). MP analyses 
exclusively utilized glass and stainless steel tools, also pre-cleaned by sonication, with blank samples processed 
similarly to field samples.

Statistical analysis
All statistical analyses were conducted using IBM SPSS Statistics 29.0.2.0 and Microsoft Excel 2019. Prior to 
hypothesis testing, data distributions of MP abundance and water-quality parameters were examined to verify 
that the assumptions of normality and homogeneity of variances were reasonably satisfied (p > 0.05). Seasonal 

Fig. 1.  Illustration of the geographic locations of monitoring stations within Shei-Pa National Park, depicting 
areas of intensive agriculture (green), tourism and transportation hubs (purple) and lodging and camping 
zones with soil-based wastewater disposal (blue). The photo shows the Formosan landlocked salmon. The map 
was generated using QGIS v3.40.13 (https://qgis.org/) and Microsoft PowerPoint 2019. Geospatial data were 
obtained from the Taiwan Government Data Open Platform, including administrative boundaries24 and river 
networks25 (available at https://data.gov.tw/).
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differences in MP abundance at each monitoring station were evaluated using paired-sample t-tests between dry 
and wet seasons. Spatial differences among stations were assessed using one-way analysis of variance (ANOVA) 
followed by Tukey’s honestly significant difference (HSD) post‑hoc tests, with statistical significance set at 
α = 0.05. Principal component analysis (PCA) was performed on z-score standardized variables (MP abundance 
and water-quality parameters) using OriginPro 2025 to identify underlying gradients and associations. 
Components with eigenvalues greater than 2.0 were retained. Fluorescence microscopy images were processed 
and quantified using ImageJ.

Results and discussion
Different seasonal MP abundance across stations
Figure 2 summarizes the MP abundance measured at the monitoring stations during the dry and wet seasons 
using µ-FTIR and fluorescence microscopy. Overall, MP levels were higher in the dry season than in the wet 
season. One-way ANOVA showed that MP abundance differed significantly among stations in both seasons 
(p < 0.05).

For the dry season, Tukey’s HSD post-hoc test distinguished four station groups (a–d). The highest 
concentrations were observed at downstream Creek Yousheng (Yi, 93 items/L) and downstream Qijiawan Creek 
(Qd, 88 items/L), both assigned to group a. The midstream station Qm (73 items/L) and tributary Creek Gaoshan 
(G, 71 items/L) formed group b, the upstream station Qu (59 items/L) formed group c, Creek Luoyewei (L, 51 
items/L) had an intermediate status between groups c and d, and the most upstream station Creek West Taoshan 
(T, 48 items/L) formed group d. This pattern indicates an upstream-to-downstream increase in MP abundance 
during the dry season, with clear differences among stations.

For the wet season, a separate one-way ANOVA and Tukey’s HSD post-hoc test likewise identified four 
statistical groups (a–d) specific to that season. Station Yi (72 items/L) remained in the highest-abundance 
group a. Station G (64 items/L) overlapped groups a and b; Qu (59 items/L) overlapped groups b and c; L (56 
items/L) overlapped groups b, c, and d; Qm (52 items/L) and Qd (47 items/L) were assigned to groups c and d; 
and T (45 items/L) belonged to group d. Compared with the dry season, these overlapping groupings indicate 
reduced spatial contrasts along the main stem of Qijiawan Creek in the wet season, with statistically significant 
differences mainly between the most upstream (T) and downstream (Yi) stations. In Fig. 2, letter codes (a–d) 
denote Tukey’s HSD groups within each season; identical letters across seasons do not imply the same statistical 
group but are used to indicate relative differences among stations in that particular season.

Surface runoff, stormwater discharge, and atmospheric deposition are major pathways for MPs entering 
freshwater systems9. Although abundant rainfall facilitates terrestrial MP entry into freshwater during wet 
seasons by enhancing surface runoff, increasing stormwater discharge frequency, and promoting atmospheric 
deposition37, monitoring results from this study indicate higher total MP abundance in the dry season compared 
to the wet season. Paired-sample t-tests revealed significant differences between dry and wet seasons at stations 
Qm (p < 0.001, denoted as *** in Fig. 2), Qd (p < 0.05, denoted as * in Fig. 2), and Yi (p < 0.05) (Fig. 2).

MP composition
Figure 3 shows seasonal MP material distributions identified by micro-FTIR analysis. During the dry season, 
common plastics (PET 16.2%, PE 13.5%, PP 2.7%) comprised 32.4% of the total, while synthetic fibers Rayon 
(45.9%) and Polyester (10.8%) dominated at 56.7%. In contrast, the wet season featured predominantly synthetic 
fibers (Polyester 79.2%, Rayon 8.3%) with limited detection of common plastics (PA 8.3%). The dry season 

Fig. 2.  MP abundances at monitoring stations in the Wuling region during dry and wet seasons.
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exhibited greater plastic diversity, possibly due to lower runoff and accumulation11. Heavy rainfall during 
the wet season likely facilitated loss or dilution of certain plastics, favoring lighter synthetic fibers carried by 
runoff38. Overall, synthetic fibers dominated MP pollution in both seasons, indicating significant anthropogenic 
influence. Previous studies identified PA and Polyester as major MPs in domestic wastewater39, with agriculture 
and fishing practices also contributing notably to PA, PE, and PET pollution40–44.

Shapes and sizes variation
MP size and shape distributions at each station during dry and wet seasons are depicted in Fig. 4. For descriptive 
purposes, particles were grouped into five size classes based on their longest dimension: 5–25, 25–50, 50–100, 
100–300, and > 300 µm. This classification highlights the fraction of “small microplastics” (< 300 µm), which 
has been shown to dominate particle counts and to warrant particular ecological concern in many aquatic 
environments34–36. The most abundant MPs ranged between 5 µm and 25 µm in both seasons. During the dry 
season, smaller-sized MPs predominated upstream, likely due to lower water velocities and reduced flushing 
capacity, facilitating deposition and retention of smaller fragments. Conversely, the abundance of larger MPs 
increased downstream, potentially reflecting cumulative inputs from anthropogenic sources such as urban 
runoff, wastewater discharge, and agricultural activities. During the wet season, increased flow velocities and 
runoff events substantially reduced the abundance of smaller-sized MPs, consistent with previous reports of 
reduced retention and enhanced transport of MPs under high-flow conditions45,46.

Notably, smaller MPs can translocate from the digestive tract to other animal tissues, predominantly when 
particle sizes are below 130 µm, particularly particles smaller than 10 µm47. Smaller MPs also exhibit a higher 
potential for trophic transfer across food webs6,8. Given that the Formosan landlocked salmon spawns and 
hatches during the dry season, juvenile salmon, which are more vulnerable than adults, may face heightened 
risks due to the prevalence of smaller-sized MPs during this period.

Fragments predominantly characterized particles smaller than 300  µm, consistent with mechanical 
fragmentation processes driven by environmental weathering, abrasion, and anthropogenic activities. In 
contrast, fibers dominated larger MPs (> 300 µm), indicating their origin primarily from textiles degradation 
and related sources28,39,48. These observed patterns underscore that fragment-shaped MPs are likely a result of 
breakdown processes of plastic products, whereas fiber-shaped MPs suggest association with clothing or other 
textile materials. The clear spatial and seasonal differentiation of MP shapes and sizes in this region highlights 
the influence of hydrological conditions and anthropogenic activity on MP distribution dynamics.

Seasonal variations in water quality at monitoring stations
Besides local geological characteristics, stream water quality can be influenced by rainfall, surrounding land-
use patterns, and domestic sewage discharge. In this study, nutrient-related parameters (NO₃⁻-N, NO₂⁻-N, 
PO₄3⁻ and SO₄2⁻), conductivity, TOC, turbidity, DO, and temperature are interpreted primarily as indicators 
of anthropogenic inputs and dilution conditions, rather than as direct mechanistic drivers of MP abundance. 
Based on long-term monitoring data of thirteen water-quality parameters across the study area (Fig. S2), some 
variables exhibited clear seasonal contrasts between dry and wet periods, whereas others mainly reflected spatial 
differences associated with adjacent land-use types.

Figure  5 presents a heat map illustrating monthly variations in representative water-quality parameters 
at the seven monitoring stations. Station Yi consistently showed higher concentrations of nutrient-related 
parameters (conductivity, NO₃⁻, NO₂⁻, and SO₄2⁻) across all sampling seasons compared to other stations. Our 
previous research indicated that elevated nutrient concentrations at Station Yi primarily originated from long-
term excessive fertilizer application along riverbanks22. Turbidity reached its annual peak at all stations during 

Fig. 3.  Seasonal MP composition proportions across monitoring stations. (a) Dry season (PET, PE, PP, EEA, 
Polyester, Rayon). (b) Wet season (PA, EEA, Polyester, Rayon).
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August (wet season), clearly reflecting soil erosion due to seasonal rainfall runoff. Additionally, phosphate and 
conductivity levels at downstream stations (Qu, Qm, G, Qd) in the Qijiawan watershed were slightly elevated 
compared to upstream Stations T, reflecting contamination from domestic sewage (PO₄2⁻) and salts derived 
from cooking and cleaning activities associated with nearby campsites (Fig. 1).

Fig. 4.  Major distribution of MPs in the Wuling region by size and shape during (a) dry season and (b) wet 
season. Shape classification was based on an aspect ratio of 1:3; particles with lengths exceeding three times 
their widths were classified as fibers, whereas others were classified as fragments.
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Figure 5 also illustrates that concentrations of water parameters related to fertilizer and domestic sewage 
were generally lower in the wet season (August) than in the dry season (January), except for turbidity, which 
peaked during the wet season at all stations. This pattern indicates that heavy rainfall enhances soil erosion and 
sediment input, thereby increasing turbidity, while simultaneously diluting nutrient and ion concentrations due 
to larger water volumes.

Daily precipitation records for the 14  days preceding each sampling date (Table  S1) further support this 
interpretation. Before the dry-season sampling, rainfall was sparse and of low intensity, with a total of 15.5 mm. 
In contrast, the 14-day period prior to the wet-season sampling experienced 719.5 mm of rainfall, with several 
high-intensity events including a 546.5 mm day. Such extreme antecedent rainfall is expected to increase stream 
discharge, alter channel morphology (Fig. S1), and enhance downstream transport and dilution of dissolved and 

Fig. 5.  Heatmap of seasonal concentrations for water quality parameters at each monitoring station in the 
Wuling area.
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particulate constituents. The combination of elevated turbidity but reduced nutrient concentrations in the wet 
season is therefore consistent with strong hydrological forcing and provides important context for understanding 
the lower MP abundances observed during the wet season (Sect.  “Different seasonal MP abundance across 
stations”).

Focusing further on the relationship between specific water quality parameters and surrounding land use, we 
conducted an ANOVA statistical analysis on the seasonal mean values obtained from the same sampling sites 
to eliminate seasonal effects; results are summarized in Table 1. Tukey’s HSD comparisons between sites were 
performed at a significance level of 0.05. Yi site showed the highest concentrations for NO₃⁻-N, NO₂⁻-N, and 
SO₄2⁻, categorized into group a; these compounds are major components or derivatives of agricultural fertilizers. 
Conversely, NO₃⁻-N, NO₂⁻-N, and SO₄2⁻concentrations at sites Qu, Qm, and Qd (mainstream of Qijiawan Creek), 
as well as sites L., T., and G. (upstream and tributaries), fell into groups b, c, or b&c, indicating significantly lower 
concentrations compared to Yi site. The predominant land-use surrounding these latter sites include camping, 
tourism, and pristine forest (Fig.  1). Statistical analyses combined with local land-use patterns indicate that 
NO₃⁻-N, NO₂⁻-N, and SO₄2⁻ concentrations sensitively reflect agricultural fertilizer impacts on stream water 
quality in the study area. Conductivity measurements, representing total charged chemical constituents in water, 
classified the agriculturally intensive Yi site into group a, the camping-intensive Qm site into group b, and the 
pristine forest-surrounded T site into group c. Other sites without clear differences were categorized into group 
b&c (Table 1). This result suggests that conductivity reflects pollution sources from both agricultural fertilizers 
and camping wastewater. Notably, phosphate concentrations showed no significant differences among sites at 
a significant level of p < 0.05, with all sites grouped similarly, suggesting consistent phosphate levels across the 
study area.

Seasonal variation from principal component analysis (PCA)
PCA was conducted on a subset of water quality variables, including nutrients, conductivity, TOC, turbidity, 
DO, temperature and MP abundance to examine spatial patterns related to anthropogenic inputs and in-
stream conditions. Precipitation was excluded from the PCA due to its spatial uniformity across stations on 
each sampling date, rendering it irrelevant to spatial variance. Instead, antecedent rainfall was used to interpret 
seasonal variations in MP abundance (Sects. “Different seasonal MP abundance across stations” and “Seasonal 
variations in water quality at monitoring stations”). Two factors with eigenvalues greater than 2.0 were identified 
from the PCA for both wet and dry seasons. Factor loadings of various water parameters concentration and 
MPs abundance, as well as the average factor scores for each sampling site, are shown in Fig. 6. PCA clearly 
demonstrated seasonal differences between water parameters and MP concentrations. During the dry season, 
PCA accounted for 74.0% of total variance (PC1: 57.8%, PC2: 16.2%) (Fig. 6a), whereas in the wet season, PCA 
explained 67.6% of variance (PC1: 46.6%, PC2: 21.0%) (Fig.  6b). Higher variance explained during the dry 
season indicated more distinct differentiation of pollution indicators under low-flow conditions.

MPs abundances showed positive loadings on PC1 together with turbidity, conductivity, SiO₂, and TOC, 
suggesting that higher MP levels co-occurred with sediment resuspension, runoff, and anthropogenic pollution. 
In addition, DO showed an opposite loading pattern along with this axis, consistent with lower DO in more 
impacted reaches.

Station Yi consistently exhibited the highest positive loadings on PC1 in both seasons, strongly associated 
with nutrients (NO₃⁻, PO₄3⁻), TOC, Cl⁻, temperature, and MPs. Intensified agricultural activities around Station 
Yi likely increased these parameters, reflecting significant impacts from agricultural runoff and fertilizer overuse.

Station Qm and Qd showed moderate associations with turbidity, TOC, conductivity, and MP levels. These 
patterns may be related to recreational activities such as plastic waste, detergents, food residues, and personal 
care products from the endangered salmon viewing platform near Qm and the visitor center near Qd. Seasonal 
difference analyses further supported this, showing significantly higher MP abundance in the dry season at 
Station Qm (73 items/L dry, 52 items/L wet) and Qd (88 items/L dry, 47 items/L wet) (Fig. 2). Additionally, tourist 
numbers were considerably higher in the dry season (Fig. 7), further suggesting a combined contribution of 
agricultural runoff and tourist-generated wastewater to MP pollution in dry seasons, while agricultural activities 
dominated the wet-season contribution.

Station T and Qu exhibited lower pollution levels overall, reflecting lower anthropogenic disturbances 
and better water quality. Station G and L showed moderate pollution levels, indicating relatively balanced 
environmental conditions with no significant seasonal differences.

Sampling sites
Conductivity
(μS/cm)

NO2
--N

(μg N/L)
NO3

--N
(mg N/L)

SO4
2-

(mg/L)
PO4

3-

(mg/L)

L 173.18 ± 23.66bc 0.55 ± 0.47b 0.22 ± 0.24b 38.85 ± 8.12bc 0.02 ± 0.02a

T 158.76 ± 9.99c 0.60 ± 0.49b 0.21 ± 0.19b 28.41 ± 2.10c 0.04 ± 0.04a

Qu 202.96 ± 11.67bc 0.47 ± 0.30b 0.19 ± 0.16b 39.96 ± 2.44ab 0.05 ± 0.05a

Qm 214.08 ± 10.74b 0.51 ± 0.36b 0.30 ± 0.21b 43.93 ± 2.53ab 0.03 ± 0.04a

Qd 184.4 ± 35.74bc 0.51 ± 0.32b 0.20 ± 0.22b 41.19 ± 3.30ab 0.08 ± 0.07a

G 181.63 ± 12.13bc 0.61 ± 0.32ab 0.22 ± 0.30b 35.31 ± 3.21bc 0.06 ± 0.03a

Yi 290.55 ± 27.53a 2.53 ± 2.01a 1.13 ± 0.74a 47.52 ± 5.87a 0.12 ± 0.06a

Table 1.  ANOVA test results for water quality parameter concentration differences among sampling sites 
(p < 0.05), with subsequent pairwise comparisons conducted using Tukey’s HSD test.
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Implications for seasonal MP risk and management
The results demonstrate pronounced seasonal and spatial variation in MP abundance, composition and size 
distribution in the Wuling streams. These patterns indicate that both hydrological conditions and human 
activities shape MP characteristics, and that seasonal timing is an important consideration for future monitoring 
and management. In this study, potential source contributions are inferred indirectly from associations between 
MPs, water-quality indicators and surrounding land-use types, rather than from direct source apportionment. 
For example, higher MP abundance and stronger associations with nutrients, conductivity and TOC at 

Fig. 6.  Principal Component Analysis (PCA) of water quality parameters and MP abundances among 
sampling sites (a) dry season; (b) wet season.
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the agriculturally dominated Yi site are consistent with contributions from farming activities, whereas the 
association of MPs with tourist facilities at Qm and Qd suggests an influence of recreational use. At the same 
time, atmospheric deposition and legacy plastics transported from outside the catchment are likely to contribute 
to the MPs observed in the streams and cannot be distinguished with the present data set.

Any management actions motivated by this study should therefore be considered precautionary options 
aimed at reducing potential future MP inputs, rather than responses to fully quantified and localized sources. 
During the wet season, when rainfall, runoff and turbidity are high, general measures that reduce plastic use 
and loss from agricultural landscapes, such as careful handling of plastic mulches and fertilizer bags, improved 
collection and recycling of agricultural plastics, and good housekeeping practices around farmsteads may help to 
limit the transport of macroplastics and MPs into the streams. During the dry season, when dilution is reduced 
and tourist numbers are relatively high, public education and simple behavioural interventions, e.g. discouraging 
single-use plastics and promoting proper waste collection and the use of environmentally friendly detergents 
at campsites and visitor facilities may reduce additional MP inputs from recreation. Because MP particles can 
persist for long periods and may originate from historical or remote sources, such seasonal measures are not 
expected to produce immediate reductions in MP concentrations, but rather to gradually limit new inputs.

Continued, long-term monitoring of MPs, combined with improved information on atmospheric deposition, 
stream discharge and flow velocities, will be essential to evaluate the effectiveness of any management strategies 
and to better distinguish between local and remote contributions to MP loads in endangered salmon habitats.

Conclusion
Seasonal variations in the abundance, composition, and size distribution of MPs were evident in streams 
supporting the Formosan landlocked salmon in the Wuling region. Higher MP concentrations and a dominance 
of smaller particles were observed during the dry season, whereas the wet season exhibited lower concentrations 
and shifts in polymer types and particle shapes. These seasonal patterns, along with spatial differences among 
monitoring stations, corresponded to surrounding land-use types, ranging from pristine headwaters to areas 
affected by agriculture and tourism. When considered alongside antecedent rainfall and water quality indicators, 
the findings suggest that both hydrological dynamics and anthropogenic activities shape MP distribution in 
this protected mountain catchment. This study provides baseline data on seasonal MP trends in an endangered 
salmon habitat and underscores the need for ongoing monitoring and future research integrating MP analysis 
with detailed hydrological and source-tracking approaches to inform long-term management of freshwater 
microplastic pollution.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.
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Fig. 7.  Visitor numbers, monthly cumulative precipitation (AP), and MP abundance during wet and dry 
seasons.
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