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Understanding the biogeochemical processes of particulate organic matter occurring in the river under anthropogenic disturbances and its transport to the coastal system is important for environmental resource management. In this study, we investigated the sources and distribution of particulate organic matter (POM) from the upper reaches of the Iyidere River, Türkiye, to the coastal water of the Black Sea during the fall and spring seasons using the elemental (POC and PON (%), C/N), isotopic (δ13C and δ15N), and Bayesian mixing model (MixSIAR) analysis. The POC (%), PON (%), and C/N of POM varied seasonally, indicating that the composition of POM varied with river hydrology, which varies depending on the climate of the region. Both the mixing model and the isotopic and elemental ratios of POM have revealed that the organic matter sources contributing to the riverine of POM, during the fall season, when the precipitation is severe, exhibited a uniform distribution. Heavy rain increased soil erosion along the high-slope land, and as a result, soil and bacteria were identified as the main contributor of POM along the Iyidere River. The results showed that the organic matter sources contributing to POM in the spring season showed significant spatial variation. Terrestrial vegetation, soil OM, and bacteria were the main contributors of POM depending on sites, and these contributions did not show a regular trend along the river. δ15N of POM had significant spatial variation in both seasons that was likely caused by nitrogen inputs derived from anthropogenic activities along the river. The anthropogenic activities and cascade dams causing variations in the contribution of organic matter to the POM are the likely important driving factors in this river-coastal system.
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1 INTRODUCTION
Freshwater is critical in transporting terrestrial organic matter (OM) from land to sea because it forms an essential part of the global carbon cycle in marine systems (Blair and Aller, 2012). A large amount of transported terrestrial OM accumulates in the coastal zone (Ni et al., 2008) and is eventually buried in marine sediments (a source-to-sink process), participating in the global carbon cycle (Zhang et al., 2021). Therefore, these processes (export and sinking of organic matter and nutrients) significantly affect the biochemical cycle, productivity, and food web dynamics of coastal and marine ecosystems (Caddy, 2000; Wang et al., 2012; Xuan et al., 2020a).
A component of OM in freshwater ecosystems is suspended particulate organic matter (POM), typically measured as particulate organic carbon (POC) and particulate organic nitrogen (PON). Riverine POM usually consists of different sources such as soil OM, terrestrial plants, freshwater phytoplankton, large bacteria, benthic algae, and anthropogenic sources (agricultural fertilizer, industrial and domestic sewages, etc.) (Liu et al., 2019a; Lee et al., 2019). Several studies concluded that POM transported by rivers consists of refractory soil OM, terrestrial vegetation, and detritus and, therefore, plays an important role in the biogeochemistry of coastal areas (Raymond and Bauer, 2001; Wu et al., 2007; Holmes et al., 2008; Bouchez et al., 2014), whereas other studies concluded it to be insignificant (Lobbes et al., 2000; Amon et al., 2003). Seasonal hydrological variation of a river also strongly affects the quantity and quality of POM such as the higher contribution of soil and terrestrial plant in the wet and phytoplankton in the dry season (Lu et al., 2016; Mbaye et al., 2016; Ke et al., 2020).
Globally, river drainage basins have been greatly influenced by anthropogenic disturbances such as urbanization, industrial activity, agriculture fertilization, and dam construction (Butman et al., 2015; Park et al., 2018). These disturbances have substantially changed the POC delivery to the freshwaters and its export to the coastal zone (Wang et al., 2022), hence POM sources (Zhang et al., 2022). For example, fluxes of organic carbon increased in response to deforestation (Moore and Jackson, 1989; Kao and Liu, 1996) and decreased in response to the construction of dams (Ittekkot and Arain, 1986; Wu et al., 2007). Dams may have an important impact on POM composition by increasing the travel time of water, promoting sedimentation, and autochthonous production which is easily decomposable and labile and, therefore, may alter the trophic ecology of coastal waters (Panwar and Yang, 2022). Furthermore, urbanization and agriculture activities changed the quality of POM delivered to the marine system, aggravating soil erosion (Cui et al., 2021; Xu et al., 2021; Liu et al., 2022; Lv et al., 2022) and increasing phytoplankton (Yi et al., 2017; Xuan et al., 2020b; Wang H et al., 2020) and fecal bacteria (Surbeck et al., 2010) contribution to the POM pool caused by nutrient pollution.
The rivers in Northeast Anatolia of Türkiye carried a high amount of sediment to the Black Sea (24 million tons of sediment and 40 km3/year of water discharged per year) due to the highly sloping hydrogeomorphology of the rivers and the high precipitation (Algan, 2006). However, the high slope and river discharges have made this region attractive for dam construction. Today, there are cascade dams on all the rivers in this region and these dams hold 83% (>17 million m3) of the suspended sediments carried along the rivers (Berkun, 2010; Berkun et al., 2015). The Iyidere River is located in Northeast Anatolia which is under the influence of not only cascade dams (river-type cascade hydroelectric power plants (HPP)) but also various anthropogenic disturbances. The Iyidere River Basin is exposed to excessive use of fertilizers for tea agriculture, livestock activities, domestic sewage (do not have sewage systems and wastewater treatment facilities), and industrial activities (such as copper factory, cement, and fishmeal, and fish oil factories) (Dokap, 2013). There is currently a lack of data on the sources and distribution of POM along the river under an anthropogenic disturbance from land to sea in Northeast Anatolia. Previous studies have mostly focused on the nutrient concentrations, quality, and stoichiometry of sediment and POM from the coastal zone (Akbal et al., 2011; Bayram et al., 2011) and open water of the Black Sea (Coban-Yıldız et al., 2000; Çoban-Yıldız, 2006; Ergül and Topcuoğlu, 2009; Akçay and Yücel, 2023).
Based on the aforementioned information, the importance of POM inputs to the Iyidere River and the transport of these OM to the coastal zone of the Black Sea are of concern. Therefore, identifying the POM sources of this basin will provide a theoretical reference for environmental management and ecological assessments for this and other river basins under anthropogenic disturbance. For this study, the elemental (the weight percentages of POC (%) and PON (%), and C/N ratio) and isotopic (δ13C and δ15N) compositions of POM in suspended particulate matter from the Iyidere River mainstream and the coastal zone of the Black Sea were investigated during two seasons (high- and low-rainfall period). The purpose of this study was to i) determine the spatiotemporal variation of the elemental and isotopic composition of POM from the Iyidere River to the Black Sea coast, ii) identify the mechanisms controlling this spatiotemporal variability, and iii) quantify the proportion of the potential OM source’s contribution to the riverine and coastal POM using the MixSIAR mixing model. With these combined techniques (elemental, isotopic, and mixing model analysis), the results can provide comprehensive information on the changes in POM and clarify the impacts of human activities on POM.
2 MATERIALS AND METHODS
2.1 Study sites
This study was carried out in the Iyidere River Basin located in the northeast of Türkiye (Figure 1). It originates within the Soganlı Mountains and flows into the Black Sea. The catchment of this river covers an area of 1047.4 km2 and is 78.4 km long. The average discharge of this stream is 28.35 m³/s. The slope of the stream is 38% (https://tr.wikipedia.org/wiki/%C4%B0yidere_Deresi). The source of the river is about 3000 m above sea level and flows vertically predominantly in the north–northwest direction into the sea in narrow and deep valleys (Ayaz et al., 2013). The eastern Black Sea region of Türkiye is typically characterized by a humid temperate climate (marine climate) sub-type in Köppen classification (Öztürk et al., 2017). Precipitation is plentiful (annual precipitation is 2000–2,500 mm), all seasons are rainy, and there is no dry period. Most precipitation falls in the fall season (from September to November, 804.6 mm) and the least in the spring season (November to April, 334.6 mm) (Dokap, 2013).
[image: Figure 1]FIGURE 1 | Iyidere River Basin with sampling points.
In this study, suspended POM samples were collected from eight sampling sites between 2020 and 2021 during the fall (high rainfall, October 2020) and spring (low rainfall, March 2020) seasons (Figure 1). Sampling sites 1 and 2 are located in the upper channel of the river and at an altitude of 643–715 m. The landscape of the upper basin is dominated by natural forests and partly agricultural areas. The most important agricultural product in this basin is the tea plant (Camellia sinensis L.). Sites 3 and 4 were in the middle basin of the river with an altitude of 275–502 m. Sites 5, 6, and 7 were in the lower basin with elevations ranging from 6 to 110 m. The middle basin is under the influence of intensive agricultural activities (tea plantations), while the lower basin is under the influence of agricultural activities, uncontrolled and irregular industrialization, and urbanization (Verep et al., 2012). Since there is no sewerage system in many villages within the basin, wastewater is directly poured into the stream system and discharged into the Black Sea without treatment. In addition, the natural flow of the Iyidere River is interrupted by three (river-type cascade hydroelectric power plants (HPP)) between site 3 and 4, site 4 and 5, and site 5 and 6. Only site 8 is located in the coastal zone of the Black Sea.
2.2 Sampling and stable isotope analysis of particulate organic matter
Surface water samples for the analysis of POM at each riverine site during two seasons were collected about 0.3 m below the water surface using 5-L precleaned plastic and sunproof bottles. Seawater surface samples were collected with a Van Dorn water sampling bottle about 1 m below water surface and placed in 5 L sunproof bottles. The water samples brought to the laboratory in cold storage were filtered through precombusted (550 °C, 5 h) a Whatman GF/F filter (47 mm diameter, and 0.7 μm pore size) (Merck, Darmstadt, Germany) on the same day. Sea salt was removed by using 10 ml of 33% salt solution (Milli-Q water and NaCl-Panreac PA-ACS-ISO) only in filtered seawater samples.
Stable δ13C and δ15N analyses were conducted on two sub-samples of POM surface water for each site and season. One sub-sample was acidified by rinsing with 10 ml 1N HCl to remove inorganic carbonate for δ13C analysis, whereas the other was analyzed without any prior treatment for δ15Ν analysis. The samples treated with acid were then rinsed with Milli-Q water. All samples dried at 60 °C for 48 h in the oven and then were ground to a fine powder and stored in glass vials. About 2–5 mg of carbonate-free samples for δ13C and about 15–30 mg for δ15N analyses were weighed into ultra-pure tin capsules (Elemental Microanalysis Ltd, Okehampton, UK). Samples were analyzed for carbon and nitrogen isotope ratios, and the POC (%) and PN (%) ratios using the Isotope Ratio Mass Spectrometer at the Akdeniz University, Food Safety and Agricultural Research Center (Antalya, Türkiye). Ratios (R) of the heavy to light isotopes (i.e., 13C/12C, 15N/14N) are expressed in parts per thousand, relative to the standards in delta notation according to the following formula:
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in which the standards are Pee Dee Belemnite limestone and atmospheric molecular nitrogen for C and N, respectively. Atmospheric nitrogen (for δ15N) and Pee Dee Belemnite (PDB) (for δ13C) were used as the standards. The analytical precision was within 0.2‰ and 0.3‰ for carbon and nitrogen isotope measurements, respectively. The C/N atom ratios of the samples were determined by multiplying the ratio of carbon and nitrogen weight percentages by 1.167 (Leng and Lewis, 2017).
2.3 Data analyses
The proportional contributions of different OM sources to the suspended POM of the Iyidere River were determined using a Bayesian stable isotope mixing model MixSIAR in R (ver. 4.2.1., R Foundation for Statistical Computing, Vienna, Austria). A detailed description of the MixSIAR model was described by Stock et al. (2018). The five main sources of OM of the stream ecosystem are as follows: bacteria, algae, soil, leaf detritus, and macrophytes (Finlay and ve Kendall, 2007). We did not sample any of these OM sources in this study, and therefore, we derived three end-member sources (terrestrial plants, riverine phytoplankton, and soil OM) and their mean and range values of δ13C and δ15N and C/N from previous studies (McKinney et al., 2001; Lamb et al., 2006; Wu et al., 2007; Kaymak et al., 2015; Chen and Jia, 2009; Lammers et al., 2017, Table 1) for this model. We did not include macrophytes because they did not show significant dispersal in this system. We also did not include bacteria because they largely overlapped with the stable C and N isotope ratios of the other three sources because the δ13C of heterotrophic bacteria growing on organic carbon substrates are typically the same as the δ13C of the OM used (Finlay and ve Kendall, 2007). We added another end-member (marine phytoplankton, −22.43 ± 1.7‰ for δ13C and 6.8 ± 3.07‰ for δ15N, Çoban-Yıldız et al., 2006; Banaru et al., 2007; Mutlu, 2019) for site 8 on the Black Sea coast and ran this analysis for two seasons again. Since C/N ratios seem to be a pretty good indicator in separating all these OM sources, the classical C/N vs δ13C and δ15N vs C/N plots were also used to appear in the POM distribution within the ranges of the four end-member sources. For these plots, we also added the bacteria as an end-member and obtained the isotope ratios from the studies of McCallister et al. (2004), Finlay and ve Kendall (2007), Bao et al. (2012), and Lammers et al. (2017).
TABLE 1 | Mean and range of the δ13C, δ15N, and C/N ratios of potential organic matter sources used by MixSIAR analyses and the scatter plot of δ13C vs C/N ratios and δ15N vs C/N ratios.
[image: Table 1]Paired t-tests were used to compare the variations in isotopic parameters (POC (%), PN (%), C/N ratios, δ13C, and δ15N) of POM between the fall and spring seasons. After testing for normality (Shapiro–Wilk test) and homogeneity of variance (Levene’s test), one-way ANOVA was performed to assess spatial variation in each season. Relationships between the parameters were investigated with the Pearson correlation coefficient (significant when p < 0.05). All analyses were conducted using R statistical software (version 4.2.1, R Project for Statistical Computing). Principal component analysis (PCA) was performed using PAST 4.0.4 statistics in order to evaluate the relationships between the elemental and isotopic composition of the POM samples and sites.
3 RESULTS
3.1 Spatiotemporal variation of particulate organic matter
The δ13C and δ15N values of POM did not differ among seasons (paired t-test, p > 0.05) (Table 2). There were significant differences in POC (%) and PN (%) of POM among seasons, with the higher ratio in the fall relative to the spring season (paired t-test, p < 0.01 for POC (%) and p < 0.05 for PN (%)). In contrast, the C/N of POM was significantly higher during the spring season than in the fall season (paired t-test, p < 0.05) (Table 2).
TABLE 2 | Elemental and isotopic composition of POM from the Iyidere River to the Black Sea coast during the fall and spring seasons.
[image: Table 2]During the fall season, although the δ13C values of the POM did not differ among sites (r2 = 0.112, p = 0.205), the δ15N values of sites 1, 2, 3, and 5 were considerably lower than those of sites 4, 6, 7, and 8 (r2 = 0.517, p < 0.001) (Table 2; Figure 2). PN (%) and C/N ratios of POM did not differ significantly among sites (r2 = 0.005, p = 0.804 and r2 = 0.096, p = 0.242, respectively). The POC (%) of POM was the highest at site 1 and the lowest at site 6 (r2 = 0.298, p < 0.05). During the spring season, the δ13C value of site 8 was significantly higher than that of sites 4, 6, and 7 (r2 = 0.286, p < 0.05), while the δ15N values of POM from sites 3, 5, and 6 were higher than those from the other sites (r2 = ,0.291, p < 0.05) (Table 2; Figure 2). PN (%) and C/N of POM varied significantly among sites (r2 = 0.623, p < 0.001 and r2 = 0.556, p < 0.001, respectively), except for POC (%) ratios (r2 = 0.011, p = 0.245). Based on the PN (%) of POM, sites were statistically divided into three groups: sites with low (sites 2, 5, and 6), medium (site 1), and high ratios (sites 7 and 8). The C/N of POM increased at sites 2, 3, and 5 (Table 2; Figure 2).
[image: Figure 2]FIGURE 2 | Spatiotemporal variation in the elemental and isotopic composition of POM along the Iyidere River. Blue dots represent samples collected in the fall season, and orange dots represent samples collected in the spring season. Error bars indicate standard deviation for each sample.
The two PC axes, PC1 and PC2, explained 67.68% and 25.85%, respectively, of the total variance of POM. The PC 1 axis, which was positively related to C/N (0.90) and separated sites 2, 3, 5, and 6 during the spring season dominated by these features from other sites and seasons (Figure 3). The PC 2 axis has high factor loadings of δ15N (0.90) and clearly distinguished site 6 and 8 for both seasons and site 4 and 7 in the fall season from other sites (Figure 3). The Pearson correlation analysis (Table 3) showed that the PN (%) correlated strongly with the C/N of POM in the fall season, whereas both δ13C and δ15N were found to be positively correlated with POC (%) of POM during the spring season. The C/N ratio of POM correlated positively with δ15N and negatively with PN (%) (Table 3).
[image: Figure 3]FIGURE 3 | PCA results using the elemental and isotopic composition from the fall and spring season samples. Individual sampling sites are indicated by their site number. Black color represents the fall season, and red color represents the spring season (the shapes reflect the site numbers: dot: site 1, square: site 2, diamond: site 3, triangle: site 4, star: site 5, inverted triangle: site 6, filled diamond: site 7, and filled triangle: site 8).
TABLE 3 | Pearson correlation between the elemental and isotopic composition of POM during the fall and spring seasons.
[image: Table 3]3.2 Spatiotemporal variation of potential organic matter sources of particulate organic matter
The MixSIAR mixing model results indicated that POM was supported by terrestrial plant sources, but the proportional contributions of this source differed along the longitudinal fluvial gradient and seasons (Table 4). During the high-rainfall fall season, terrestrial plants contributed most to POM at sites 1, 2, 3, and 5, whereas terrestrial plants and riverine phytoplankton supported a large fraction at sites 4, 6, and 7. POM from site 8 on the coastal zone originated mainly from soil OM to a lesser extent from terrestrial plants and marine phytoplankton. In the spring season, terrestrial plants accounted for more than 65% of all sites along the river. However, riverine phytoplankton contribution somewhat increased to the POM, especially sites located upstream (site 3) of the first dam. The contribution of soil OM to the POM at site 8 decreased while marine phytoplankton increased (Table 4).
TABLE 4 | Mean of the MixSIAR model-estimated proportions of potential source contributions to the particulate organic matter during both seasons.
[image: Table 4]The plot δ13C vs. C/N and δ15N vs. C/N clearly separated these four end-member sources: terrestrial plants, soil OM, riverine phytoplankton, and bacteria (Figures 4A, B). Some POM samples (sites 2, 3, 5, and 6) that fell between soil OM and terrestrial plants and others (sites 1, 4, 7, and 8) located within the isotopic range of bacteria during the spring season suggested contributing these sources to POM. While some samples (sites 1, 2, 5, and 7) were located close to riverine phytoplankton and bacteria, some POM samples (sites 3, 4, 6, and 8) also exhibited bacterial C/N values during the fall season (Figures 4A, B).
[image: Figure 4]FIGURE 4 | Scatter plot of δ13C vs. C/N ratios (A) and δ15N vs C/N ratios (B) for POM samples collected in the Iyidere River during the fall (the blue color) and spring seasons (the purple color). The data in Table 1 were used for the isotope ranges of potential organic matter sources in this figure (phyto: phytoplankton).
4 DISCUSSION
4.1 Seasonal and spatial variation of riverine particulate organic matter
Although there was no clear seasonal trend from upstream to downstream of the river in terms of δ13C and δ15N values of POM (Figure 2), POC (%) and PN (%) ratios increased in the fall (3.58% and 1.11%, respectively) and decreased in the spring season (2.71% and 0.77%, respectively) (Figure 2). Exports of PN and POC (%) have increased, as the intensity of storms and associated soil erosion is the highest (Correll et al., 2001; Wang Y et al., 2020) in this region during fall rainy season. Moreover, the C/N ratio of POM was elevated (mean 7.48) during the spring (less rainy period) and decreased (mean 3.84) in the fall season. The low C/N ratio indicates that soil OM contribution is high due to erosion during heavy rainy periods, whereas a high C/N ratio in low-rainy periods indicates increasing autochthonous OM derived from benthic and pelagic algae (Kaymak et al., 2015). In contrast, many studies showed that the C/N ratios of POM samples from many freshwater systems increased during the wet season and decreased in the dry season (Jha and Masao, 2013; Mbaye et al., 2016; Liu et al., 2021) and indicated that the sources of OM contributing to POM vary with fluvial hydrology.
4.1.1 Fall season
The large amount of precipitation in this region during the fall season increases the average freshwater discharge in the Iyidere River Basin (Dokap, 2013; Altınışık, 2015). In this season, fairly uniform distributions of the δ13C, PN (%), and C/N ratio of POM were observed along the Iyidere River, indicating higher discharge throughout the mainstream channel caused soil erosion by flooding events in this basin. The low C/N ratio of POM (2.59–4.57) from all sites in this season indicated increased mixing of soil bacteria (C/N < 4, Bao et al., 2012; Lv et al., 2022). The δ13C of POM ranged between −26.83‰ and −25.46‰ along the river (except for site 4) which could indicate that allochthonous OM (terrestrial and soil OM) (Chen and Jia, 2009) dominates the POM. The Iyidere River is covered by agricultural areas, especially for tea plant cultivation. Due to the conversion of forest and meadow lands into tea lands, after heavy rain, a large amount of water passes into the surface flow and causes erosion and increasing soil (Yüksek, 2017) as well as POC (%) and PN (%) toward the main channel of the river (Wang H et al., 2020; Gao et al., 2021). This situation may also increase the bacterial density of the river using POC as a source (Caillon and Schelker, 2020).
However, POC (%) and δ15N values of POM showed spatial variations along the river. POC (%) values tend to decrease from the upstream to the downstream of the river, with the highest value at site 1 and lowest at site 6 (Table 1; Figure 2). In the natural forest area, the top 1 cm of the soil contains 4.3% organic carbon because it covers too much terrestrial plant leaf litter; on the contrary, less plant litter in agricultural areas causes less organic carbon, 0.87% (Correll et al., 2001). In this case, we can state that the POM is composed of a mixture of terrestrial plants and soil OM due to increased precipitation and soil erosion along the Iyidere River.
Furthermore, PCA and ANOVA results suggested that the δ15N of POM had high spatial variation during this season (Table 1; Figures 2, 3) with depleted 15N values at sites 1, 2, 3, and 5 and enriched 15N at sites 4, 6, and 7. δ15N can be used as an indicator of anthropogenic pollution such as agricultural synthetic fertilizers and manure (5.9–6.6‰, and 3.5–16.2‰, respectively Bateman and Kelly, 2007), industrial sewage (1.5 ± 1.54‰, Xuan et al., 2020a), and municipal and domestic wastewater (10–20‰, Amir et al., 2019; 7–14‰, Duan et al., 2014; Xiao and Liu, 2010; Liu et al., 2021) sources that have distinct δ15N values. TN concentrated non-point sources such as fertilizer usage, livestock activities, and domestic sewage reaching the Iyidere River Basin were 1484, 213, and 216 kg/km2 per year, respectively, and 20.6, 16, and 34 kg/km2 per year, respectively, for TP concentrations (Erdoğan, 2017). NO2–N concentrations of 1.57–12.83 μg/l (Serdar and Verep, 2018) and NO3–N of 3.45–8.94 mg/l (Mutlu et al., 2017) were observed in the Iyidere River. Previous studies have reported that constant precipitation, together with the hydrogeomorphology of the Iyidere River, collected pollutants throughout the basin into the main channel of the river and transports them to the Black Sea (Dokap, 2013; Environment and urban ministry of Türkiye, 2015; Levent et al., 2018). Overall, in addition to the results from the previous studies, the δ15N of POM that is induced by excessive anthropogenic activities also has the ability to alter the sources of the POM in the Iyidere River.
4.1.2 Spring season
Generally, the Iyidere River Basin experiences low freshwater discharge and precipitation during the early spring sampling month (October) relative to the fall season. The C/N ratios of POM from the upper reach of the river dominated by natural forest were greater than those in the lower reach of the river (Bracken, L. J. and Croke, 2007; Gao et al., 2021). Because of the slope and high discharge across the upper basin, terrestrial allochthonous POM from upland soil causes high C/N and POC (%) (Raymond and Spencer, 2015; McClelland et al., 2016). The proportion of terrestrial contribution gradually decreases with autochthonous POC (Wang et al., 2022) and PN (von Schiller et al., 2016) increasing toward the lower basin of the river. In this study, during the spring season, POC (%) was high in the upper basin (except site 1) and low at the end of the lower basin, but showed significant fluctuations in the middle and head of the lower basin where cascade dams are located. The POC (%) and C/N increased at sites 3 (site above first dam) and 5 (site between dams) above each dam and then decreased from the lower basin toward the Black Sea coast. This indicated that dams may trap the transport of terrestrial OM along the stream and deposit it in the reservoir, thus increasing the contribution of terrestrial OM to POM from these sites. However, the low POC (%) and C/N of POM at sites 4 (site between dam), 6, and 7 (sites below dam) below the dams can be associated with soil OM derived from agricultural land and urbanization (Correll et al., 2001). Cascade dams have altered the POM composition in the Iyidere River and may change the POM export to the coastal system as in other dammed rivers (Liu et al., 2019b; Fang et al., 2019; Xu et al., 2020; Zhao et al., 2021; Wang et al., 2022). Furthermore, high microbial activity by N2-fixating cyanobacteria results in low δ15N and δ13C (Lesutienė et al., 2014). The low δ15N values (4.15–4.92) with a low C/N ratio (1.73–2.47) of POM at sites below dams may be mediated by bacteria, which may also be associated with sewage wastewater (C/N: 2.7, Ogrinc et al., 2008).
The δ13C of POM was similar to that of soil OM and terrestrial plants (Figure 2) (–26.4 to –22‰ (Chen and Jia, 2009) and −31 to −25‰ (Lamb et al., 2006; Kaymak et al., 2015, respectively)), showing that POM mainly comes from mixing of eroded soil and terrestrial plants along the Iyidere River during this season. According to the PCA analysis, sites 2, 3, 5, and 6 differed from other sites with their very high C/N values (8.32–14.92). This was likely to indicate the POM contains a higher fraction of soil OM [C/N = 8–15, (Kendall et al., 2001)], while higher δ15N values (9.16–9.49) at the same sites may imply strong anthropogenic pollution derived from different sources. Unlike the fall season, sites 3, 5, and 6 with high δ15N were located above and between the dams. As dams create barriers along river flow, the accumulation of anthropogenic inputs may vary spatially between cascade dams, causing different isotopic and elemental ratios of POM between sites depending on the season. We also found a significant (p < 0.01) negative correlation between C/N and PN and a positive correlation between C/N and δ15N (Table 2; Figure 3), indicating the disturbance from anthropogenic nitrogen inputs to the middle and lower basin of the Iyidere River and changes the composition of POM. Similar δ15N values (>8‰) were also reported for the eutrophication of rivers with high nutrient and municipal wastewater loads that enter the Baltic Sea (Lesutienė et al., 2014; Remeikaitė-Nikienė et al., 2017; Amir et al., 2019).
4.2 Source composition of riverine particulate organic matter
The source of POM in the river was determined by comparing C and N isotopes and C/N ratios for four different OM sources (Figure 4). The C/N ratio is largely used as a proxy to explain the source and fate of OM in the aquatic environment because four OM sources in stream ecosystem have a unique ratio (Table 1). The δ13C versus C/N plots made a good distinction between the sources of OM (end-member) contributing to POM and revealed that bacterial OM contributed to the POM, especially along the Iyidere River in the fall season. OM sources contributing to POM did not vary spatially during the fall season. Plots of δ15N versus C/N showed that the fall season samples of POM along the Iyidere River reflected enriched and depleted 15N bacterial OM. It may be suggested that different OM inputs (anthropogenic sources such as fertilizer, wastewater, and sewage) originating from anthropogenic activities defined throughout the basin be used as substrates by bacteria in different sites. POM from human-influenced watersheds was more labile and supported higher microbial activity when compared to POM from natural forested basins (Pagano et al., 2014). Interestingly, the MixSIAR results indicated that the contribution of riverine phytoplankton to the POM samples from sites 4, 6, and 7 increased in the fall season. The δ13C and δ15N ratios of the bacteria coincide with the riverine phytoplankton and, therefore, were not included as an end-member in the mixing model. Actually, riverine phytoplankton could be an indicator of bacteria. The stable isotope values of potential sources can affect the resolution of the mixing model results (Liu et al., 2021), so it is necessary to have a different number of sources sampling in future studies to reduce the uncertainty of the model output.
The δ13C vs C/N plots showed the OM sources contributing to POM had spatial variation, with terrestrial plant and soil OM in some sites, but bacteria in some sites during the spring season. These results were consistent with those from the MixSIAR analysis. The contribution of terrestrial plants to the POM along the İyidere River was found to be quite high; in addition, riverine phytoplankton contributed to the POM in some sites. High rainfall transported plant litter to streams throughout the basin during fall season. This leaf debris accumulated at riverbank since the winter seasons (low-rainy season) and then may become important for POM when rainfall decreases in the spring season. Furthermore, the contribution of riverine phytoplankton increased in the spring season at the upstream sites above the dam (site 3). In fact, this is to be expected because these sites are affected by reservoirs, lower water velocity, greater light penetration, and water residence time likely promoted phytoplankton growth (Chen and Jia, 2009). Interestingly, the contribution of riverine phytoplankton to the POM at sites 4, 6, and 7 below the dams increased in the rainy fall season, but decreased in the spring season. While the opposite situation was observed in other streams (Vivien et al., 2010; Kaymak et al., 2015), Liu et al. (2021)’s results were found to be consistent with our results. Overall, anthropogenic activities and cascade dams during the spring season were the dominant factors influencing the sources of POM along the Iyidere River.
4.3 Seasonal and spatial variation of coastal particulate organic matter
High slope and river discharges have made this basin attractive for dams; there are three dams across the basin and these dams are reported to hold 83% of the suspended sediment carried along the river (Berkun, 2010; Berkun et al., 2015). Therefore, the annual sediment transport of the Iyidere catchment is 58,632 tons/year and consists of mostly sand, clay, and silt (Ayaz et al., 2013). In addition, it has been reported that the amount of large particles reaching the sea has decreased significantly due to the fact that the sediments are completely retained in the reservoirs (Berkun, 2010). Here, we demonstrated that both δ15N and δ13C of POM showed different values during the fall and spring seasons at coastal site 8, with a relatively enriched 13C and depleted 15N in the latter (Table 1; Figures 2, 3). The POC (%), δ13C, and δ15N values in the fall season have been attributed to contributions from both soil OM and terrestrial plants to the coastal POM pool. This was also evidenced by MixSIAR analysis results, which showed a high contribution of soil OM (50%) and low terrestrial plants (21%) and marine phytoplankton (21%) to the coastal POM. The elemental and isotopic compositions of POM in the coastal site 8 indicate a high contribution of soil OM from severe soil erosion along the river that is induced by excessive anthropogenic activities such as agricultural and mining activities.
When the stream flow and consequently its input decreased during the spring season, the marine phytoplankton contribution increased and reached 34% of coastal POM content according to the MixSIAR results. This result was also confirmed by the increasing δ13C and δ15N of POM from coastal site 8 because δ13C and δ15N values, average −20.5 ± 2.8‰ and 6 ± 4.2‰, respectively, were representative of marine phytoplankton. (Lamb et al., 2006; Gao et al., 2012). However, the C/N of coastal POM (2.83 ± 0.43) was considerably lower than that of marine plankton (6–8, Ho et al., 2021). When the freshwater influence was weak in this season, terrestrial nutrient input decreased (39% for soil and 15% for terrestrial plants); therefore, high δ15N value of POM with low C/N ratio of this site could indicate the development of microbial food chains (Ho et al., 2021). The C/N ratio of a small size fraction of POM (0.7–50 μm) may decrease with the increase of phagotrophic protists because protists have a lower C/N ratio than phytoplankton (5.9–12 for dinoflagellates and 5 to 5.5 for ciliates; Meunier et al., 2012; Golz et al., 2015). These results are quite plausible considering that dams trap large sizes of POM and leave small ones. Another explanation for this could be the presence of bacteria in POM samples from coastal zone 8. A similar situation, namely, the contribution of bacteria to the POM, was also found at sites (6 and 7) close to the river estuary. Hereby, anthropogenic activities (urbanization, agriculture activities, etc.) changed the quality of POM delivered to the Black Sea coast by aggravating soil erosion, increasing the presence of different types of phytoplankton and bacteria (Surbeck et al., 2010; Xuan et al., 2020b; Lv et al., 2022).
A high positive correlation was obtained between POC (%) and δ15N and δ13C, when POM parameters were examined by combining all sites. This high correlation likely indicated that the contribution of soil OM resulting from anthropogenic activities was higher compared to terrestrial OM to the POM from the upstream of the Iyidere River to the Black Sea coast. Similarly, several studies (Barros et al., 2010; Ke et al., 2020; Zhang et al., 2022) have reported that anthropogenically affected river inputs can alter the POM content of estuarine or coastal areas.
5 CONCLUSION
In this study, we investigated stable δ13C and δ15N isotopes and POC (%), PON (%), and C/N ratios of POM in suspended particulate matter from the Iyidere River mainstream in Northeast Anatolia of Türkiye and the coastal zone of the Black Sea during two seasons. In the spring, OM sources contributing to POM differed significantly between sites, with terrestrial vegetation, soil OM, and bacteria being the main contributors of POM depending on the site, due to urbanization, agricultural activities, and cascade dams. The composition of POM exhibited a uniform distribution among sites during the fall season. Urbanization and agricultural activities might have a greater impact on the change in POM composition along the river than with cascading dams in this season. Interestingly, the δ15N of POM significantly varied along the Iyidere River during the fall and spring seasons, suggesting that different sources or intensities of anthropogenic nutrient loading could enrich or deplete 15N in POM. Existing anthropogenic activities, such as urbanization, industrial and agricultural activities, and dam construction, changed the compositions of OM of the Iyidere River, which in turn might affect the regional carbon cycle and coastal ecosystems of the Black Sea. The combined application of elemental and isotopic analytical techniques in this study has revealed changes in the composition and transport of the POM from the Iyidere River mainstream to the coastal zone of the Black Sea under anthropogenic disturbances. Future studies should also consider climate changes and sample all potential OM sources in the stream ecosystem.
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