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The Ganges and the Brahmaputra, two major rivers in Bangladesh, contribute major loads of dissolved organic matter (DOM) into the Bay of Bengal. The composition, sources, availability, and seasonal heterogeneity of DOM in these two rivers are thus very important to know about the biogeochemical cycles, fate, and ecological and environmental aspects before discharge into the Bay of Bengal. In this study, DOM was characterized in the downstream reaches of the Ganges and Brahmaputra rivers before their confluence with each other. The concentration of dissolved oxygen decreased in the pre-monsoon and monsoon in both rivers due to the increased decomposition and oxidation of rainfall-washed substances and thus made the water unsuitable for drinking. The amount of total coliform also made the water of both rivers unsuitable for drinking, recreational, and irrigation purposes. In total, four DOM components (one humic, one detergent-, and two protein-like) in the Ganges River and five DOM components (three humic- and two protein-like) in the Brahmaputra River were identified at their downstream reaches using fluorescence spectroscopy, three-dimensional excitation emission matrix (EEM) measurement, and parallel factor analysis (PARAFAC). The abundances of DOM components were higher in the pre-monsoon and monsoon seasons than in the post-monsoon season. Protein-like components contributed the most in two rivers. DOM was obtained mostly from terrestrial sources and was matured and less aromatic. This study also identifies that sewage water is the largest contributor to DOM in surface water, next to natural sources, and indicates the excessive anthropogenic activities in the river basins of Bangladesh.
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1 INTRODUCTION
Dissolved organic matter (DOM) is a complex pool of compounds critical in the global carbon cycle (Wünsch and Murphy, 2021) and plays a vital role in aquatic ecosystems (Chaves et al., 2020; He et al., 2021). Identifying the molecular composition of riverine DOM is essential for knowing the source, mobility, and fate across landscapes. Geomorphological characteristics of the watershed, land use, and sediment load can change DOM’s quality, quantity, and reactivity over time (Wagner et al., 2015). Globally, large rivers are significant sources of DOM to the oceans and connect the terrestrial and marine biogeochemical cycle (Wagner et al., 2015; Riedel et al., 2016; Pang et al., 2020). The Ganges–Brahmaputra–Meghna (GBM) river basin is the third-largest hydrological system globally in terms of freshwater flow to the ocean. It is also one of the most populated deltas (Sharma et al., 2021). These transboundary river basins confront intensified stress on water resources (Munia et al., 2020). Moreover, the structure and composition of DOM remain poorly understood in rivers flowing through different climates and landforms (Liu et al., 2021). Therefore, a more detailed study is needed on DOM quality, quantity, and reactivity on their global drivers, such as changes in local natural runoff and inflows from upstream parts of a basin and local and upstream water consumption.
Himalayan rivers play a pivotal role in regional water and food supply, global sediments, and carbon budgets (Chen et al., 2020). Land use and anthropogenic activities directly affect downstream DOM quality and carbon (C) fluxes in the Asian rivers (Wagner et al., 2015; Park et al., 2018). Considering the physicochemical parameters, the water quality was found to be in the maximum deteriorated state during the monsoon and in the minimum state in the pre-monsoon in the Ganges and Brahmaputra rivers in Bangladesh (Tareq et al., 2013). Heavy metals were found exceeding the standard limits during the monsoon in the Brahmaputra River in Bangladesh (Rahman et al., 2017; Bhuyan et al., 2019). The water quality in the upstream Ganges River in Bangladesh was found to be unsuitable for drinking purpose and household consumption (Haque et al., 2020). The fluorescent DOM properties in the upstream Ganges of fulvic acid (M-type), fulvic acid (C-type), and protein-like were higher in the pre-monsoon (March–June) and monsoon (July–October) periods than in the post-monsoon (November–February). The components were fresh, autochthonous, and had less aromatic characteristics from natural and anthropogenic sources. The DOM components were abundant from the late pre-monsoon to the monsoon period in the upstream Ganges River in Bangladesh (Niloy et al., 2021a; Niloy et al., 2021c). However, there is no insight into the downstream evolution of DOM composition in the Ganges and Brahmaputra rivers in Bangladesh.
Fluorescence spectroscopy is a powerful, sensitive, and broadly used method to characterize DOM in fresh and marine water (Hudson et al., 2007; Mostofa et al., 2010; Nelson and Gauglitz, 2016). Fluorescence measurements require no pre-concentration of samples to generate three-dimensional excitation emission matrix (EEM) landscapes of conjugated DOM components. The particular wavelength position in an EEM landscape can reveal the DOM components, sources, and compositional states. Further analyzing EEM landscapes using a parallel factor multivariate analysis (PARAFAC) can separate the conjugated DOM components from the EEM (Stedmon and Markager, 2005a; Stedmon and Markager, 2005b; Stedmon and Bro, 2008). PARAFAC could separate the conjugated DOM components from the EEM. The simple sample preparation technique and facile duo function of EEM-PARAFAC in fluorescence spectroscopy were worth using in this study.
The degradation potential index (DPI) is used to observe differences in the degradability of DOM among sources. It is defined as the ratio of availability of the labile to recalcitrant organic components (Liao et al., 2021). The DPI is nowadays tagged with an end-member mixing (EMM) model to identify the contribution of various DOM sources to surface water (Yang et al., 2015; Liao et al., 2021). The Ganges and Brahmaputra rivers carry huge loads of natural and anthropogenic organic matters from their origin to downstream before the confluence (Steckler et al., 2022). The fluorescence intensity of DOM and microbial contamination was higher in the Brahmaputra River than that in the Ganges at the upstream position of these two rivers (Niloy et al., 2021a; Niloy et al., 2022).
On the contrary, the Ganges River contained more aromatic, high molecular size and weight DOM, and anthropogenically derived pollutants than the Brahmaputra River at the upstream location of these rivers in Bangladesh. Both terrestrial and aquatic-originated DOM were present, fluctuations in DOM intensity were related to rainfall, and other climatic effects, photodegradation, and microbial activity affected the DOM composition in both rivers (Niloy et al., 2021a; Niloy et al., 2022). The selection of the downstream position was thus very significant to know about the types and concentration of DOM, their originations, and factors influencing their availability in both rivers. Considering these needs, this study aimed to characterize DOM components and identify their sources and fate downstream of the Ganges and Brahmaputra rivers of Bangladesh. This study also targeted determining the degradation level of DOM of various origins and their contribution to the river water.
2 MATERIALS AND METHODS
2.1 Study Area
The Ganges and Brahmaputra rivers are major transboundary rivers and originate from the Gangotri and Chemayungdung glaciers of the Himalayas. After flowing through the Indian regions, the Ganges and Brahmaputra River enter Bangladesh through northwestern and northern districts named Chapainawabganj and Nilphamary. The Ganges–Brahmaputra system discharges around 30,770 m3/s of water monthly. It carries about 1.84 billion tons of sediment/year, securing the third greatest water discharge and maximum sediment loads among world rivers (Papa et al., 2012; Steckler et al., 2022). Both river basins are greatly affected by the tropical climate. The average monthly rainfall data in the corresponding sampling location were collected using a rain gage during the study period to identify its roles in DOM intensity fluctuations (Supplementary Table S1). About 400 million and 83 million people live in the Ganges and Brahmaputra river basins, and in Bangladesh, the population density is around 390 person/km2 and 828 person/km2 (Mahanta et al., 2014; The Himalayan Climate and Water Atlas, 2015). The Ganges–Brahmaputra basin is used for agricultural production, fisheries, recreation, irrigation, and navigation, making it an economic hub. However, the basins of the two rivers are affected by biophysical, socioeconomic challenges, climatic stress, and substantial anthropogenically derived pollutants (Anwar, 2006; Rahman et al., 2020).
2.2 Sampling and Field Monitoring
The downstream water samples of the Ganges and Brahmaputra rivers were collected from the river stretch in the Rajbari district (23° 46' 52.2" N, 89° 38' 36.9" E) and the Nogorbari port in the Manikganj district (23° 6' 48.6" N, 89° 39' 5.8" E) of Bangladesh from April 2018 to March 2019 (Figure 1). The sampling locations were significantly far away from the bank of the two rivers. Water samples were collected in polypropylene bottles. The sample bottles were washed with 10% HCl, followed by distilled water and drying. The water samples were filtered using a pre-combusted (at 450°C for 4 h in a Muffle furnace) Whatman GF/F glass fiber filter (0.7 µm) immediately by a hand pump in the field. The filtered water samples were then preserved in the cooler box at 4°C, while transported to the hydrobiogeochemistry and pollution control laboratory at the Department of Environmental Sciences, Jahangirnagar University. All the instrumental measurements and chemical analyses of samples were completed immediately after reaching the department laboratory after sampling. The water quality parameters such as pH, dissolved oxygen (DO), electrical conductivity (EC), turbidity, and total dissolved solids (TDSs) were measured in situ using an YSI multiparameter. The other water quality parameters, such as biological oxygen demand (BOD), chemical oxygen demand (COD), and total coliform, were also measured.
[image: Figure 1]FIGURE 1 | Map of the study areas and monitoring stations at the Ganges and Brahmaputra rivers. The map was created using ArcGIS 10.3.1 and the topographic image modified from ArcGIS/ESRI online.
2.3 DOC and DOM Measurement
DOC was determined using a catalytic oxidation method (Shimadzu TOC analyzer LCPH/CPN) at high temperature through a non-dispersive infrared (NDIR) detector. The samples were tested for fluorescence characterization in Hitachi F-4600. The samples were measured keeping excitation (Ex) wavelength 225–400 nm and emission (Em) wavelength 250–550 nm with 5- and 1-nm intervals, respectively. The excitation and emission slits were set to 5 nm of band-pass at 1200 nm min−1 scan speed. Before analysis, all the quartz cuvettes were rinsed with a 5% (w/w) nitric acid solution. The Milli-Q water blank EEM spectra were taken before the sample spectra. EEM data were further rectified for inner filter effects (Panigrahi and Mishra, 2019). The ultrapure Milli-Q water was used as a blank reference sample and was also used to convert arbitrary units of data into Raman units. The filtered samples were also measured using an UV spectrophotometer (SPECORD 210 Plus, Analytikjena) concurrently in the wavelength ranges between 190–1100 nm, keeping scanning speed at 60 nm/min.
2.4 Parallel Factor Analysis of Dissolved Organic Matter Components
The parallel factor analysis (PARAFAC) model was used to separate individual DOM components from the EEM using the DOMFluor toolbox (v1.7) in MATLAB software (v.2016a) (Stedmon and Bro, 2008). Blank Milli-Q water data were subtracted from the original sample data to remove Raman and Rayleigh scattering (Goletz et al., 2011; Stedmon and Bro, 2008). Sample data were validated properly using the split-half technique to identify the exact number of DOM components. The identified intensity (i.e., Fmax) values were read at Raman Unit (RU).
2.5 Degradation Potential Index Calculation and its Coupling with the End-Member Mixing Model
The degradation potential index (DPI) was calculated from the labile/recalcitrant ratio of the DOM components (Liao et al., 2021). The humic (C)-like DOM component shows fluorophores at a longer wavelength (UV–Visible), while the humic (M)-like component shows fluorophores at the midrange wavelengths (UV-A) (Table 2; Supplementary Table S5). Tryptophan-, tyrosine-, and detergent-like components show fluorophores at shorter wavelengths (UV-B and UV-C) (Table 2; Supplementary Table S5). The fluorophores in longer wavelengths might be significantly affected by photodegradation and lose their availability significantly, while fluorophores of shorter wavelengths are more susceptible to microbial degradation (Mostofa et al., 2010; Mann et al., 2012; Zhou et al., 2019; Yang et al., 2020). The tyrosine-like component could be removed entirely by biodegradation (Cory and Kaplan, 2012). However, tryptophan-like components exist as a persistent DOM in water as microbes cannot ingest and metabolize them properly (Cory and Kaplan, 2012). The differentiation of lability and recalcitrant nature of DOM was defined considering both photo- and microbial degradation in this study. The synergistic effects of photo- and microbial degradation widely reduce humic (C)-, tyrosine-, and detergent-like components. However, due to mid-wavelength position and microbial inability in mineralization, the photo- and microbial degradation effects could remove humic (M)- and tryptophan-like components in small amounts from river water (Mostofa et al., 2010; Cory and Kaplan, 2012; Mann et al., 2012; Zhou et al., 2019; Yang et al., 2020). Considering the degradation effects on the DOM, humic (C)-, tyrosine-, and detergent-like components were susceptible to being labile and humic (M), and tryptophan-like substances might be persistent DOMs in this study.
Algae, groundwater, industrial effluents, soil, terrestrial plants, and sewerage water were considered the main DOM contributors to surface water. The percentage contribution of DOM in a specific source was used to quantify its DPI value. The DPI of a distinct source was calculated from the equation:
[image: image]
The DPI was further coupled with the DOM end-member mixing model (Liao et al., 2021). The dual model was run in MATLAB software (v. 2016a) (Liao et al., 2021). The percentage contribution of DOM components from each natural/anthropogenic source into rivers was calculated (Liao et al., 2021) as follows:
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where DPIR is the DPI of river water. (DPIA × fA), (DPIGW × fGW), (DPIIE × fIE), (DPIS × fS), (DPITP × fTP), and (DPISW × fSW) describe the multiplication of DPI and percentage DOM contribution of algae, groundwater, industrial effluents, soil, terrestrial plants, and sewerage water, respectively.
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2.6 Quality Control and Quality Assurance and Data Analysis
Quality control and quality assurance (QA/QC) were maintained in all analyses in this study. All samples were measured three times. Data entry was performed using Microsoft Excel, and the standard deviation was calculated. Pearson’s correlation of DOM components in the downstream reaches of the Ganges and Brahmaputra rivers was computed using SPSS. All graphs were prepared using Sigmaplot, Originpro, and MATLAB. The map was prepared using ArcGIS.
3 RESULTS AND DISCUSSION
3.1 Comparative Analysis of Water Quality Parameters
The temperatures in both river basins had higher values in the pre-monsoon and monsoon than in post-monsoon and showed a similar pattern of seasonal variation (r = 0.992, p < 0.01) (Table 1). Turbidity was higher in the monsoon than in pre-monsoon and post-monsoon, and this might be due to the significant organic matter inputs by rain in both the Ganges and Brahmaputra rivers. The water was alkaline in both rivers (Table 1). It exceeded the permissible limits set by the Department of Environment (DoE) in Bangladesh (BECR, 1997) for drinking, irrigation, and fishery purposes most of the time of the year in the two rivers. DO was comparatively low in the monsoon in both rivers, indicating the additional oxygen consumption to decompose and oxidize increased organic matters (Table 1). However, DO was within the accessible limit according to the standards set by the DoE (BECR, 1997) to use water for drinking, fisheries, and irrigation. EC was comparatively lower in the monsoon (Table 1). According to the World Health Organization WHO, (2004), EC was within the permissible limit. TDS was relatively lower in the pre-monsoon and monsoon than in post-monsoon (Table 1). TDS was within the acceptable limits according to WHO, (2004). BOD was comparatively high and exceeded the permissible limit set by the DoE (BECR, 1997) at the end of the pre-monsoon (Table 1). COD was also higher from pre-monsoon to the entire monsoon in both the rivers (Table 1). COD values exceeded the permissible limit set by the DoE (BECR, 1997) for drinking purposes throughout the year. Total coliform was in a minimum amount in the early monsoon in both rivers (Table 1). This could be due to the large deposition of organic matter and resistance to the growth of coliform bacteria by intense chlorophyll a production in eutrophication (Seo et al., 2019). However, the total coliform exceeded the limits set by the DoE (BECR, 1997) and confirmed that the water was unsuitable for drinking, recreational, and irrigation purposes in both rivers.
TABLE 1 | Physicochemical parameters in the downstream of Ganges (G) and Brahmaputra (B) rivers.
[image: Table 1]3.2 Excitation Emission Matrix, Parallel Factor Analysis, and DOC Concentration
The EEM measurement identified five fluorophores in the Ganges River: Peak A (Ex/Em = 245/414 nm), Peak M (310/398 nm), Peak W (340/428 nm), Peak T (275/334 nm), and Peak Tuv (230/346 nm) and seven fluorophores in the Brahmaputra River: Peak A (Ex/Em = 245/418 nm), Peak C (365/442 nm), Peak M (295/404 nm), Peak T (275/312 nm), Peak Tuv (230/304 nm), Peak T (275/358 nm), and Peak Tuv (230/348 nm) (Figure 2, Supplementary Figure S1). Peaks A, C, and M represent humic-like component (Coble, 1996), while Peak W represents detergent-like anthropogenic substance (Mostofa et al., 2010; Niloy et al., 2021c). Peak T and Peak Tuv describe the tyrosine- and tryptophan-like component at the low and high emission wavelengths, respectively (Coble et al., 1990). The identified fluorophores thus indicated the natural and anthropogenically derived DOM components in the two rivers. PARAFAC analysis identified DOM components in the Ganges and Brahmaputra rivers, considering monthly water samples of each year. The PARAFAC analysis found four DOM components in the Ganges River: C1-G (Ex/Em = 230/406 nm, 310/406 nm), C2-G (265/462 nm, 340/462 nm), C3-G (225/334, 270/338), and C4-G (285/354) (Supplementary Figure S2). C1-G could be characterized as humic (M)-like, C2-G as detergent-like, and C3-G and C4-G as protein-like components (Table 2). C1-G in such wavelength could be labile and originated from terrestrial sources (Goldman and Sullivan, 2017). FI, HIX, and SUVA254 values also indicated the composition and source of C1-G as labile, less aromatic, and terrestrially derived (Supplementary Table S2). Anthropogenically derived component C2-G is widely used as a fluorescent whitening agent (FWA) in maximum commercial and household detergents in Bangladesh at a concentration higher than the usage standard (Niloy et al., 2021c). This component was also identified upstream of the Ganges River in Bangladesh (Niloy et al., 2021a), in the rainwater of Bangladesh (Niloy et al., 2021b), and even in the sewerage drainage water in China (Mostofa et al., 2010). C3-G and C4-G are two tryptophan-like components (Mostofa et al., 2010; Baghoth et al., 2011; Wu et al., 2011). Anthropogenically derived C3-G component is available in sewerage water and municipal leachate, while C4-G is autochthonous and could be found in water treatment plants (Table 2). Tryptophan-like component is a dominant organic compound found in microbially derived precursor materials, and a small portion of this component is labile or semi-labile. The encapsulation of tryptophan-like component in the humic matrix helps it behave as a recalcitrant molecule in the environment (Cory and Kaplan, 2012). This persistent nature of the tryptophan-like component has well-resembled with the C3-G in this study in terms of similar wavelength ranges (Table 2). C4-G had a bathochromic shift (red shift) in emission wavelength, and it could be due to its increased solvent polarity and bonding with metal ions (Kowalczuk et al., 2009).
TABLE 2 | Characteristics of identified DOM components in the PARAFAC analysis in Ganges and Brahmaputra rivers.
[image: Table 2][image: Figure 2]FIGURE 2 | Three-dimensional EEM measurement of DOM using monthly fluorescence data in the pre-monsoon (April): (A)-G and (B)-B; monsoon (August): (C)-G and (D)-B; and post-monsoon (December): (E)-G and (F)-B in the Ganges (G) and Brahmaputra rivers. (B). Identified fluorophores in the Ganges River: Peak A (Ex/Em = 245/414 nm), Peak M (310/398 nm), Peak W (340/428 nm), Peak T (275/334 nm), and Peak Tuv (230/346 nm) and in the Brahmaputra River: Peak A (Ex/Em = 245/418 nm), Peak C (365/442 nm), Peak M (295/404 nm), Peak T (75/312 nm), Peak Tuv (230/304 nm), Peak T (275/358 nm), and Peak Tuv (230/348 nm).
The PARAFAC analysis also identified five DOM components: C1-B (Ex/Em = 260/462 nm, 365/462 nm), C2-B (235/418 nm), C3-B (230/342 nm, 275/342 nm), C4-B (230/302 nm, 265/298 nm), and C5-B (250/386 nm, 295/386 nm) in the Brahmaputra River (Supplementary Figure S2). Among the identified DOM components in the Brahmaputra River, C1-B could be characterized as humic-like, C2-B as UV (C) humic-like, C3-B as tryptophan-like, C4-B as tyrosine-like, and C5-B as UV humic-like substances (Table 2). C1-B could originate from terrestrial sources and be found in the wastewater-impacted environments (Murphy et al., 2011; Cory and Kaplan, 2012). C2-B was a forest- and wetland-derived compound (Stedmon et al., 2003). The tryptophan-like component in the Brahmaputra River C3-B had similar characteristics to C3-G of the Ganges River (Table 2).
DOM components showed seasonal variability at both the rivers. The intensity of fluorophores in the two rivers is depicted in Supplementary Figure S1. Humic- (C1-G) and detergent-like (C2-G) components showed maximum intensity in the monsoon. On the contrary, two protein-like components, C3-G and C4-G, had higher intensity in the pre-monsoon than in other seasons in the Ganges River (Figure 3A). The intensities of all DOM components were minimum in the post-monsoon season (Figure 3A). The maximum intensity contribution of component C3-G at all seasons and detergent-like component C2-G indicated the probability of dense human settlement and continuous anthropogenic activities around the river basin. Humic- and detergent-like components C1-G and C2-G were significantly dependent on rainfall-runoff (r = 0.8, p < 0.01) to enter the Ganges River from the terrestrial environment (Supplementary Table S3). However, rainfall had an insignificant negative correlation with tryptophan-like components from anthropogenically derived C3-G (r = −0.2, p > 0.05) and autochthonous-originate d C4-G (r = −0.01, p > 0.05) (Supplementary Table S3). Poor correlation between C3-G and rain indicated that this DOM component did not depend on rain to enter the river. Instead, C3-G might be mixed with the Ganges River water through pipelines from sewerage, washing, and leachate sources or disposal by anthropogenic sources directly. This direct input of C3-G into the Ganges River water described the possibility of dense household and industrial settlements in the river basin. High intensity of C3-G was also marked as a possibility for microbial activities on a large scale throughout the year in the Ganges River, according to the method described by Nowicki et al. (2019).
[image: Figure 3]FIGURE 3 | Fluorescence intensity of components in the downstream of (A) the Ganges and (B) Brahmaputra rivers.
The fluorescence intensities of DOM components also showed seasonal heterogeneity in the Brahmaputra River. All DOM components in this river showed maximum intensity in the monsoon (Figure 3B). After the monsoon, humic-like components (C1-B, C2-B, and C5-B) showed high intensities in the pre-monsoon, while the protein-like components (C3-B and C4-B) showed their second higher intensities in the post-monsoon (Figure 3B). All humic-like (r = 0.9, p < 0.01) and protein-like (r = 0.6, p < 0.05) components in the Brahmaputra River had a significant positive correlation with rain (Supplementary Table S4). The significant correlation described the dependence of DOM components in the Brahmaputra River on rainfall-runoff to enter the river. DOM characterization in the Brahmaputra River by PARAFAC analysis (Table 2) described that components could enter from forest streams, natural catchments, and various wastewater sources. The dependency of DOM components on rain indicated that the components from wastewater sources do not enter the Brahmaputra River water through closed sewerage pipelines or direct disposal by humans like in the Ganges River. The Brahmaputra River basin is supposed to contain more natural forests and wetlands covered in its surroundings as natural humic-like components were dominant in this river (4.9 RU) compared to the Ganges River (3.3 RU) (Figure 3). On the contrary, the higher intensity of anthropogenically derived protein-like components and the presence of detergents indicated a more significant amount of anthropogenic activities in the Ganges River basin than in the Brahmaputra River (Figure 3).
DOC concentration varied between 1.74 and 4.76 mg/L (2.71 ± 1.01) and 0.84 and 3.89 mg/L (1.90 ± 0.97) downstream of the Ganges and Brahmaputra River, respectively (Figure 4). Annual average DOC concentration in some major Asian rivers, such as the Yellow River, Yangtze River, and Pearl River, was found at 2.70 mg/L, 2.24 mg/L, and 1.51 mg/L, respectively (Shi et al., 2016). DOC concentration in the downstream reaches of the Ganges and the Brahmaputra rivers was comparable to that mentioned above for the major Asian rivers (Figure 4). The seasonal DOC concentration followed the order pre-monsoon > monsoon > post-monsoon in both rivers (Figure 4). However, the fluorescent intensities of DOM components were higher in monsoon than in pre-monsoon at both rivers (Figure 3). The different seasonal fluctuation of DOC and DOM components in pre-monsoon and monsoon might be due to the additional presence of nitrogenous, phosphoric, and other organic compounds. Protein-like components were found in maximum intensity during the monsoon in the Brahmaputra River (Figure 3B). The comparison of protein-like components with DOC concentration indicated that the Brahmaputra River might contain additional nitrogenous compounds during the monsoon than in the other two seasons. On the contrary, the protein-like component showed the second-highest intensity in the monsoon in the Ganges River (Figure 3A). The comparison of protein-like components with DOC concentration suggested that the Ganges River might contain phosphoric and other organic compounds in addition to carbonaceous and nitrogenous substances.
[image: Figure 4]FIGURE 4 | DOC concentration in the downstream of the Ganges and Brahmaputra rivers.
3.2.1 Statistical Correlation of Dissolved Organic Matter Components in the Downstream Reaches of the Ganges and Brahmaputra River
The microbially degradable component C1-G could contribute to the DOC in the aquatic system (Goldman and Sullivan, 2017). However, in this study, C1-G had an insignificant correlation with DOC concentration (r = 0.41, p > 0.05), indicating that this carbon-dominated component might be incorporated with nitrogenous, phosphorous, and other organic compounds (Supplementary Table S3). Moreover, bonding with metal ions and low pH could also quench the fluorescence intensity of the DOM (Kowalczuk et al., 2009). pH values were higher in the Ganges River (Table 1). The insignificant correlation between DOC and C1-G thus described a possibility of intensity quench of this component due to its attachment with metal ions. The humic-like component in the Ganges River C1-G degraded due to the temperature effect (r = 0.6, p < 0.05) (Supplementary Table S3). C1-G and C4-G also had a significant positive correlation (r = 0.6–0.7, p < 0.05) with E250/365, indicating that the intensity of these two DOM components increased with the decrease of their molecular size (Supplementary Table S3).
C1-B contributed significantly to the DOC concentration (r = 0.6, p < 0.05), unlike C1-G. Both C1-B (r = 0.7, p < 0.01) and C2-B (r = 0.7, p < 0.05) had a strong correlation with HIX, suggesting their major contributions to the aromaticity in the Brahmaputra River, though the total aromaticity was low in the river water (Supplementary Table S4). The temperature could quench fluorescent intensity due to molecular collision effects (Henderson et al., 2009). However, the inverse function of this parameter could also be seen to be playing an important role in photodegradation, thermal decomposition, and mineralization and thus increasing the intensity of components (Gruenheid et al., 2008; Porcal et al., 2015). The role of temperature in the degradation and mineralization of humic-like components C1-B, C2-B, and C5-B and thus loss of their relative molecular size increasing intensity could be described from the strong positive correlation (r = 0.6–0.7, p < 0.05, 0.01) of these three DOM components with temperature and relative molecular size values (E250/365) in this study (Supplementary Table S4). C5-B could also contribute significantly to the autochthonous DOM production through microbial degradation unlike C1-B and C2-B, which could be described from its strong positive correlation with BIX and the Freshness index (r = 0.6, p < 0.05) in the Brahmaputra River (Supplementary Table S4). The increase of humic-like components C1-B, C2-B, and C5-B significantly reduced the DO concentration (r = −0.6–0.7, p < 0.05), causing deleterious effects on aquatic species due to their presence (Supplementary Table S4). On the contrary, protein-like components in the Brahmaputra River and humic-, protein-, and detergent-like components in the Ganges River hardly reduce DO concentration (r = −0.2–0.4, p > 0.05) (Supplementary Table S4).
3.3 Degradation Potential Index and Source Apportion of Dissolved Organic Matter Into Surface Water
The EEM and PARAFAC analyses identified fluorophores and DOM components of various natural and anthropogenic sources in surface water. EEM analysis, detail characterization, and intensities of identified DOM components are depicted in Figure 5 and Supplementary Tables S5, S6, respectively. The EEM and PARAFAC identified two humic- and two protein-like components in algae, three humic-like components in groundwater, two humic- and one protein-like component in industrial effluents, four humic-like components in soil, three humic-like components in terrestrial plants, and two humic-, one protein-, and one detergent-like component in sewerage water samples (Supplementary Table S5). The DOM degradation varied among sources: sewerage water > terrestrial plants > algae > soil > groundwater > industrial effluents (Figure 6). The minimum DPI value indicated the presence of persistent organic molecules in industrial effluents.
[image: Figure 5]FIGURE 5 | EEM spectra of common natural and anthropogenic DOM sources during the late monsoon at the Ganges and Brahmaputra rivers basins: (A) algae, (B) groundwater, (C) industrial effluents, (D) soil, (E) terrestrial plants, and (F) sewerage water. These samples were collected separately from their sources and measured using a fluorescence spectrophotometer.
[image: Figure 6]FIGURE 6 | Degradation potential index (DPI) of common natural and anthropogenic DOM sources in the environment. The DPI of sources was calculated using equation (i).
The DOM contributions from sources were calculated by coupling the DPI values of sources with the contributing DOM components in surface water. Algae, groundwater, industrial effluents, soil, terrestrial plants, and sewerage water contributed around 13.3–19.2%, 2.8–4.2%, 0.8–1.2%, 5.5–7.1%, 19.8–25.2%, and 44.7–56.7% DOM throughout the year, respectively (Figure 7). The contribution from similar sources could change insignificantly with spatiotemporal variability Liao et al. (2021). The production of DOM from algae depends on its decay influenced by photo-irradiation and microbial activity (Hansen et al., 2016). The produced DOM from algae was both labile and recalcitrant, ensuring its long-term stability in water. The contribution of algal DOM was comparable to that of terrestrial DOM contributed by plants (Figure 7). Groundwater also contributed a minimal amount of DOM to surface water (Figure 7). Due to heavy rainfall, the infiltration and percolation of terrestrial-derived DOM in large amounts into groundwater might increase its contribution to surface water in the monsoon (r = 0.7, p < 0.05) (Figure 7). The minimum contribution of DOM from groundwater indicated water table sink due to insufficient rain (r = 0.8, p < 0.05). The contribution from the industrial effluents into surface water was minimum among all sources (Figure 7). However, rivers in Bangladesh are highly contaminated by untreated inputs of industrial effluents and solid wastes (Aktar and Moonajilin, 2017; Uddin and Jeong, 2021).
[image: Figure 7]FIGURE 7 | Seasonal variation (pre-monsoon, monsoon, and post-monsoon) in the DOM contribution (in percentage, %) from various natural and anthropogenic sources in the environment to the downstream of the Ganges and Brahmaputra rivers in the pre-monsoon (March–June), monsoon (July–October), and post-monsoon (November–February). The considered natural and anthropogenic DOM sources here are (A) algae, (B) groundwater, (C) industrial effluents, (D) soil, (E) terrestrial plants, and (F) sewerage water.
Nevertheless, lower DOM contribution might be due to the abundant presence of hydrophobic, non-polar, and dispersing chemicals and dyes in industrial effluents. The two terrestrial-derived natural sources, soil and terrestrial plants, responded inversely to rainfall (Figure 7). DOM from the soil contributed least in monsoon and most in the dry post-monsoon (Figure 7). However, due to heavy rain in the monsoon, dilution effects could hardly affect DOM exudation from terrestrial plant sources (r = −0.7, p < 0.05). Instead, significant rain washed DOM in high amounts from terrestrial plants into surface water, thus contributing to the maximum in the monsoon (r = 0.8, p < 0.01) (Figure 7). Terrestrial plants contributed minimum in the post-monsoon into surface water. The entirely anthropogenically originated sewerage water contributed the most among all sources (Figure 7). The slight rainfall rapidly washed long deposited sewerage wastes (r = 0.8, p < 0.01) in large amounts into the surface water and thus increased DOM contribution in the pre-monsoon. However, DOM contribution from sewerage sources was minimum during the monsoon, which might be due to the dilution effects (r = −0.5, p > 0.05) (Figure 7). The high DOM contribution from the sewerage water confirmed the enormous waste disposals unethically and a wide range of anthropogenic activity.
3.4 Fate of Dissolved Organic Matter in the Ganges and Brahmaputra Rivers
The concentration and sources of DOM changed dynamically from upstream to downstream in both the Ganges and Brahmaputra Rivers in Bangladesh. The factors such as local climate, hydrology, physical and chemical interaction among DOM, source variation, surrounding forest cover, human settlement, and state of the industrialization played a pivotal role in DOM dynamicity in the two rivers.
The upstream of the Ganges River, four DOM components, including detergent-like, protein-like, and two humic-like, were identified in the PARAFAC analysis (Niloy et al., 2021a). Detergent- and protein-like components came from anthropogenic sources, whereas two humic-like substances originated from natural terrestrial sources and microbial processing. DOM components were primarily fresh, immediately humified, and aromatic (Niloy et al., 2021a). The relative molecular weight was maximum from the late monsoon to the entire post-monsoon (Supplementary Table S7). Autochthonous DOM production was also high. Total intensities of DOM components were higher in the pre-monsoon and monsoon than post-monsoon. Rainfall played a significant role (r = 0.741, p < 0.01) in the fluctuation of DOM intensities (Niloy et al., 2021a). The Ganges River water was in the intermediate-risk category due to the microbial contamination throughout the entire monsoon (Niloy et al., 2021a).
PARAFAC also identified four DOM components downstream of the Ganges River (Supplementary Figure S2). However, the specified DOM components: a humic-like, a detergent-like, and two protein-like components, indicated the loss of natural humic components and increased anthropogenic protein-like substances compared to the upstream (Supplementary Figure S2, Table 2). The total fluorescent intensity in the downstream was 1.8–17.7 times higher than that in the upstream of the river (Figure 8). The intensities of humic-like components increased by 0.7–8.0 times, protein-like components by 4.2–135.0 times, and detergent-like components by 1.1–5.6 times downstream than the upstream of the river (Figure 3; Supplementary Figure S4). The increase of anthropogenically derived protein- and detergent-like components and their intensities indicated higher population density and industrialization at the downstream of the river basin than the upstream. Unlike significant seasonal heterogeneity (r = 0.387, p > 0.05), DOM showed descending order of intensity: pre-monsoon > monsoon > post-monsoon and monsoon > pre-monsoon > post-monsoon in the upstream and downstream of the river (Figure 3; Supplementary Figure S4). The only identified humic-like component in this study originated through microbial processing resembling the upstream (Table 2). However, higher intensity of humic (M)-like and tryptophan-like substances indicated more microbial activity downstream than upstream in this river (Figure 3). Inputs of protein-like components in downstream hardly depended on rain (p > 0.05), though their intensity decreased to some extent might be due to dilution effects (r = −0.177, p > 0.05) for precipitation. DOM components were less humified and aromatic and matured in downstream compared to the upstream (Supplementary Tables S2, S7). The molecular size and weight of DOM were also less in downstream than upstream of this river (Supplementary Tables S2, S7). Photo-irradiation and microbial activity might function intensely to decrease DOM molecular size and weight in the downstream.
[image: Figure 8]FIGURE 8 | Comparison of DOM intensities between upstream and downstream of (A) Brahmaputra and (B) Ganges rivers. The fluorescence intensities in the upstream of Ganges and Brahmaputra rivers of Bangladesh were derived from Niloy et al. (2021a) and Niloy et al. (2022).
PARAFAC identified four DOM components (two humic- and two protein-like) in the upstream of the Brahmaputra River (Niloy et al., 2022). Total intensities of DOM were maximum in the monsoon and minimum in the post-monsoon (Figure 8A). The intensities of protein-like components were 0.8–3.3 times higher than those of the humic-like components (Supplementary Figure S5). DOM components came from both allochthonous and autochthonous sources, were matured, poorly humified, and less aromatic (Niloy et al., 2022). The relative molecular weight of DOM was maximum in the monsoon and minimum during post-monsoon (Niloy et al., 2022). However, the relative molecular size of DOM in the Brahmaputra river was slightly low in the pre-monsoon and monsoon, indicating that DOM components might be attached to other high weight and low size containing substances, debris, or metals during these times (Niloy et al., 2022). The concentration of anthropogenically derived tryptophan-like components was high and indicated water quality deterioration at intermediate/high levels due to intense microbial activity (Niloy et al., 2022). However, rainfall played a significant positive role in fluctuating humic-like moieties (r = 0.845, p < 0.01), and it had a weak negative influence on seasonal variation of protein-like components (r = −0.306, p > 0.05) (Niloy et al., 2022).
Downstream of Brahmaputra River, the PARAFAC analysis identified five components: three humic-like and two protein-like (Supplementary Figure S2). A terrestrial-derived and wastewater abundant humic-like component was added with the previously identified four DOM components in the downstream (Table 2). The Brahmaputra is a classic example of a braided river, and continuous river erosion and riverine island formation diverted the channel and anabranches in the pathways (Ullah et al., 2010; Islam et al., 2020). Local people cultivate crops and dwell with unhealthy sanitation, mostly in the grown-up large sandbars and islands of the Brahmaputra River (Ullah et al., 2010; Salam et al., 2019). The more agricultural cultivation or grasslands than the upstream could be the possible reason for adding another humic (C)-like natural DOM component downstream of the Brahmaputra River. The humic (C)-like component increased its intensity about 2–3 times downstream than the upstream (Figure 3B; Supplementary Figure S5). On the contrary, microbial-derived humic (M)-like, anthropogenically originated tryptophan- and tyrosine-like components had lower intensity in the downstream reaches of the Brahmaputra River than the upstream reaches (Figure 3B; Supplementary Figure S5). Such results indicated that natural agricultural and forest cover dominate and lower microbial and anthropogenic activities exist in the downstream of the Brahmaputra River than upstream. Total intensities of DOM were 0.8–1.6 times higher in the downstream than upstream (Figure 8A). Humic- and protein-like moieties were 0.9–1.7 and 0.6–1.9 times higher in the downstream than upstream, respectively (Figure 3B; Supplementary Figure S5). Rainfall played a strong role in fluctuating humic-like components (r = 0.922, p < 0.01) in the downstream similar to upstream (Supplementary Table S4). Conversely, unlike the upstream, a significant correlation between rainfall and protein fractions (r = 0.682, p < 0.05) indicated that protein-like components mostly came from the terrestrial washout by rain in the Brahmaputra River rather than from other sources such as household sewage and industrial discharge (Supplementary Table S4). Humic-like components also showed similar seasonal heterogeneity (r = 0.911, p < 0.01) in both streams, whereas protein-like components described unlike seasonal heterogeneity (r = 0.514, p > 0.05), showing intensities in descending order monsoon > pre-monsoon > post-monsoon and monsoon > post-monsoon > pre-monsoon in the upstream and downstream of the river (Figure 3; Supplementary Table S1; Supplementary Figures S4, S5). The decrease of protein-like components in the pre-monsoon might be due to dilution effects caused by rainfall, and this could be explained by the strong relation (r = 0.682, p < 0.05) between rainfall and the availability of protein moieties (Supplementary Table S4). Like the upstream, humic-like DOM components originated from allochthonous sources and were matured, poorly humified, and non-aromatic (Supplementary Tables S2, S7). The relative molecular weight was higher in downstream than upstream in the Brahmaputra River (Supplementary Tables S2, S7). However, like the upstream, the relative molecular weight of DOM was higher in the monsoon and pre-monsoon, while inversely, the relative molecular size of DOM was higher in the post-monsoon than in other seasons (Supplementary Tables S2, S7). Water quality was in the high-risk category due to the presence of tryptophan-like components throughout the year in both streams of the river, according to the method by Nowicki et al. (2019).
4 CONCLUSION
This study provided a precise figure about the insights of the DOM components in the downstream of the Ganges and the Brahmaputra rivers. Both natural and anthropogenically derived DOM prevailed in both rivers. The fluorescent intensity of DOM components was higher in the pre-monsoon and monsoon than in post-monsoon seasons in both rivers. DOM components were mostly from terrestrial sources in both rivers. The significant presence of detergent- and tryptophan-like DOM in the Ganges River indicated intense anthropogenic activities nearby its basin. On the contrary, the Brahmaputra River basin was mainly covered by forest and vegetation due to the dominant presence of humic-like components. The DPI and EMM identified sewerage water as the maximum DOM contributing source, followed by terrestrial plants > algae > soil > groundwater > industrial effluents. DOM components were matured and less aromatic. DOM molecules contained lower energy from the late pre-monsoon to the entire monsoon than the rest of the year. The downstream Ganges and the Brahmaputra River had more DOM than the upstream portion in Bangladesh. The deteriorated condition in the downstream warned about the severe health effects on living species and suggested taking prompt actions to control and treat anthropogenic sources of DOM before discharging into surface water.
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