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Abstract

:

The compositional characteristics of dissolved organic matter (DOM) have important implications for lake water quality and aquatic ecology. Seasonal changes of dissolved organic matter (DOM) as well as phytoplankton abundance and composition in Shahu Lake from April to July were characterized by three-dimensional fluorescence spectroscopy (3DEEMs) combined with parallel factor (PARAFAC) analysis. The relationship between the response of components of the DOM and phytoplankton abundance were explored via Pearson correlation and redundancy analysis (RDA) in the overlying water. The results showed that the DOM was composed mainly of tryptophan-like (C2+C4), fulvic-acid-like (C3), humic-acid-like (C1), and tyrosine-like (C5) compounds that accounted for 44.47%, 20.18%, 20.04%, and 15.31%, respectively, of the DOM. The DOM was derived from both endogenous and terrestrial sources. With seasonal changes, endogenous DOM produced by phytoplankton growth and metabolism gradually increased. In spring and summer (April–July), Chl-a concentrations were significantly correlated with C3 (p < 0.01) and C5 (p < 0.05). The concentration of protein-like fractions (C2+C4, C5) were correlated with Cyanobacteria abundance, and the concentrations of humic-like component content (C1, C3) were correlated with the abundance of Xanthophyta, Chlorophyta, and Cryptophytes. Overall, phytoplankton density and Chl-a content increased by 125% and 197%, respectively, and the abundance of C3 and C5 in the DOM increased by 7.7% and 22.15% in parallel. Thus, seasonal phytoplankton growth had an important influence on the composition of the DOM.
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1. Introduction


Lake eutrophication is one of the most prominent problems in the global aquatic environment [1] and seriously affects water quality by triggering the overproduction of phytoplankton and increasing the risk of algal toxin pollution [2]. This not only endangers the survival of aquatic organisms in lakes but also cause serious social problems [3]. The endogenous dissolved organic matter (DOM) is released from the phytoplankton production and the metabolism process, and it also plays an important role in the process of material and energy cycle in lakes [4]. The sources of DOM include exogenous and endogenous sources: exogenous DOM mainly comes from land, the atmosphere, rivers, and groundwater; endogenous DOM mainly originates from the extinction and degradation of aquatic organisms, including microorganisms, macrophytes, and phytoplankton [5,6]. DOM is an important carbon source for phytoplankton growth as well as a major product of phytoplankton metabolites [7,8]. Daggett et al. [9] found that the increases in DOM was synchronized with the increases in phytoplankton biomass. Regardless of the nutrition limitation patterns, the increase in DOM also stimulated the reproduction of Chlorophyta, Bacillariophyta, and Chrysophyta [9]. Phytoplankton production and metabolism is an important participant in DOM migration and transformation. Rochelle et al. [10] found a significant positive correlation between DOM content and chlorophyll a (Chl-a) in summer. The composition and structure of DOM in aquatic ecosystems is closely related to the transport and transformation of nutrients as well as the water bloom in lakes [11]. Therefore, investigating the sources, composition, and structure of DOM and the relationship between DOM and phytoplankton can help in the analysis of the causes of lake pollution, which is important for lake pollution control and lake water quality improvement.



Three-dimensional excitation emission matrix spectroscopy (3DEEMs) is an important technology in the analysis of the compositions of DOM in lakes and rivers. Song et al. [12] used 3DEEMs to characterize the composition and distribution of DOM in Taihu Lake and analyzed the source information of DOM in different areas of the lake. They found that the DOM in Taihu Lake had the dual characteristics of internal and external sources, and DOM in most of the area of the lake was mainly composed by protein-like substances that are produced by algae [12]. Zhao et al. [13] analyzed the seasonal changes of DOM in the overlying water of Erhai Lake by using 3DEEMs, finding that the changes of DOM fluorescent components could indicate the eutrophication of the lake. Moreover, parallel factor analysis (PARAFAC) can be combined with 3DEEMs as semi-quantitative analysis of DOM fluorescence composition in order to avoid the influence of overlapping and interference of fluorescence peaks in 3DEEMs. Wang et al. [14] used the 3DEEMs-PARAFAC method to qualitatively and quantitatively characterize the information of DOM components of Ebinur Lake and developed a diagnostic model based on the fluorescence index set that is applicable to surface water salinity in arid regions. Zhang et al. [15] used PARAFAC to characterize the composition of DOM in the overlying water of the Chaobai River and determined the relationship between the compositions of different types of DOM, anthropogenic inputs, microbial activity, and phytoplankton. 3DEEMs-PARAFAC analysis is undoubtedly an important research tool in the field of lake organic matter cycling and eutrophication studies.



As a typical eutrophic shallow lake, Shahu Lake was chosen as the research object. Shahu Lake is located in an arid and semi-arid region in Ningxia, China. In mid to early June 2019, the proliferation of Prymnesiaceae produced algal toxins, which caused large-scale fish death, and then the water quality had a tendency to deteriorate [16]. After active remediation by the local government, algal toxin events did not occur in 2020, but water quality compliance of Shahu Lake remains unstable. However, there are a few studies that have been conducted on the causes of water quality changes of Shahu Lake, or the source as well as the data of continuous monitoring of the DOM in Shahu Lake. This resulted a disadvantage of precise management of Shahu Lake. Therefore, this study used 3DEEMs-PARAFAC technology to (1) continuously monitor the DOM in the overlying water of Shahu Lake; (2) conduct a study on the structural characteristics, spatial and temporal distribution rules, and sources of DOM in the overlying water of Shahu Lake from spring (April–June) to early summer (July) in 2020; (3) investigate the relationship between structural changes of DOM components and phytoplankton response; and (4) provide an important data reference and theoretical support for the precise management of the water environment and early warning of water ecology in Shahu Lake.




2. Materials and Methods


2.1. Study Area


Shahu Lake is a brackish water lake located in a semi-arid desert area in Shizuishan City, Ningxia Hui Autonomous Region of China. It has an average water depth of 2.2 m, a water area of about 8.2 km² [17], an average annual temperature of 9.74 °C, an average annual precipitation of 172.5 mm, and an average annual evaporation of 1755.1 mm [18]. The main source of the Shahu Lake is the Yellow River recharge [19]; the water outlet located on the west side of the lake and the two canals on the south side of the lake are interconnected irrigation canal. Due to the natural climate change and tourism development, the water quality of Shahu Lake is unstable, and thus the ecological and environmental problems of Shahu Lake are critical.




2.2. Sample Collection and Processing


The data was conducted from continued sampling and monitoring of water quality in the area of the lake from April to July in 2020. Sampling points were set up in the area of the lake according to the distribution of the lake drainage, the location of the inlet, and the area of the lake (Figure 1). The water samples were collected into the pretreated polyethylene wide-mouth bottles, stored at 4 °C, and brought back to the laboratory for testing. The standard analytical methods for water quality indicators are shown in Table 1. The water samples for spectroscopy were filtered using glass fiber filters (Millipore, 0.45 μm fiber Ø) and then scanned for three-dimensional fluorescence spectroscopy. All monitoring work was completed within one day after sampling.




2.3. 3DEEM Measurement and Indices Calculation


The samples to be tested were measured using a Hitachi Fluorescence Spectrophotometer (F-7000) at 25 °C to determine the three-dimensional fluorescence spectroscopy data. The instrument excitation light source was a 150 W xenon lamp, and Mill-Q ultrapure water was set as a blank control. The emission wavelength (Em) was 260–550 nm, the excitation wavelength (Ex) was 200–450 nm, the interval between Em and Ex was 5 nm, and the scanning speed was fixed at 2400 nm/min.



The fluorescence index (FI), autochthonous index (BIX), and humification index (HIX) were calculated from the data of 3DEEMs to assess the source and properties of DOM. FI refers to the ratio of Em fluorescence intensity at 470 nm and 520 nm, when Ex = 370 nm [22]. When FI < 1.4, the DOM is dominated by exogenous input; when FI > 1.9, the DOM is dominated by autogenous source; when 1.4 ≤ FI ≤ 1.9, the DOM has dual properties of internal and external sources [14,22]. BIX is the ratio of the fluorescence intensity at the emission wavelengths of 380 and 430 nm, when Ex = 310 nm [22]. When 0.8 < BIX < 1.0, the DOM has a new autogenic feature; when BIX > 1.0, the DOM has a strong autogenous feature [23]. HIX is often used to indicate the degree of humification of DOM, being the ratio of the fluorescence area integral at the emission wavelength of 435~480 nm to the fluorescence area integral at 300~345 nm at Ex = 255 nm [24]. The degree of humification is positively correlated with the value of HIX.



PARAFAC analysis of the 3D fluorescence spectral data was carried out using MATLAB 7.0 software. Rayleigh scattering and Raman scattering interferences in the spectral data were removed by interpolation to avoid the model from generating pseudo-peaks in specific regions [25]. The optimal number of components was then extracted by half-split validation and residual analysis, and the resulting maximum fluorescence intensity (Fmax) could be used to represent the relative concentration of PARAFAC components [26].




2.4. Data Analysis


Sampling point layouts were mapped using ArcGIS 10.2, the redundancy analysis (RAD) used CANOCO 5, the Pearson analysis used SPSS 17.0, and data processing and mapping analysis used Excel 2019 and Origin 2021.





3. Results and Discussion


3.1. DOM Spectral Fingerprint Analysis of Overlying Water in Shahu Lake


Seven fluorescence peaks with different intensities appeared in the DOM 3D fluorescence spectra of the overlying water of the Shahu Lake (Figure 2), and the peak positions of the fluorescence spectra of the sampling points in different months were essentially similar. Therefore, the sampling point #4 with the most significant variation of the characteristic peak intensity was selected as the illustrated case. As shown in Figure 2, peaks T1 (Ex/Em = 225~235/340~345 nm) and T2 (Ex/Em = 270~280/340~370 nm) were related to tryptophan-like fluorescence in the ultraviolet and visible regions, respectively, associated with aromatic-protein-like substances produced by microbial decomposition and being easily degradable [27]. Peak B (Ex/Em = 265~285/290~315 nm) was concerned with tyrosine-like fluorescence substance in the UV region, mainly generated by microbial life activity [28]. Peaks A (Ex/Em = 240~270/375~445 nm) and C (Ex/Em = 300~370/400~500 nm) were associated with fulvic acid-like fluorescence peaks in the UV and visible regions, respectively, and were related to the degree of humification of the overlying water DOM [29]. Peaks F (Ex/Em = 260~300/470~510 nm) and H (Ex/Em = 350~380/475~510 nm) were linked to the fluorescence of humic-acid-like substances in the UV and visible regions, respectively, characterizing terrestrial humic substances, mainly from exogenous inputs such as domestic sewage and industrial and agricultural wastewater [30]. As seen in Figure 2, the fluorescence intensity of fulvic acid and tryptophan-like (peak A and T1) substances were significantly higher than the other five peaks, indicating a high content of fulvic acid and tryptophan-like substances in the DOM of the overlying water of the Shahu Lake.



Fluorescence abundance showed an increasing trend at each sampling point between April and July. From spring to summer (April–July), the fluorescence abundance of tryptophan-like and tyrosine-like substances gradually increased, meaning that the amounts of protein-like substances increased. Zhang et al. [3] studied the changes of DOM molecular composition in June and November, which was during and after the algal bloom in Taihu Lake, finding that during the peak of the Cyanobacterial bloom in June, DOM was already combined with algal metabolites and showed the characteristics of biological mixture. They suggested that the temporal variation in the molecular characteristics of DOM in the Taihu Lake basin from summer to winter might be related to microbial metabolism [3]. Jia et al. [7] studied the relationship between DOM and phytoplankton response in Baiyang Lake in autumn (September–November) and found that the tryptophan-like contribution showed a clear downward trend from early to late autumn as phytoplankton abundance decreased. Therefore, it can be speculated that changes in DOM composition in overlying water of Shahu Lake might be related to phytoplankton and microbial activities.



Five major fractions were identified using PARAFAC for fraction extraction of DOM from Shahu Lake from April to July (Table 2, Figure 3). C1 (Ex/Em = 260/460 nm) and C3 (Ex/Em =245/400 nm) were jointly classified as humic-like substances. C1 corresponds to the UV-zone humic-acid-like fluorescence peak of the F-peak, which generally represents terrestrially derived organic matter [31]. C3 is a microbially transformed authigenic humic-like component with a similar spectral pattern to the A-peak [32], which indicates the UV zone fulvic acid-like fluorescence peak and is probably derived from algal and microbial residue degradation [33]. C2 (Ex/Em = 230, 280/340 nm) and C4 (Ex/Em =300/365 nm) are tryptophan-like substances that correspond to the peaks T1 and T2 of tryptophan-like fluorescence, and they are generally the metabolites of the microbial degradation [15,34,35]. This will be represented by (C2+C4) in the subsequent discussion. C5 (Ex/Em =220/300 nm) was identified as a tyrosine-like substance, corresponding to a tyrosine-like fluorescence peak in the UV region of the B peak, mainly an endogenous-protein-like substance produced by microorganisms and phytoplankton [28].




3.2. Variation Characteristics of Phytoplankton in Shahu Lake from April to July


The phytoplankton species and density of Shahu Lake were counted between April and July of 2020. The data contained a total of 61 species from 8 phyla (Figure 4a). Chlorophyta had the most occurrences with 22 species, accounting for 36% of the total number of phytoplankton species present during the survey, followed by Cyanobacteria and Bacillariophyta, each accounting for 23% of the total number of phytoplankton species. Other algae such as Euglenophyta, Pyrrophyta, Chrysophyta, Cryptophyta, and Xanthophyta were relatively few in number, accounting for 8.2%, 3.3%, 3.3%, 1.6%, and 1.6%, respectively. The total amount of Chlorophyta, Cyanobacteria, and Bacillariophyta species accounted for 82.1% of the total number of phytoplankton species present during the research process. Therefore, Chlorophyta, Cyanobacteria, and Bacillariophyta phyla were represented by the greatest number of taxa in the Shahu Lake.



With seasonal changes, phytoplankton began to grow and multiply in the water body (Figure 4b). The average of Chl-a content was 5.78 μg/L in spring (April–June) and became 17.17 μg/L in early summer (July), which was a percentage growth of 197%. The average phytoplankton densities from April to June were 9.5 × 105 cells/L, 1 × 107 cells/L, 1.15 × 107 cells/L, and 1.69 × 107 cells/L in that order, presenting a trend of monthly increase. The average phytoplankton density in spring (April–June) was 0.75 × 107 cells/L, and in early summer (July) was 1.69 × 107 cells/L, which was a percentage growth of 125%. The phytoplankton density in early summer was significantly higher than that in spring, and thus the growth and reproduction of the phytoplankton were affected by seasonal changes. As the seasons change, the increasement of temperatures and sunlight intensity will promote the reproduction of Chlorophyta, Cyanobacteria, and Bacillariophyta [9]. In temperate plain water systems, in addition to physical factors such as lake temperature, light, and hydrological effects, the composition of DOM also affects phytoplankton’s growth and metabolism [36]. The DOM, as the most active organic matter in the lake water environment, provides available nutrients such as organic carbon, organic nitrogen, and organic phosphorus for phytoplankton growth and reproduction [37]. Moreover, with the increasement of phytoplankton biomass could enhance the metabolism, and the growth, metabolism, and decay of phytoplankton will promote the increase in DOM content in the aquatic environment [38].




3.3. Analysis of DOM Component Characteristics and Main Sources


Due to the different fluorescence quantum yields of different substances, the fluorescence intensity cannot directly characterize the concentration of the DOM component, but its relative content can be expressed in terms of Fmax [26]. The spatial distribution of total Fmax in Shahu Lake did not vary greatly, and was at each point ranging from 533.67 to 700.54 A.U. (Figure 5). Among them, sampling point #6 in the southwestern part of the lake had the lowest total Fmax, while points #1 and #2 in the southeastern part of the lake were higher, which might have been due to the southeastern part of the lake being farther from the recharge outlet. The DOM of the overlying water of Shahu Lake was mainly composed of 59.78% of protein-like (tryptophan-like and tyrosine-like) and 40.12% of humic substances (including terrestrial and authigenic sources). The magnitude of each fluorescent fraction to the total Fmax was in the following order: (C2+C4) > C3 > C1 > C5, with the percentages of each fraction being 44.47%, 20.18%, 20.04%, and 15.31%, respectively. Zhang et al. [3] pointed out that the DOM, which consists mainly of protein-like and humic substances, was closely linked to phytoplankton community dynamics.



In order to study the variation of DOM content in the overlying water of Shahu Lake with time and its influencing factors, the variation of Fmax and spectral indices of each fluorescent component of DOM in spring and summer (April–July) was analyzed. There was little overall variation of C1 from spring to early summer (Figure 6), which was related to the continuous recharge of water in the Shahu Lake basin between April and July [19]. In spring (April–June), the abundance of (C2+C4) showed an upward trend, while the C3 showed a gentle change and the trend of C5 was raised in volatility. From spring to summer (June–July), the abundance of (C2+C4) decreased; the abundance of C3 and C5 increased obviously; and the fluorescence abundance increased by 7.7% and 22.15%, respectively, which was similar to the variation of phytoplankton density and Chl-a content. Moreover, research has shown that the humic-like content was controlled by hydrological processes, whereas protein-like fluorescent substances were more closely linked to biological processes [39]. Algae can release large amounts of tyrosine-like substances when they accumulate and die, which leads to the enhancement of the biogenic characteristics of DOM in water. Low-molecular-weight protein-like substances can both originate from phytoplankton metabolites and act as organic nutrients to promote phytoplankton growth and reproduction [40]. The above analysis shows that humic-like and protein-like material in DOM is strongly linked to changes in phytoplankton biomass over time in Shahu Lake.



The variation of spectral indices such as FI, BIX, and HIX in the area of the lake was analyzed over time. There was some spatial and temporal variation among the fluorescence index values in the area of the lake: the FI was ranging from 1.58 to 2.08 with a mean value of 1.68 ± 0.10 (1.4 < FI < 1.9) (Table 3), which indicated that the DOM of Shahu Lake has dual properties of internal and external sources [14]. The average of FI in spring (April–June) was 1.66 ± 0.05, and in early summer was 1.77 ± 0.16. With seasonal changes, the DOM of Shahu Lake was gradually enhanced by endogenous influence. The BIX values ranged from 0.98 to 1.46, with a mean value of 1.15 ± 0.14, which indicated that the DOM in the overlying water of Shahu Lake has authigenic characteristics [23]. HIX values ranged from 1.68 to 2.94 with a mean value of 2.31 ± 0.36, indicating a low degree of overall humification of the DOM [24]. The average value of HIX was 2.35 ± 0.36 in spring and 2.19 ± 0.33 in early summer with a slight decrease in the humification index. This indicated an increase in the degree of endogenous influence on DOM. As the season changes from spring to summer, the temperature rises, and the above three parameters all indicated that the DOM in the overlying water of Shahu Lake was predominantly endogenous. The endogenous generation of DOM is closely related to biological activity. Phytoplankton growth and metabolism and decomposition of residues release DOM into the water body [4], influencing the molecular composition characteristics of DOM [41].




3.4. Influence Factors of DOM Composition in Overlying Water of Shahu Lake


In order to determine the influencing factors of the DOM component in the overlying water of Shahu Lake, Pearson correlation analysis and RDA were performed on the four fluorescence components with the densities of TN, TP, CODCr, Chl-a, and phytoplankton. The length of the arrow in the RDA results ranking chart (Figure 7) indicates the importance of the factor: two arrows in the same direction indicate a positive correlation, a smaller angle between the arrows indicates a greater correlation, and a near right angle indicates a small correlation [30]. The eigenvalues of RDA−1 and RDA−2 in Figure 7a were 0.3009 and 0.1604, respectively, which explain 30.29% and 16.04% of the variance of data. With the same method, the eigenvalues of RDA−1 and RDA−2 in Figure 7b explain 24.25% and 4.71% of the variance of data, respectively.



Pearson correlation analysis and RDA results showed that Chl-a was positively correlated with phytoplankton density (p < 0.01) (Table 4). Chl-a is not only an important component of algal cells but also a type contained in all phytoplankton phyla. Therefore, the Chl-a and phytoplankton density were generally well correlated, and both can reflect phytoplankton standing crop [42]. However, the correlations between Chl-a and phytoplankton density and other environmental factors showed slight differences, which were related to the changes in the dominant phytoplankton species, the water quality condition, and the hydrological characteristics in the lake [43]. Chl-a showed a highly significant positive correlation with CODCr (p < 0.01), a significant negative correlation with TN (p < 0.05), and a statistically positive correlation with TP (r2 > 0.3). COD can reflect the degree of water pollution. The degradation of algal residues will release organic matter and nutrient elements (such as N and P) and consume dissolved oxygen by microbial decomposition or photodegradation. The growth and reproduction of phytoplankton could be promoted by sufficient organic matter and nutrients, and excessive phytoplankton will consume more dissolved oxygen and result in water quality degradation [44].



Chl-a was significantly correlated with BIX (p < 0.01) and C3 (p < 0.01), and positively correlated with C5 (p < 0.05), indicating that phytoplankton biomass in Shahu Lake was related to the production of endogenous DOM. Previous research has shown that the DOM from in situ phytoplankton degradation contains approximately 25% humic-like fluorescence [45]. Mangal et al. [46] suggested that the protein-like material in the lake probably came from phytoplankton production and metabolism, as well as the decay and degradation of residues. Moreover, Chl-a and phytoplankton density were positively correlated with the DOM (C1, C2+C4, C3, C5) (Figure 7a), which indicated that the variation of DOM components in the overlying water of Shahu Lake were influenced by phytoplankton. The accumulation of phytoplankton and degradation of residues were the important source of contribution to DOM [8,10]. Meanwhile, (C2+C4) and C5 were correlated well with Cyanobacteria, and C1 and C3 were correlated positively with Xanthophyta, Chlorophyta, and Cryptophyta (Figure 7b). Low-molecular-weight DOMs, such as protein-like substances, can be absorbed directly by phytoplankton (such as Cyanobacteria); high-molecular-weight DOMs, such as humic substances, can be devoured by mixotrophic phytoplankton (Chlorophyta and Cryptophyta) or degraded by microbial decomposition [41,47]. The endogenous DOM in Shahu Lake may be an important “source” of nutrients for phytoplankton growth and an important “sink” for phytoplankton production of metabolic organic matter. The changes in phytoplankton biomass in the Shahu Lake water column are important drivers of changes in DOM composition characteristics. Therefore, it is important to pay attention to the changes in DOM composition in order to maintain the health of the water environment and improve water quality in Shahu Lake.





4. Conclusions


In this study, the main composition of DOM in the overlying water of Shahu Lake and its relationship with the seasonal changes of phytoplankton biomass were continuously monitored. According to 3DEEM and PARAFAC analysis, the DOM in the overlying water of Shahu Lake was mainly composed of tryptophan-like (C2+C4), fulvic-acid-like (C3), humic-acid-like (C1), and tyrosine-like (C5) substances, and their fluorescence contributions were 44.47%, 20.18%, 20.04%, and 15.31%, respectively. Protein-like (C2+C4, C5) material accounted for a higher proportion (59.78%) of the DOM, which was gradually enhanced with seasonal changes due to more endogenous influences (BIX > 1.0). The endogenous DOM was mainly derived from phytoplankton reproduction and decay in the area of the lake. Continuous water quality monitoring (April to July in 2020) showed that from spring to summer (April to July 2020), phytoplankton density increased from 0.75 × 107 cells/L to 1.69 × 107 cells/L, an increase of 125%, and Chl-a content increased from 5.78 to 17.17 μg/L, an increase of 197%, while the autotrophic humic fraction and the tyrosine-like fractions increased in abundance by 7.7 and 22.15 percent, respectively. Among them, the concentration of the Chl-a showed a significant positive correlation with C3 (p < 0.01) and showed a relatively positive correlation with C5 (p < 0.05). The protein-like components (C2+C4, C5) were closely correlated with Cyanobacteria, and the humic-like components (C1, C3) were well correlated with Xanthophyta, Chlorophyta, and Cryptophyta. This indicated that seasonal growth of phytoplankton was an important driving factor of the changes in DOM composition in the research period of Shahu Lake. This work provided a theoretical foundation and important data support for the analysis of the causes of seasonal water quality changes in eutrophic lakes.
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Figure 1. Sampling sites of overlying water in Shahu Lake. 
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Figure 2. Three-dimensional excitation–emission matrix spectroscopy of the dissolved organic matter from the sampling point #4 of Shahu Lake in April (a), May (b), June (c), and July (d). 
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Figure 3. Five different components identified by the PARAFAC model. 
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Figure 4. Monthly proportion of phytoplankton phyla (a) and monthly variation diagram of phytoplankton density and Chl-a (b). 
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Figure 5. Total fluorescence abundance (a) and relative contribution ratio (b) of DOM components in the overlying water of Shahu Lake. 
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Figure 6. Variation components of DOM component content in spring (April to June) and summer (July). 
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Figure 7. RDA results of DOM components, environmental factors (a), and phytoplankton phyla (b). 
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Table 1. Analytical methods for selected parameters of water samples (GB3838-2002) [20].
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	Parameter
	Methods
	Units





	CODCr
	Potassium dichromate method
	mg/L



	TN
	Ultraviolet spectrophotometry
	mg/L



	TP
	Ammonium molybdate method
	mg/L



	Chl-a
	Spectrophotometry (HJ 897-2017) [21]
	μg/L
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Table 2. Spectral characteristics of five fluorescent components in the overlying water of the surface of Shahu Lake.
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	Component
	λEx/λEm/nm
	Characteristics
	Traditional Peak Value





	C1
	260/460
	Terrestrial-humic-like, humic-acid-like
	260/488 [31]



	C2
	230, 280/340
	Tryptophan-like
	230/345 [15]

220–230, 280/320–336 [34]



	C3
	245/400
	Authigenic-humic-like, fulvic-acid-like
	235/397 [32]



	C4
	300/365
	Tryptophan-like
	295/370 [35]



	C5
	220/300
	Tyrosine-like
	220/305 [28]
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Table 3. Average FI, BIX, and HIX of Shahu Lake.
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	Parameter
	Spring (April–July)
	Summer

(July)
	Shahu Lake





	FI
	1.66 ± 0.05
	1.77 ± 0.16
	1.68 ± 0.10



	BIX
	1.20 ± 0.12
	1.01 ± 0.02
	1.15 ± 0.14



	HIX
	2.35 ± 0.36
	2.19 ± 0.33
	2.31 ± 0.36
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Table 4. Correlation coefficients between DOM components and environmental factors. “*” indicates p < 0.05, “**” indicates p < 0.01.
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	Parameter
	Chl-a
	Phytoplankton

Density
	TN
	TP
	CODCr
	C1
	(C2+C4)
	C3
	C5
	FI
	BIX
	HIX





	Chl-a
	1
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-



	Phytoplankton

density
	0.697 **
	1
	-
	-
	-
	-
	-
	-
	-
	-
	-
	-



	TN
	−0.411 *
	−0.60 **
	1
	-
	-
	-
	-
	-
	-
	-
	-
	-



	TP
	0.381
	0.297
	−0.294
	1
	-
	-
	-
	-
	-
	-
	-
	-



	CODCr
	0.559 **
	0.427 *
	−482 *
	0.591 **
	1
	-
	-
	-
	-
	-
	-
	-



	C1
	0.277
	0.14
	−0.064
	0.463 *
	0.333
	1
	-
	-
	-
	-
	-
	-



	(C2+C4)
	0.224
	0.139
	−0.254
	0.386
	0.459 *
	0.627 **
	1
	-
	-
	-
	-
	-



	C3
	0.645 **
	0.395
	−0.183
	0.381
	0.410 *
	0.824 **
	0.568 **
	1
	-
	-
	-
	-



	C5
	0.430 *
	0.168
	−0.247
	0.292
	0.532 **
	0.344
	0.503*
	0.336
	1
	-
	-
	-



	FI
	0.331
	0.346
	−0.187
	−0.108
	−0.027
	−0.216
	0.083
	−0.004
	0.482 *
	1
	-
	-



	BIX
	−0.580 **
	−0.261
	−0.117
	−0.037
	−0.124
	−0.183
	0.374
	−0.364
	−0.238
	−0.185
	1
	-



	HIX
	−0.068
	0.134
	−0.149
	0.087
	−0.337
	0.308
	−0.183
	0.222
	−0.545 **
	−0.368
	0.009
	1
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