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Abstract: Dissolved organic matter (DOM) exerts a crucial role in biogeochemical processes
and ascertaining water quality in reservoirs, where it is vulnerable to the dynamic impacts
of surface water inflows. However, understanding how DOM quantity and biochemi-
cal features responds to hydrodynamic forces in tropical reservoirs remains limited. To
enhance our understanding of the vertical profiles of DOM characteristics under vary-
ing hydrodynamic forces (strong, moderate, and weak regions) in the Chitian Reservoir
(18°43/-18°42' N, 109°68'-109°70" E), in December 2023, we investigated the concentra-
tions and biochemical characteristics of water column DOM samples using multispectral
techniques, a parallel factor model, and two-dimensional correlation analysis. Our results
indicated that DOM concentrations (4.34 & 0.36 mg/L) are the highest in the reservoir
center, whereas total nitrogen (0.52 £ 0.04 mg/L), total phosphorus (0.02 + 0.03 mg/L),
and nitrate nitrogen (1.01 £ 0.07 mg/L) present their highest values in the inlet region. As
hydrodynamic force decreases, microbial activity increases, whereas DOM’s humification
degree and molecular weight decline. DOM in the Chitian Reservoir comprises humic-
like components, including three terrestrial sources (accounting for 85.38%~87.03%) and
one microbial source, with dominant characteristics of allochthonous origin. The relative
abundance of microbial components decreased from 14.62% to 12.97% with the increasing
hydrodynamic force and increased with depth. DOM functional groups in the strong
hydrodynamic force region and the reservoir’s upper layer show high consistency and
uniformity. Phenolic O-H is the most reactive functional group concerning changes in
water depth across all hydrodynamic areas, followed by polysaccharide C-O, owing to its
high photoactivity. In contrast, aromatic C-H demonstrates the weakest reactivity. DOM’s
spectral features are closely linked to nutrient form concentrations (N and P).

Keywords: hydrodynamic force; tropical reservoir; dissolved organic matter; biochemistry;
spatial distribution
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1. Introduction

Dissolved organic matter (DOM) is a complex mixture of organic compounds orig-
inating from various sources (for instance, terrestrial or aquatic primary producers) and
exhibiting diverse compositions [1,2]. As the most dynamic carbon pool, DOM exerts
crucial functions in aquatic element cycling and nutrient exportation, as well as migration
and transformation of contaminants [3]. The features of DOM in aquatic environments
are impacted not only by the original sources but also the by biogeochemical processes
it experiences during transportation [4]. Climate conditions (e.g., temperature, humidity,
and precipitation), watershed land use types (e.g., farmland, orchards, natural forests, and
grasslands), human activities, hydrological cycles, and biochemical metabolism processes
within lakes considerably impact the quantity and quality (e.g., composition, molecular
structure, molecular weight) of DOM in these environments, consequently affecting its be-
havior and fate [5-7]. Comprehending DOM’s distribution and biochemical characteristics
is of crucial significance for water quality management and the sustainable development of
lake ecosystems.

The Chitian Reservoir is located at the intersection of Baoting Li and Miao Autonomous
County and Sanya City, covering an area of 220 square kilometers. As a key urban
drinking water source for Sanya City, it provides a daily water supply of approximately
250,000 tons, with 89% of the reservoir’s water resources originating from upstream Baoting.
A combination of allochthonous sources (e.g., domestic wastewater, terrestrial plant residu-
als, soil erosion, and atmospheric deposition) and autochthonous sources (e.g., the release
of algae, phytoplankton, and sediments) influence DOM’s components and biochemical
characteristics in the Chitian Reservoir [4,8,9]. To the best of our knowledge, most re-
search on DOM in aquatic systems focuses on temperate reservoirs, where the degradation,
transformation, and migration processes of DOM exhibit low sensitivity [10]. It is tropical
region characterized by high temperatures (33.5 °C) and significant precipitation (1800 mm),
experiencing rapid hydrologic cycles. This fast-paced hydrological cycling in the tropical
reservoir inevitably change DOM’s migration and transform processes, leading to a higher
intensity of carbon cycling [11]. The unique climate conditions of Hainan may shape the dis-
tinctive characteristics of DOM in tropical reservoirs. However, very few studies focus on
the distribution and biochemical characteristics of DOM in tropical reservoirs. Furthermore,
previous studies have shown that hydrodynamic conditions can influence water inflow
rate, including water retention time. These alterations in retention time can significantly
affect the microbial and photocatalytic degradation of DOM in reservoirs [12], leading to
variations in DOM distribution, quantity, and composition. For instance, longer retention
periods can facilitate the degradation of DOM into smaller-molecular-weight compounds
before their downstream transport [6]. What is the vertical distribution of DOM character-
istics in the Chitian Reservoir from the entry (strong hydrodynamic force) to the outfall
(weak hydrodynamic force)? Evaluating the impact of hydrodynamic forces on DOM’'s
distribution and biochemical features in the tropical reservoir is essential for predicting
DOM cycling in the context of increasing anthropogenic and climatic disturbances.

To date, rapid and relatively inexpensive multispectral techniques, such as ultraviolet—
visible spectroscopy (UV-vis), excitation-emission matrix (EEM) fluorescence spectroscopy,
and Fourier transform infrared (FTIR) spectroscopy, combined with multivariate analyses
like parallel factor analysis (PARAFAC), have become essential tools for detecting and
characterizing DOM sources, compositions, and molecular structures [13]. Although these
techniques provide valuable insights into DOM’s sources, biochemical characteristics, and
transformations in aquatic environments, the information they yield remains somewhat
limited. Two-dimensional correlation spectroscopy (2D-COS) promotes spectral resolution
by expanding it into two dimensions [14]. This method also establishes connections
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between different probe signals, revealing the sequence of dynamic spectral variations
under external perturbations [14-16]. Therefore, 2D-COS analysis of FI-IR spectra offers
novel insights into DOM’s functional groups” dynamic behavior under hydrodynamic
forces. However, this technique in exploring DOM under such external perturbations
remains limited. It allows for an in-depth analysis of DOM'’s response to hydrodynamic
forces in both a synchronous and an asynchronous manner.

In this study, water column samples were collected from regions within the Chitian
Reservoir characterized by strong (an inlet of an upstream tributary), moderate (center
of the reservoir), and weak (reservoir margin) hydrodynamic forces to (1) investigate the
vertical and hydrodynamic variations of water physicochemical properties; (2) explore
the vertical and hydrodynamic changes of DOM fluorescent signatures using multiple
spectroscopic techniques, including UV-vis, 3D-EEMs, FTIR; and (3) elucidate the mech-
anisms underlying the vertical and hydrodynamic variations of DOM in the reservoir
using 2D-COS. This study enhances our understanding of DOM’s biogeochemical pro-
cesses in tropical lake ecosystems and provides theoretical support for their water quality
management and sustainable development.

2. Materials and Methods
2.1. Water Sampling

In this study, water samples were collected from three hydrodynamic force regions
(denoted as V1, V2, and V3) of the Chitian Reservoir (18°43'-18°42' N, 109°68'-109°70' E)
in December 2023 (Figure 1). No extreme weather events, such as heavy rainfall, drought,
and typhoons, occurred before our sampling period, thus reflecting the typical reservoir
conditions of Hainan’s tropical region. The strength of the hydrodynamic forces at these
sampling sites is as follows: V1 (the tributary entrance of the reservoir, representing the
strong hydrodynamic force region) > V2 (the center of the reservoir, representing the
moderate hydrodynamic force region) > V3 (the reservoir margin, representing the weak
hydrodynamic force region). Three parallel water profiles were sampled in each hydro-
dynamic force region. A total of 76 water samples were collected across these regions,
covering various depths: V1 (12,4, 6, 8, 10, and 12 m), V2 (1, 2, 4, 6, §, 10, 12, 14, and 16 m),
and V3 (1,2, 4, 6, 8, 10, 12 14, 16, and 18 m). Samples were collected using acid-washed
polytetrafluoroethylene bottles and transported to the laboratory within 24 h. Subsequently,
one portion of the water was filtered through a 0.45 pm membrane filter and stored at
4 °C for DOM analysis, whereas another portion was used to measure the physicochem-
ical properties. It should be noted that the water samples from the greatest depths
contained sediments.

2.2. Physicochemical Parameters Determination

Water sample temperature and pH were measured in situ via a HACH Pocket Pro
(USA). The samples were filtered through a 0.45 pm membrane and analyzed directly
for dissolved organic carbon (DOC) and total nitrogen (TN) using a multi-N/C 3100
(Analytik Jena, Germany) analyzer. The concentration of ammonia nitrogen (NH4" -
N) was determined using Nessler’s reagent spectrophotometry. The content of total
phosphorus (TP) was measured using the ammonium molybdate spectrophotometric
method. The nitrate nitrogen (NO3~™-IN) concentrations were measured using colorimet-
ric methods according to Han [17]. The concentration of Fe?* in the water samples was
measured photometrically [18].
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Figure 1. (a) Sampling sites location map, (b) Sampling sites Digital Elevation Model (DEM) map,
(c) Distribution of sampling sites in the Chitian Reservoir. V1, V2, and V3 represent the strong,
moderate, and weak hydrodynamic force regions, respectively. The red arrow indicates the direction
of water flows. Embedded image is water sampler.

2.3. Multiple Spectroscopic Analysis of DOM

DOM samples’ UV-vis absorption spectra were obtained using a UV-vis double beam
spectrophotometer (UV-2600, Shimadzu, Kyoto, Japan) over the wavelength range of
200-700 nm, with a scanning interval of 1 mm and at medium speed. Ultrapure water
served as the blank reference. Four UV-vis optical indices were calculated to assess the
chemical properties of DOM: SUVAjs,4, spectral slope (Sr), absorption coefficient azss, and
absorbance ratio E3/E4. More detailed information about these parameters is shown in Table 1.
Fluorescence EEM spectra were obtained using a fluorescence spectrofluorometer (F97 pro,



Water 2025, 17, 203

50f19

Lengguang Tech, Shanghai, China) with a scanning speed of 6000 nm-min~!. The scan ranges
for emission and excitation were 250-600 nm and 200-500 nm, respectively, corresponding to
5 nm and 1 nm increments. The DOM samples’ fluorescent components were obtained based
on the PARAFAC analysis of EEM spectra data using the DOMFluor toolbox in MATLAB
R2021b [19]. To further characterize the humification and origin of DOM, four fluorescence
parameters, including fluorescence index (FI), humification index (HIX), biological index (BIX),
and Fngss (estimated from the fluorescence intensity at 300 and 400 nm), were calculated, and
more detailed information about these parameters is shown in Table 1. The structure of the
DOM compounds was detected via FTIR (Fronter, Perkin Elmerr, Waltham, MA, USA). Specif-
ically, the extracted DOM samples were freeze-dried under vacuum to obtain solid forms.
These solids were then combined with KBr of spectral purity in a ratio of 400:1 (w/w) and
pressed into round pellets. The DOM-KBr pellets were scanned with a wavelength range of
400-4000 cm ™. The FT-IR spectral data are processed in OMNIC 8 software.

Table 1. Description of spectral parameters.

Spectral

Parameters Calculation Formula Symbolic Meaning References
SUVAs, E&Vﬁrﬁ%solgoczrcl(égle;i?oibsorbance at A proxy for the aromaticity of CDOM [20,21]
Sk Slope ratio of absorbance at 275-295 nm A proxy for the molecular weight of CDOM [21]
_ A proxy for humic origins, E3/E4 > 3.5, DOM
E3/E4 ES/Ed —/chgeeccttgg apsorbanceat is mainly composed of fulvic acid; E3/E4 < 3.5, [22]
DOM is mainly composed of humic acid
a agss = 2.303x corrected absorbance at A proxy for the chromophoric DOM (CDOM) [23]
355 355 nm/cell path length (0.01 m) content
FI = F470/F520 at Ex 370 nm, F470/F520 A proxy for fluorescent DOM (FDOM) origins,
FI represent the fluorescence intensity at Em FI < 1.4 indicate terrestrial origin and FI > 1.8 [24]
wavelength of 470/520 nm indicate autochthonous origin
BIX = F380/F430 at Ex 310 nm, F380/F430 : . L
BIX represent the fluorescence intensity at Em A proxy tfoi)blocllogltcfal a;tllmty, gIX >d1FD OM [25]
wavelength of 380/430 nm represent abundant freshly produce
HIX = Y F435-480/XF300-345 at Ex
HIX .255 nm, 2F435_480/2.F300_.345 Tepresent the A proxy for humification degree of FDOM [25]
integral fluorescence intensity at Em
wavelength of 300-345/435-480 nm .
Fngss At Ex 355 nm, fluorescence intensity of Em 450 A proxy for the concentration of fluorescent [26]

dissolved organic matter

2.4. 2D-COS Analysis

FT-IR spectra were further analyzed using 2D-COS with the “2DShige 1.3” software
to investigate the variation in the functional groups of DOM under different hydrody-

namic forces and depths. Detailed procedures for 2D-COS analysis are available in Noda
and Ozaki [27].

2.5. Data Analysis

Statistical analyses were carried out in the SPSS Statistics 19.0. Principal component
analysis of DOM spectral features and environmental factors was performed using R
(version 4.3.3). PARAFAC analysis of EEMs data was conducted in MATLAB. Graphs were
generated in Origin 2018.

3. Results and Discussion
3.1. Water Column Physicochemical Properties

The vertical profiles of water properties in the Chitian Reservoir are depicted in
Figure 2. The water temperature ranged from 20.6 to 23.4 °C, with the V3 region exhibiting

lower temperatures than the V1 and V2 regions. This difference may be attributable to the
varying sampling times; V3 water column samples were collected in the morning, while
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V1 and V2 samples were collected in the afternoon. However, across all hydrodynamic
regions, water temperature consistently decreased with depth. The pH ranged from 6.83 to
7.61, following the V2 > V1 > V3 sequence. In the V1 and V2 regions, pH values increased
with depth, while in the V3 region, pH values decreased. The DOC concentration varied
within ranges of 2.58-4.36 mg/L at V1, 3.53-8.68 mg/L at V2, and 2.53-3.93 mg/L at V3,
respectively, with the overall sequence of V2 > V1 > V3. The highest DOC concentration
in the V2 region may be due to its central position within the reservoir, which is subject
to hydrodynamic forces from the V1 region (located at the reservoir’s runoff inlet) and
the littoral water body backflow from the V3 region, resulting in the accumulation of
DOC in this area [28], whereas V3, near the dam with the deepest water depth, likely
experiences dilution effects, resulting in the lowest DOC content. On the vertical profile,
there were no obvious differences in DOC concentration in the overlying water, whereas
the bottom layer (the sediment-water interface) exhibited the highest DOC concentration
in all regions, indicating the release of sediment. The TP, TN, and NO3; ~-N concentrations
were highest in the V1 region, with no significant differences between the V2 and V3
regions. Such high concentrations of TP, TN, and NO3; ™ -N in the inlet region (V1) can
be attributable to nitrogen and phosphorus inputs from upstream tributaries, which may
include sources such as farmland runoff, livestock production, and domestic sewage. This
influx also supports the growth of water hyacinths on the surface layer of the V1 region. As
the water hyacinth absorbs nutrients, microbial degradation, downward deposition, and
physical dilution processes significantly decrease nutrient concentrations in the V2 and
V3 regions. Consequently, the TN and NO3; ™—N concentrations exhibited an increasing
trend with depth in V1. Meanwhile, the release of bottom sediments may also contribute to
this phenomenon. NH4*-N and Fe?* concentrations displayed minimal variation across
sampling sites and depths; however, their concentrations increased significantly in the
bottom samples, reaching values an order of magnitude higher than those observed in
other water samples.
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Figure 2. Vertical profiles of temperature (a), pH (b), DOC (c), TP (d), TN (e), NO3; =N (f), NH;*-N
(g) and Fe?* (h) across different hydrodynamic regions. The “%” symbol indicates the mean value of
water column samples under different hydrodynamic forces.
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3.2. Spectral Signatures of DOM

Optical indices were analyzed across different hydrodynamic forces and depths
(Figure 3) to investigate the source and structure characteristics of DOM in the Chitian
Reservoir. The SUVA;s54 index exhibited the highest mean value in V3 (Figure 3a), followed
by V1 and V2. This is attributed to the weak hydrodynamic region with a longer water
retention time, allowing for sufficient photodegradation and the formation of numerous
photo—produced aromatics [29]. These aromatic compounds can enhance the biodegra-
dation of complex substances, thereby contributing to an increase in microbial activity
in this area (Figure 3f). This result indicates that the DOM in regions with the weakest
hydrodynamic force have the highest aromaticity [30,31]. Notably, the SUVAjs4 value
at the bottom layer (i.e., the sediment-water interface) of the reservoir was lower than
that of the other layers, which is in line with the findings of Butturini [32]. In the bottom
areas, under extreme conditions (perpetual darkness, anoxic, and reduced states), intense
microbial activity within organic sediments transforms DOM molecules into saturated,
reduced, and non-aromatic compounds [32]. The absorption spectral slope ratio (Sg) shows
an inverse relationship with the molecular weight of DOM [21]. The Sg values increased
with the decreasing hydrodynamic force (Figure 3b), suggesting episodic input of low-
molecular-weight DOM. The E3/E4 ratios of all DOM samples exceeded 3.5, indicating that
the fluorescent component of water column DOM in the study area is primarily composed
of fulvic acid (Figure 3c) [22]. The a3s5 values are generally positively associated with the
concentration of colored DOM [23]. In different hydrodynamic force regions, no obvious
differences were observed in the values of asss (Figure 3d). However, the asss values at the
bottom were markedly higher than those in the overlying water, suggesting that sediments
contribute substantially to the high concentration of CDOM.
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Figure 3. Vertical profiles of DOM spectral indices across different hydrodynamic regions (V1, V2,
and V3). SUVAjz (a), Sr (b), E3/E4 (c), asss (d), FI (e), BIX (f), HIX (g), and Fnzss (h). The “%”
symbol denotes the mean value of water column samples within each different hydrodynamic region.

In all regions, the fluorescence index (FI) ranged from 1.9 to 2.2 (Figure 3e), indicat-
ing a high contribution of terrestrial DOM sources [24]. Generally, the biological index
(BIX) represents the recently produced DOM from autochthonous and biological sources,
whereas the humification index (HIX) indicates DOM’s humification degree [25]. As the



Water 2025, 17, 203

8 of 19

hydrodynamic force decreases, BIX values increase following the mean value sequence of
V3 > V2 > V1 (Figure 3f). In the vertical profiles, BIX values decrease with depth in the
V1 region but increase with depth in the V2 and V3 regions. The increasing BIX values
indicate a shift from restricted to active microbial activities [33]. In areas with moderate
and weak hydrodynamic forces, intense microbial metabolism reduces the humification
degree of DOM. Under vigorous microbial activity, DOM molecules with high humification
degrees and complex structures are transformed into smaller molecules [34,35], consistent
with the Sg values observed. However, on the vertical profile, the molecular weight (Sg) of
water—sediment DOM was significantly higher than that of the overlying water DOM. This
is because, at the reservoir bottom, under permanent darkness and anoxic and reduced con-
ditions, microbial metabolism can rapidly transfer low-molecular-weight compounds into
large molecular compounds [32]. Consequently, HIX values decrease with the declining
hydrodynamic force, following the mean value sequence of V1 > V2 > V3 (Figure 3g). Our
samples fall within the HIX value range of 3 to 6, further indicating that terrestrial humified
constituents dominated the DOM pool, with relatively fewer biologically derived com-
pounds [36], especially in the inlet region V1. The Fn3s5 values in region V1 are markedly
lower than those in regions V2 and V3, suggesting that fluorescent DOM accumulates in
areas with weaker hydrodynamic forces (Figure 3h) [26].

3.3. PARAFAC Analysis

PARAFAC analysis successfully decomposed all DOM samples into four fluorescent
components (Figure 4a), i.e., humic-like substances originating from different sources
(Table 2). Specifically, component 1 (C1), component 2 (C2), and component 3 (C3) are of
terrestrial origin, and component 4 (C4) is of microbial origin. As depicted in Figure 4b,
the DOM in the Chitian Reservoir, located in a tropical region, comprises humic-like
substances without the presence of protein-like substances, including three terrestrial
sources (C1, C2, and C3) and one microbial source (C4). This phenomenon aligns with
the results obtained by Zhang et al. [37]. The high temperature, intense illumination, and
strong microbial metabolism of the Chitian Reservoir in tropical region may contribute to
this phenomenon. Yuan et al. [38] suggested that high-temperature reservoir water can
enhance the release of humic substances, whereas proteins-like substances are unstable
components of DOM, which are easily degraded by microorganisms [28]. The combined
percentages of the three terrestrial humic-like components ranged from 85.38% to 87.03%
(Figure 4), indicating a predominantly allochthonous sources. As hydrodynamic force
decreases, the total percentages of components C1, C2, and C3 decrease from 87.03% to
85.38%. In comparison, the microbial humic-like component (C4) percentage increases
from 12.97% to 14.62%, indicating increased microbial activity. This is ascribed to the
fact that weaker hydrodynamic regions with longer water retention time facilitate higher
microbial metabolism [39]. This trend aligns with the variation observed in the BIX index
(Figure 3b). Interestingly, the vertical distribution of these two groups of fluorescent
components (terrestrial and microbial source groups) varies across different hydrodynamic
force regions. In the strong hydrodynamic force region (V1), the C4 percentage decreases
with depth, whereas in the moderate and weak hydrodynamic force regions (V2 and V3),
the C4 percentage increases with depth.
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Figure 4. Contour plots (a) and relative intensity (b) of four fluorescent components in the Chitian
Reservoir DOM derived from PARAFAC analysis. V1, V2, and V3 represent regions of strong,
moderate, and weak hydrodynamic forces, respectively.
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Table 2. PARAFAC components of DOM in the Chitian Reservoir.
Component Ex(nm) Em (nm) Peak Type References
C1 350 435 Humic-like DOM of terrestrial origin [40,41]
i) 395 465 Allochthonous humic-like and [42,43]
sensitive to dark
C3 465 510 Traditionally terrestrial humic-like [44,45]
C4 329 368 Microbial humic-like substances [46,47]

3.4. Functional Group Variations of DOM

The FT-IR spectra of all water column DOM samples exhibited six major absorp-
tion peaks at 3396, 2940, 1630, 1385, 1059, and 865 cm~ L, respectively (Figure 5, Table 3),
showing varying transmittance under different hydrodynamic forces. The DOM in the
Chitian Reservoir mainly is primarily composed of O-H, C-H, and C-O functional groups,
originating from phenol, carbohydrate, carboxylic acid, aliphatic, and polysaccharide or
polysaccharide-like compounds. Among these, the percentage of the O-H functional group
associated with phenol, carbohydrate, and carboxylic acid compounds (at 3396 cm™!)
increases as the hydrodynamic force decreases, with percentages of 42.96%, 46.57%, and
47.26% for regions V1, V2, and V3, respectively. This phenomenon was consistent with the
results obtained by Fan et al. [48], who showed that O-H comprised the major functional
groups of DOM in water. The percentages of C-H in the phenolic hydroxyl or aliphatic
groups (at 1385 cm 1) and C-O in polysaccharide or polysaccharide-like substances (at
1059 cm™!) decrease as the hydrodynamic force decreases. In the strong hydrodynamic
force region (V1), there are no significant disparities in the intensity percentages of func-
tional groups at different depths. However, in the moderate and weak hydrodynamic
force regions (V2 and V3), the intensity percentages of functional groups demonstrate a
distinct depth dependency. The percentages of functional groups at 3396 and 1059 cm ! in-
crease with the depth, suggesting an increase in phenol, carbohydrate, carboxylic acid, and
polysaccharide or polysaccharide-like compounds. It should be noted that no COO— func-
tional group peak associated with protein-like compounds was found, which is consistent
with the PARAFAC results [49].

3.5. Vertical and Hydrodynamic Dynamic Changes of DOM Functional Groups

To further explore the mechanism of functional group variations in DOM under the
influence of hydrodynamic forces and depth, 2D-COS analysis was conducted based on
the one-dimensional FT-IR spectral data, as shown in Figure 6. The alterations in water
layers and hydrodynamics exerts a substantial influence on the DOM functional groups.
Figure 6a reveals the dynamic responses of the DOM functional groups to water depth,
encompassing the effects of illumination, temperature, oxygen levels, and microbial activity
across different hydrodynamic regions. In the synchronous maps, three positive auto-peaks
at (1385, 1385 cm™1), (1059, 1059 cm™1), and (3396, 3396 cm™!) were found in all three
regions. The intensities of these auto-peaks were higher in regions V2 and V3 than in
region V1, suggesting that the DOM functional groups are less sensitive to depth variations
under strong hydrodynamic region. Consequently, the intensity order of auto-peaks differs
between regions: in V1, the order is 1059 > 3396 > 1385 cm~L; while in V2 and V3, it is
3396 > 1385 > 1059 cm L. In the strong hydrodynamic force region (V1), the C-O functional
group corresponding to polysaccharide or polysaccharide-like substances is most sensitive
to depth variation. In contrast, in the moderate and weak hydrodynamic force regions
(V2 and V3), the O-H function group, found in phenol, carbohydrate, and carboxylic acid
compounds, is the most sensitive to depth variation. Furthermore, a positive cross-peak
(1385, 1059 cm 1) was observed in regions V2 and V3, indicating that these functional
groups exhibit similar directional changes as water depth increases. However, a negative
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cross-peak (1385, 1059 cm 1) in region V1 indicates that these two functional groups exhibit
opposite directional changes with increasing water depth.
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Figure 5. FT-IR spectral characteristics and the relative abundance of high absorption peaks of water
column DOM, strong hydrodynamic forces in the V1 region (a), moderate hydrodynamic forces in
the V2 region (b), and weak hydrodynamic forces in the V3 region (c).
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Table 3. Bands in FT-IR spectra of DOM in the Chitian Reservoir.
Wav(inlfllll? ber Functional Group References
3396 Superimposition of O-H stretching vibrations in phenols, 150]
carbohydrates, and carboxylic acids

2940 C-H stretching vibration within the aliphatic chain [51]

1630 Stretching of aromatic C=C ring [49]
Symmetrical bending vibration of C-H in phenolic

1385 h A i . [52]

ydroxylic or aliphatic group

Stretching vibration of C-O in polysaccharide and

1059 ok [53]

polysaccharide-like
865 Out-of-plane vibrations of aromatic C-H [54]

In the 2D-FTIR-COS asynchronous spectra (Figure 6a), three positive (1385/1059 cm ™!,
3396/1059 cm™1, 3396/2940 cm~!) and two negative (3396/1385 cm™!, 1059/865 cm™1)
cross-peaks are observed in the V1 region. In the V2 region, there are three positive
(3396/1059 cm~1, 3396/1385 cm ™, 1385/1059 cm ') and two negative (3396/2904 cm™!,
1059/856 cm ') cross-peaks. In the V3 region, one positive (1385/1059 cm ') and two nega-
tive (3396/1385 cm !, 1059/865 cm 1) cross-peaks are detected. According to Noda rules [15],
the priority sequence of DOM functional groups is as follows: 1385 — 3396 — 1059 —
2940 — 865 cm !, 3396 — 1385 — 1059 — 2904 — 865 cm !, and 1385 — 1059 — 3396 —
865 cm~! for the V1, V2, and V3 regions, respectively, corresponding to the reaction order of
phenolic C-H — phenolic O-H — polysaccharide C-O — aliphatic C-H — aromatic C-H,
phenolic O-H — phenolic C-H — polysaccharide C-O — aliphatic C-H — aromatic C-H,
and phenolic C-H — polysaccharide C-O — phenolic O-H — aromatic C-H.

Figure 6b discloses the dynamic responses of DOM functional groups to hydrodynamic
force at the same layers (upper, middle, and bottom). In the synchronous maps, all observed
auto-peaks are positive. Among them, two auto-peaks (1059/1059 cm~!, 1385/1385 cm 1)
appear in the upper layer; two auto-peaks (3396/3396 cm !, 1059/1059 cm ') are found in
the middle layer; and two auto-peaks (3396/3396 cm !, 1385/1385 cm!) are presented
in the bottom layer. The intensities of DOM functional groups increase following the
sequence: upper layer < middle layer < bottom layer, indicating increased sensitivity with
depth. The C-O functional group, corresponding to polysaccharide or polysaccharide-like
substances, shows the highest sensitivity to hydrodynamic force in the upper layer. In
contrast, the O-H stretching functional group of phenol, carbohydrate, and carboxylic
acid compounds shows the weakest response in the middle and bottom layers. A positive
cross-peak (3396/1059 cm™!) is observed in the upper and middle layers, indicating that
these two functional groups change in the same direction as hydrodynamic force increases.
Conversely, a negative cross-peak (3396/1385 cm™!) in the bottom layer indicates that these
two functional groups change in opposite directions as the hydrodynamic conditions vary.

In the asynchronous map of the upper layer, two positive (1059/865 cm~?, 3396/
1385 cm 1) and one negative (1385/1059 cm™ 1) cross-peaks are observed. In the medium
layer, two positive (3396/1385 cm ™!, 3396/1059 cm ') and two negative (1059/865 cm™!,
1385/1059 cm ') cross-peaks are found. In the bottom layer, three positive (3396/2940 cm~!,
1385/1059 cm~!, 1059/865 cm™!) and two negative (3396/1059 cm~!, 3396/1385 cm™1)
cross-peaks are exhibited. According to Noda roles [14], the priority sequence of functional
groups is as follows: 1059 — 865 — 3396 — 1385 cm™1, 3396 — 1059 — 1385 — 865 cm ™!,
and 3396 — 2940 — 1385 — 1059 — 865 cm™! for the upper, medium, and bottom layers,
respectively, corresponding to the reaction order of polysaccharide C-O — aromatic C-H —
phenolic O-H — phenolic C-H, phenolic O-H — polysaccharide C-O — phenolic C-H —
aromatic C-H, and phenolic O-H — aliphatic C—-H — phenolic C-H — polysaccharide C-O
— aromatic C-H.
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Figure 6. Synchronous and asynchronous maps of water column DOM samples under strong (V1),
moderate (V2), and weak (V3) hydrodynamic forces (a). Synchronous and asynchronous maps of
water DOM samples under different hydrodynamic forces at the same upper, middle, and bottom
layers (b). In the 2D-COS maps, cross-peaks located in the bottom-right corner were analyzed. Red
and blue colors represent the positive and negative correlations, respectively.

According to the above results, we can conclude that both hydrodynamic conditions
and depth influence the evolution of DOM functional groups. The DOM functional groups
in regions with strong hydrodynamic force and in the upper layer show weak responses to
depth and hydrodynamic variations, respectively. This finding suggests that water quality
is more uniformly mixed in areas with strong hydrodynamic force and within the upper
layer. The phenolic O-H group is the most sensitive and reactive functional group to
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depth variation across all regions, followed by the polysaccharide C-O group. The high
sensitivity of phenolic O-H is due to the photoactivity of phenolic compounds, which
degrade rapidly when exposed to sunlight [55,56]. Polysaccharides, commonly produced
by algae, are abundant in natural waters [57]. Polysaccharides are prone to photooxidative
degradation under certain conditions, such as the presence of oxygen and light [58]. This
result explains why the polysaccharide C-O group exhibits the highest reactivity in the
upper layer. In contrast, the aromatic C—-H bond shows the lowest reactivity in all regions,
which is attributable to its high bond dissociation energy (112.9 kcal-mol 1) [59].

3.6. Correlation Analysis

Pearson correlation analyses between water properties and DOM spectral characteris-
tics under different hydrodynamic forces are presented in Figure 7. Hydrodynamic force
significantly influences the vertical profiles of the water’s physicochemical properties and
the biochemical characteristics of DOM, as indicated by the distinct relationships between
parameters under varying hydrodynamic conditions (Figure 7a—c). For instance, depth
shows a significant negative correlation with pH in the V1 (p < 0.05) and V2 (p < 0.01)
regions, while it exhibits a significant positive correlation in the V3 region (p < 0.01). Overall,
there is a positive correlation between depth/DOC concentration and nutrients (TP, TN,
NO;™-N, and NH,;*-N) (Figure 7a—c), consistent with the findings of previous studies [60].
This trend may be attributed to sediment release and the constraints of environmental
factors at the bottom (e.g., sunlight, temperature, and pH), which reduce microbial nutrient
absorption [33]. DOC content shows a positive correlation with NH;*-N, suggesting that
NH4*-N could serve as an indicator of DOM mineralization processes in the context of
redox changes [34,61]. DOC content is also positively associated with Fe?* levels across
the profiles (p < 0.01, Figure 7d,e). This observation implies that DOM may be released
from Fe* oxides during the reduction process (Fe3* — Fe?") [25,62]. As expected, the
three terrestrial source constituents are positively associated with one another (p < 0.05)
(Figure 7a—c), whereas the microbial source constituent is positively associated with the
BIX index (p < 0.05), proving its microbial origin, as verified by the EEM-PARAFAC re-
sults (Figure 4). Furthermore, C4 is inversely associated with temperature (p < 0.05), and
temperature is inversely associated with water depth, indicating that microbial activity
increases with water depth. The higher temperature in the upper layer is less conducive to
microbial growth, resulting in an increased relative content of C4 with depth (Figure 4b).
The SUVA 54 values exhibit a significantly negative correlation with NO3 "-N and NH;*-N
contents (p < 0.05) across all sampling sites (Figure 7d). According to Li [63], vigorous pri-
mary production processes consume large amounts of nitrogen nutrients to produce DOM.
However, the HIX index exhibits a positive correlation with TN and TP contents (p < 0.01)
(Figure 7d), confirming that humic-like components are effective in fixing nutrients [64,65].
In summary, the spectral features of DOM in the Chitian Reservoir are intimately linked
to the contents of nutrient forms (N and P). Therefore, DOM'’s spectral features could be
potentially employed to predict the risk of N and P in the Chitian Reservoir [66].
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Figure 7. Pearson correlation analysis of water physicochemical parameters and DOM spectral char-
acteristics under strong (a), moderate (b), and weak (c) hydrodynamic forces. Principal component
analysis of all water physicochemical and DOM spectral parameters (d). Relationships between
two parameters (e). The orange-shaded area color indicates 95% confidence intervals. * p < 0.05;
**p < 0.01. Green dots are samples, Red line is the fitting line.

4. Conclusions

Our study demonstrated that the highest DOC concentrations were in the center
of the Chitian Reservoir. The high nutrient levels (TN, TP, and NO3~-N) were in the
entrance region, potentially indicating a heightened eutrophication risk in this area. In
addition, the concentrations of DOC, NO3;-N, NH;*-N, and Fe?* at the sediment-water
interface were considerably higher than those in the overlying water. Spectral analyses
suggested that microbial activity increased as hydrodynamic force decreased and depth
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increased, leading to a reduction in the humification degree and molecular weight of the
DOM in these regions. The DOM in the Chitian Reservoir comprised four humic-like
components: three of terrestrial origin and one of microbial origin. Unlike temperate
regions, no protein-like components were detected in this tropical reservoir. The distinct
climatic conditions of the tropics, characterized by high temperatures, intense illumination,
and strong microbial activity, likely account for this difference. The combined percentages
of the three terrestrial humic-like components ranged from 85.38% to 87.03%, indicating a
dominance of allochthonous sources. The microbial component increased as hydrodynamic
force decreased and depth increased. FI-IR spectrum analysis revealed that the major
functional groups in the Chitian Reservoir DOM were O-H, C-H, and C-O. The 2D-FT-IR-
COS analysis showed that DOM functional groups in the strong hydrodynamic force region
and the upper layer exhibited weak responses to depth and hydrodynamic forces due to
their high homogeneity. Phenolic O-H was the most reactive functional group to depth
variation across all hydrodynamic regions, followed by polysaccharides C-O due to their
high photoactivity. However, aromatic C-H showed the weakest reactivity. Correlation
analysis confirmed a close link between the spectral features of DOM and nutrient forms
(N and P). Consequently, DOM spectral features could be used as indicators to predict the
risk of N and P in the Chitian Reservoir.
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