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Optical and molecular signatures of sedimentary organic matter in the Three Gorges Reservoir: Spatial dynamics and carbon cycling implications
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Abstract: Damming exerts a significant modification on the function of natural river networks, and influences sediment dynamics with reservoir operation. However, underlying mechanism influencing the deposition and burial of sedimentary organic matter (SOM) in reservoir, and its influence on the river carbon cycle, remain elusive for the the complex reservoir construction influenced environmental processes. Here we show that hydrological condition and land use of watershed constrain the dynamic of SOM in the world's largest Three Gorges Reservoir (TGR) through the application of a series of bulk and molecular techniques including stable carbon isotope, optical spectroscopy, and Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS). Relatively higher terrestrial input of SOM was observed in upstream than that in downstream of TGR mainstream. The results indicated that hydrological condition and land use of watershed might be the key factors influencing SOM dynamic. This study investigated the SOM dynamic from bulk to molecular level and provided a subtly new insight into the underlying mechanism of carbon burial in reservoir, which would help to better constrain the carbon budget in inland waters, especially in the context of the global blooming of reservoirs.
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Introduction
Sedimentary organic matter (SOM) is an important form of organic matter in the aquatic system and plays a crucial role in the sequestration of organic carbon (OC) [1]. Clarifying the dynamic of the sedimentation and transformation of SOM in watersheds is critical to understand carbon cycling mechanism in the biosphere. Since the significant influence of hydrological conditions variation (e.g., discharge and water level) in natural aquatic ecosystems (e.g., rivers and lakes) on the quantity and quality of SOM has been uncovered, reservoir, the most far-reaching human interruption of aquatic ecosystems and has a complicated semi-lake (in tributary) / semi-river (in mainstream) system of hydrological conditions, has been brought into focus on SOM dynamics [2-6]. For instance, the dispersal and distribution of mineral matrix of sediments, which have been considered to play a critical role in the accumulation of OC (e.g., quantity and quality) by adsorption [7], have been proved to be influenced by the complex hydrodynamic processes in reservoirs [8, 9], which should alter the balance between the fixation, mineralization, and burial of SOC and change the river carbon cycle [10]. Furthermore, the bio-resistant component of OC adsorpted by mineral matrix, which could not be degraded by microorganisms in sediments, should devote significantly to the carbon sequestration. However, limited studies to date focused on the man-made reservoir-induced SOM dynamics and its influence on the biogeochemical process, especially considering the spatial complexity of hydrologic conditions across a large-scale reservoir [11].
Reservoir construction and management have significantly altered the natural hydrological regime of about 70% of global rivers and partly blocked these reactive conduits connecting the land and oceanic carbon cycles [12, 13]. Three Gorges Reservoir (TGR), the largest man-made reservoir in the world, is the typical interference of the riverine ecosystem. TGR, located at the upper reach of the Yangtze River, has a total storage capacity of ca. 39.3 billion cubic meters and a flood control capacity of ca. 22.2 billion cubic meters with a watershed area of 1080 km2 [14]. The operation of TGR altered the hydrological regime (e.g., timing, magnitude, frequency, duration, and rate of flows, water temperature, water levels, and sediment load) of the Yangtze River from Chongqing to Yichang (about 660km) and exerted a significant influence on biogeochemical processes [15, 16]. For instance, the lentic aquatic environments (lake-like) in tributaries are propitious to nutrients induced seasonal algae blooms with increasing primary productivity [17, 18], while the lotic aquatic environments (river-like) in the mainstream are subjected to sediment accumulation with lower greenhouse gas emission compared to tributary [14, 19, 20]. Thus, the semi-lake/semi-river hydrological conditions result in the complex regional biogeochemical cycle in TGR [21]. However, it still remains unclear whether and how the TGR construction influences the quantity and quality of SOM, and further influences the biogeochemical and carbon cycle in TGR.
In this study, TGR was selected to assess the SOM chemistry dynamics in reservoir. The objectives of this study are to (a) characterize the properties of SOM in TGR; (b) explore the potential mechanisms of SOM dynamic in TGR.

Materials and methods
Sample collection
We selected 6 sampling sites to investigate the variability in SOM chemistry in mainstream of TGR (Fig. 1). Surface sediments (ca. 0-2 cm) were obtained based on the topography and wrapped with a pre-combusted alumina foil and placed in an icebox during the transport back to the lab. 
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Fig. 1 Study area and sampling sites

Comprehensive analysis of SOM
Sedimentary organic carbon (SOC) and total nitrogen (TN) in sediments were obtained by a Thermo Scientific FLASH2000 Series CNS Elemental Analyzer [22]. Before SOC analysis, sieved samples (ca. 1 g) were pretreated by using 0.1 M HCL to remove carbonates, followed by repeated washing with deionized water and then dried at 60 °C. Acid‐treated carbonate‐free samples were analyzed for δ13C by a FLASH 2000 Elemental Analyzer connected to a MAT‐253 Isotope Ratio Mass Spectrometer. 
Optical and molecular analysis of SOM was based on the extraction of water-extractable organic matter (WEOM) with a detailed procedure followed [23]. To be specific, excitation-emission matrixes (EEMs) was analysis by Aqualog absorption-fluorescence spectrometer (Horiba) according to [24]. Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR MS) was analysis by Bruker SolariX FT-ICR MS (15.0 T) with an electrospray ionization (ESI) source (Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences). 

Results and discussions
Characteristics of SOM in TGR
OC and C/N exhibit a decreasing trend from upstream to downstream of mainstream, while δ13C value increases from upstream to downstream (Fig. 2). SOM in riverine sediments can be from allochthonous input as well as autochthonous input [4]. Considering the low carbon content of soil and phytoplankton relative to terrestrial plants with C/N values ranging from 5 to 15 [25], the C/N ratios ranging from 7.0 to 12.2 indicates the organic matter (OM) input of soil and plankton, which would result from reservoir operation induced soil submerging and alga bloom (Fig. 2b) [26]. δ13C values of SOM in TGR were similar to that in other reservoirs [27] and covered the range of rivers and lakes in previous studies [28], corresponding with the semi-lake/semi-river characteristic of reservoir. Considering the range of δ13C values of OC from various sources (e.g., C3 plants, C4 plants, and phytoplankton), the δ13C values of SOM in mainstream (-26.9‰ to -25.6‰) further supported the mixture of allochthonous (terrestrial plants and soils) and autochthonous (phytoplankton) sources [29] (Fig. 2c). 
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Fig. 2 Bulk characteristics variation of SOM. (a) OC, (b) C/N, (c) δ13C.

The range of Flourescence index (FI) (1.50 to 1.57), parameter for the contribution assessment of terrestrial and microbial sources [30], indicates the mixture of terrestrial and microbial OM in WEOM (Fig. 2a). Biological index (BIX, indicator of autotrophic productivity) and Freshness index (FrI, indicator of fresh produced OM) present an increasing trend from upstream to downstream (Fig. 3b,c), indicating that SOM in downstream might involve more severely in autochthonous productivity than that in upstream [31, 32].
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Fig. 3 Optical characteristics variation of SOM. (a) FI, (b) BIX, (c) FrI

Molecular analysis of WEOM further demonstrated the property of SOM (Fig. 4). Comparing to downstream, higher double bond equivalent (DBE), indicator of unsaturation degree of molecules [33], was observed in upstream (Fig. 4a). In terms of SOM composition, heteroatomic compounds exhibited complex variation behaviors that S containing compounds (CHOS) decreased from upstream to downstream, while N containing compounds (CHON) increased (Fig.4b, c). For the molecular source identification, various molecular groups categorization were introduced [34]. Compounds such as polycyclic aromatics (PCAs, AI ≥ 0.67), polyphenols (0.66 ≥ AI ≥ 0.50), highly unsaturated compounds, which include soil-derived products of lignin degradation (AI < 0.50, H/C < 1.5), unsaturated aliphatic compounds (2.0 ≥ H/C > 1.5, N = 0), and peptides (2.0 > H/C ≥ 1.5, N > 0) were identified and hinted the allochthonous and autochthonous sources of SOM (Fig. 5).
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Fig. 4 Molecular characteristics variation of SOM. (a) DBE, (b) CHON, (c) CHOS.
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Fig. 5 Van Krevelen distributions of molecular formulae. (a) common formulae in all samples, (b) all formulae in all samples.

Potential dynamic of SOM
Based on comprehensive analysis of SOM properties from bulk to molecular level, relatively higher terrestrial OM input in upstream and autochthonous OM input in downstream of TGR were uncovered. Considering the significant influence of watershed land use and hydrological condition on OM dynamic [35, 36], we proposed the variation regime of SOM in TGR. 
With TGR construction, hydrological conditions (e.g., water residence time and flux) were regulated by reservoir operation [37]. There were relatively higher water residence time and lower flux in downstream than those in upstream [38], which might devote to primary productivity enhancement and result in autochthonous OM production, especially in tributaries of downstream [39, 40]. This hydrological variation induced primary productivity heterogeneity would involve in biogeochemical processes in aquatic ecosystem and higher autochthonous OM deposition in downstream than upstream. In terms of allochthonous OM, land use could exert a significant constrain on OM cycling between terrestrial and aquatic ecosystems [41, 42]. In TGR watershed, there was a decreasing trend of agricultural and grassland proportion, while an increasing trend of forest from upstream to downstream watershed [43]. Previous studies have demonstrated the increasing of humic-like OM in agricultural streams [44, 45]. Higher proportion of agricultural and grassland in upstream might lead to more allochthonous OM input, which was further supported by the variation of FI (Fig. 3a). Therefore, hydrological heterogeneity regulated primary productivity and land use constrained OM input might be the main factors influencing SOM dynamic.
The estimation of annual burial fluxes of OC in globally surveyed reservoirs demonstrates an increasing trend in world reservoirs, especially in Africa and Asia [46], which hints the importance of carbon burial in reservoir. The autochthonous SOM enhanced in downstream of TGR demonstrating that although primary productivity is primed with reservoir operation, CO2 sequestrated by algal bloom could devote to carbon burial in reservoir.

Conclusion
This study preliminarily demonstrates the variation of SOM in TGR mainstream through the comprehensive survey of SOM properties from bulk to molecular level. The spatial heterogeneity of SOM characteristics was uncovered. Relatively higher autochthonous signature and lower allochthonous signature of SOM were observed in downstream than those in upstream, which might be mainly regulated by watershed land use type and hydrological condition. This work emphasizes the influence of SOM dynamic on carbon burial in reservoir, although assessment of the quantitative contribution of allochthonous and autochthonous SOM to carbon burial of the whole reservoir needs further efforts. The comprehensive investigation of SOM dynamics under hydrological variations of reservoirs should be further pursued for a better understanding of carbon cycling in the fluvial ecosystem, especially with the reservoir booming worldwide.
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