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Introduction

Inland waters are active pipes of nutrients along the land-ocean aquatic continuum

The land-ocean aquatic continuum (LOAC) is the interface or transition zone between terrestrial ecosystem and ocean [START_REF] Billen | Si retention along the aquatic continuum from land to ocean[END_REF][START_REF] Mackenzie | Coupled C, N, P, and O Biogeochemical Cycling at the Land-Ocean Interface[END_REF][START_REF] Regnier | Anthropogenic perturbation of the carbon fluxes from land to ocean[END_REF], and is acknowledged to play a significant role in biogeochemical cycles at the global scale [START_REF] Bouwman | Nutrient dynamics, transfer and retention along the aquatic continuum from land to ocean: Towards integration of ecological and biogeochemical models[END_REF][START_REF] Cole | Plumbing the global carbon cycle: Integrating inland waters into the terrestrial carbon budget[END_REF][START_REF] Regnier | Anthropogenic perturbation of the carbon fluxes from land to ocean[END_REF]. Inland water ecosystems (particularly rivers, lakes, and reservoirs) are the key components of the LOAC, acting as a conduit for nutrient transport and transformation along the LOAC [START_REF] Beusen | Global riverine N and P transport to ocean increased during the 20th century despite increased retention along the aquatic continuum[END_REF][START_REF] Beusen | Global patterns of dissolved silica export to the coastal zone: Results from a spatially explicit global model[END_REF][START_REF] Garnier | N:P:Si nutrient export ratios and ecological consequences in coastal seas evaluated by the ICEP approach[END_REF][START_REF] Harrison | Dissolved inorganic phosphorus export to the coastal zone: Results from a spatially explicit, global model[END_REF]Harrison et al., , 2005a;;[START_REF] Seitzinger | Global river nutrient export: A scenario analysis of past and future trends[END_REF], despite the fact that they cover only 3% of the Earth's continental surface area [START_REF] Downing | The global abundance and size distribution of lakes, ponds, and impoundments[END_REF]. It was estimated that global rivers transport 900 Tg C yr -1 (carbon: C, including inorganic and organic forms), 37 Tg N yr -1 (total nitrogen: TN), 4 Tg yr -1 (total phosphorus: TP), 177 Tg Si yr -1 (dissolved silica: DSi) to the ocean, respectively [START_REF] Beusen | Global riverine N and P transport to ocean increased during the 20th century despite increased retention along the aquatic continuum[END_REF][START_REF] Beusen | Global patterns of dissolved silica export to the coastal zone: Results from a spatially explicit global model[END_REF][START_REF] Cole | Plumbing the global carbon cycle: Integrating inland waters into the terrestrial carbon budget[END_REF].

According to the current researches in this field, it is becoming clear that inland water ecosystems are not only passive pipes for nutrient transport along the LOAC but play an active role in nutrient cycles [START_REF] Battin | The boundless carbon cycle[END_REF][START_REF] Cole | Plumbing the global carbon cycle: Integrating inland waters into the terrestrial carbon budget[END_REF]Maavara et al., 2020b;[START_REF] Tranvik | The study of carbon in inland waters-from isolated ecosystems to players in the global carbon cycle[END_REF]Tranvik et al., , 2009)). Accordingly, a shift in the perception of inland water emerged, from neutral to active component of carbon cycle along the LOAC [START_REF] Abril | Ideas and perspectives: Carbon leaks from flooded land: Do we need to replumb the inland water active pipe?[END_REF][START_REF] Cole | Plumbing the global carbon cycle: Integrating inland waters into the terrestrial carbon budget[END_REF]. The most representative is the view of the role of inland water ecosystems in the global C balance presented by [START_REF] Cole | Plumbing the global carbon cycle: Integrating inland waters into the terrestrial carbon budget[END_REF], considering C burial in the sediment and emissions (CO2: carbon dioxide and CH4: methane) (Figure 1-1). In addition to C, inland water ecosystems are recognized biogeochemical hotspots for N, P, and Si cycling. Studies have indicated the significance of inland water ecosystems in N2O (nitrous oxide) emission, an important greenhouse gas (GHG), produced during the N cycling process [START_REF] Beaulieu | Nitrous Oxide Emissions from a Large, Impounded River: The Ohio River[END_REF][START_REF] Beaulieu | Nitrous oxide emission from denitrification in stream and river networks[END_REF][START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF]Li et al., 2021;[START_REF] Yao | Increased global nitrous oxide emissions from streams and rivers in the Anthropocene[END_REF]. It was estimated that global rivers and streams emit 0.2-0.9 Tg N2O yr -1 [START_REF] Beaulieu | Nitrous oxide emission from denitrification in stream and river networks[END_REF]M. Li et al., 2021), and additionally, emissions from global reservoirs can reach 0.5 Tg N2O yr -1 [START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF]. Indeed, among the LOAC inland water ecosystems, reservoirs and lakes play an important role in C and N cycles but this is also true for P and Si, where they can act as sinks [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF][START_REF] Harrison | Global importance, patterns, and controls of dissolved silica retention in lakes and reservoirs[END_REF]Maavara et al., 2015aMaavara et al., , 2015b)). Cole et al., 2007 (unite is Pg C yr -1 , 1 Pg = 10 3 Tg = 10 15 g) Such progress in the quantification of carbon production, retention and emission in inland water, also have a significant impact on the global cascade of C and nutrients along the LOAC, and may lead to revise former estimations of land-based carbon and nutrients inputs to aquatic systems. Therefore, the impact of inland waters on these biogeochemical elements (C, N, P, Si) is multifaceted, including physical transport along the LOAC, transformation and transfer in different forms (e.g., transforming C to CO2 and CH4), emission to atmospheric compartment, burial in the sediment, and retention in inland water ecosystems. However, these aquatic processes are partly driven by the intensity of anthropogenic activities in the watersheds, including intense agricultural fertilization, water consumption, river damming, and aquaculture [START_REF] Beusen | Global riverine N and P transport to ocean increased during the 20th century despite increased retention along the aquatic continuum[END_REF][START_REF] Chen | Natural and human influences on dissolved silica export from watershed to coast in Southeast China[END_REF]Maavara et al., 2020b[START_REF] Maavara | Global perturbation of organic carbon cycling by river damming[END_REF][START_REF] Meybeck | Fluvial filtering of land-to-ocean fluxes: from natural Holocene variations to Anthropocene[END_REF][START_REF] Van Cappellen | Rivers in the Anthropocene: Global scale modifications of riverine nutrient fluxes by damming[END_REF][START_REF] Yao | Increased global nitrous oxide emissions from streams and rivers in the Anthropocene[END_REF]. For instance, [START_REF] Beusen | Global riverine N and P transport to ocean increased during the 20th century despite increased retention along the aquatic continuum[END_REF] suggested that global N and P loads to streams significantly increased over the 20 th century, from 34 to 64 Tg N yr -1 , and from 5 to 9 Tg P yr -1 , respectively. The retentions/eliminations of N and P in reservoirs also increased twice during this period, due in large part to the increase in reservoirs, which account for 24% and 22% of the retentions of N and P in inland freshwater ecosystems, respectively [START_REF] Beusen | Global riverine N and P transport to ocean increased during the 20th century despite increased retention along the aquatic continuum[END_REF]. In addition, the impact of anthropogenic perturbations on C [START_REF] Maavara | Global perturbation of organic carbon cycling by river damming[END_REF][START_REF] Maberly | Catchment productivity controls CO2 emissions from lakes[END_REF][START_REF] Mendonça | Organic carbon burial in global lakes and reservoirs[END_REF] and Si transport and transformation along the LOAC also attract widespread attention [START_REF] Harrison | Global importance, patterns, and controls of dissolved silica retention in lakes and reservoirs[END_REF][START_REF] Humborg | Decreased Silica Landsea Fluxes through Damming in the Baltic Sea Catchment -Significance of Particle Trapping and Hydrological Alterations[END_REF][START_REF] Laruelle | Anthropogenic perturbations of the silicon cycle at the global scale: Key role of the land-ocean transition[END_REF][START_REF] Lauerwald | Retention of dissolved silica within the fluvial system of the conterminous USA[END_REF][START_REF] Li | Long-term variations in dissolved silicate, nitrogen, and phosphorus flux from the Yangtze River into the East China Sea and impacts on estuarine ecosystem[END_REF].

Reservoirs: one of the important components of inland waters 1.2.1. Gradual increases in global reservoir constructions

Dammed reservoirs, which represent one of the main anthropogenic disturbances along the LOAC, are one of the important components of inland freshwater ecosystems. Dammed reservoirs have played important roles in the development of human life and have served human society for over 4,500 years [START_REF] Sternberg | Damming the river: a changing perspective on altering nature[END_REF]. Historically, dammed reservoirs were constructed mainly for water supply and agricultural irrigation. Nowadays, the world population benefited greatly from dammed reservoirs in multiple aspects, including flood control, drinking water supply, agricultural irrigation, recreation, navigation, fishing and hydropower generation (World Commission on Dams, 2001). Of these, in terms of the singlefunction reservoirs, irrigation is the most common usage (48%), followed by hydropower (17%), water supply (13%), flood control (10%), recreation (5%), navigation and fishing (< 1%) [START_REF] Icold | World Registr of Dams : General Synthesis[END_REF].

With the gradual increases in human demands, the numbers of global reservoirs increased steadily since the 1900s (Figure 1-2), with a rapid increase in the 1950s-1970s, most of them are located in Northern America and Western Europe [START_REF] Lehner | High-resolution mapping of the world's reservoirs and dams for sustainable river-flow management[END_REF]. In these regions, large dam constructions have progressively slowed down since the 1970s, because of the limited suitable locations and the high social and environmental costs. Thereafter, the reservoir constructions have started in developing countries since the 1970s [START_REF] Moran | Sustainable hydropower in the 21st century[END_REF]. The total surface area (presently 3.6 × 10 6 km 2 , excluding regulated natural lakes), has rapidly increased during the 1950s and 1990s. In addition, another surge of hydropower reservoir construction is in progress in the next decade, especially in South Asia, South America, and Africa, more than 3700 large hydropower dams (install capacity > 1 MW) either planned or under construction [START_REF] Zarfl | A global boom in hydropower dam construction[END_REF]. 

The impact of river waters interception by reservoirs

One of the critical impacts of dammed reservoirs is their alterations in the hydrological patterns in the river network [START_REF] Ely | Dam-Induced Hydrologic Alterations in the Rivers Feeding the Pantanal[END_REF][START_REF] Grill | Mapping the world's free-flowing rivers[END_REF][START_REF] Habets | The cumulative impacts of small reservoirs on hydrology: A review[END_REF][START_REF] Timpe | The changing hydrology of a dammed Amazon[END_REF]. It is suggested that 48% of the global river discharge is impacted (moderately to severely) by dams, a number which would increase to 93% assuming the completion of all dams planned and under construction in the world [START_REF] Grill | An index-based framework for assessing patterns and trends in river fragmentation and flow regulation by global dams at multiple scales[END_REF]. The free-flowing, an important characteristic of natural rivers, has been altered by dams, so that more than 60% of rivers longer than 1000 kilometers do not remain free-flowing [START_REF] Grill | Mapping the world's free-flowing rivers[END_REF]. The impoundment of reservoir has shifted the river from a free-flowing system to a highly intercepted alternating discontinuity of lentic and lotic systems [START_REF] Ward | The serial discontinuity concept: Extending the model to floodplain rivers[END_REF]. Such alterations of the river's hydrology accordingly impede the flow of carbon and nutrients (N, P, and Si), and therefore, increase their residence time along the aquatic component of LOAC, which favours their transformations (Maavara et al., 2020b).

The specificity of reservoir research

Dammed reservoirs occupy an intermediate ecosystem between rivers and natural lakes, they are described as the "river-lake hybrids" because they combine multiple characteristics of river and lake ecosystems [START_REF] Ackermann | Man-made lakes : their problems and environmental effects 847[END_REF][START_REF] Kimmel | Reservoir limnology: ecological perspectives[END_REF]. Typically, three zones, including the up-reservoir fluvial zone, the transition zone, and the lacustrine zone, are distinguished along the longitudinal gradients of a reservoir (Figure 1-3). These three zones showed different characteristics in regards to morphology, water flow velocity, water residence time, SM (suspended matter), transport and sedimentary processes, primary production, DO (dissolved oxygen) dynamics, nutrient concentrations, and light attenuation (see details in [START_REF] Thornton | Reservoir Limnology: Ecological Perspectives[END_REF]. For instance, when SM enters the reservoir, the coarse SM generally settles in the fluvial zone of the reservoir, while the fine ones settle in the transition zone, as well as in the lacustrine zone [START_REF] Thornton | Reservoir Limnology: Ecological Perspectives[END_REF]. These longitudinal gradients in physical, chemical, and ecological conditions in reservoirs importantly affect the biogeochemical processes, e.g., phytoplankton [START_REF] Kimmel | Reservoir limnology: ecological perspectives[END_REF][START_REF] Wetzel | Reservoir ecosystems: conclusions and speculations[END_REF]. However, reservoirs are rarely in a steady state, and the three zones may not always be distinguishable within a specific reservoir depending on the watershed and hydrological characteristics of the reservoir [START_REF] Kimmel | Reservoir limnology: ecological perspectives[END_REF]. A distinctive feature of reservoirs is their regulation according to water management strategies in regard to specific objectives (e.g., hydropower generation, flood control, downstream water regulation) [START_REF] Geraldes | Seasonal water level fluctuations: Implications for reservoir limnology and management[END_REF]. The hydrological characteristics of reservoirs affect physicochemical and ecological processes in the reservoirs in a variety of ways, such as the aforementioned longitudinal gradients in three zones, sedimentation, light availability, and primary production. Such effects further influence nutrient dynamics in the reservoir and thereby the downstream water quality. Therefore, the intrinsic complexity of reservoir ecosystems to which is superimposed the hydrological management by human makes the studying of these systems very difficult [START_REF] Thornton | Reservoir Limnology: Ecological Perspectives[END_REF]. At the same time, hydrological and biogeochemical studies of reservoirs are crucial, especially for improving the quantification of GHG emissions and the biogeochemical cycling of carbon and nutrients (e.g., [START_REF] Chen | Hydropower reservoirs on the upper Mekong River modify nutrient bioavailability downstream[END_REF][START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF][START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF][START_REF] Harrison | Year-2020 Global Distribution and Pathways of Reservoir Methane and Carbon Dioxide Emissions According to the Greenhouse Gas From Reservoirs (Gres) Model[END_REF]Maavara et al., 2020a;[START_REF] Van Cappellen | Rivers in the Anthropocene: Global scale modifications of riverine nutrient fluxes by damming[END_REF].

Biogeochemical impact of reservoirs

Reservoirs provide multiple benefits for human life, however, as their numbers continue to increase, their environmental impacts, especially the negative ones, are widely denounced [START_REF] Harrison | Dams: weigh pros and cons case by case[END_REF][START_REF] Hermoso | Don't let damage to wetlands cancel out the benefits of hydropower[END_REF]. Among them, the impacts on aquatic ecosystems, analysed through the biogeochemical cycles of C, N, P, Si, include both the environmental issues related to GHG exchanges with the atmospheric compartment (including CH4, CO2, and N2O), and the alteration of nutrient retentions/eliminations within the reservoirs and induced effects on the downstream aquatic ecosystems (e.g., Maavara et al., 2020a;Prairie et al., 2018).

Contribution of the reservoir to GHG emissions

Hydropower has been considered as the clean and climate-friendly alternative energy to meet the increasing electricity demand of humanity [START_REF] Muller | Hydropower dams can help mitigate the global warming impact of wetlands[END_REF]. However, the impact of hydropower reservoirs on GHG emissions quashes the green credentials of hydropower [START_REF] Giles | Methane quashes green credentials of hydropower[END_REF]. Previous studies suggest that the majority of hydropower reservoirs have GHG emissions below that of fossil-fueled power plants [START_REF] Scherer | Hydropower's Biogenic Carbon Footprint[END_REF], and comparable to other renewable energy sources, such as solar and wind power [START_REF] Bertassoli | How green can Amazon hydropower be? Net carbon emission from the largest hydropower plant in Amazonia[END_REF][START_REF] Räsänen | Greenhouse gas emissions of hydropower in the Mekong River Basin[END_REF]. However, 18% of hydropower reservoirs have high GHG emissions equaling the emission from fossil-fueled power plants [START_REF] Räsänen | Greenhouse gas emissions of hydropower in the Mekong River Basin[END_REF].

How reservoirs affect GHG emissions?

When a dam is introduced along the course of the river, the water flow dynamics are changed, the sediment and organic matter are trapped, as the terrestrial vegetation is partially flooded (while they contain a large amount of organic matter, e.g., trees, plants, and soil organic matter), altering previously established carbon cycle and resulting in GHG fluxes (World Bank, 2017). As shown in Figure 1-4a, during preimpoundment, terrestrial ecosystems uptake CO2 from the atmosphere and synthesise organic matter. This produced organic matter is further processed through the water-agro-food system [START_REF] Billen | Nitrogen biogeochemistry of water-agro-food systems: the example of the Seine landto-sea continuum[END_REF], but by decomposition, it is also absorbed into the soil, and/or transported to the river networks. After impoundments (Figure 1 How reservoirs contribute to GHG emissions at the global scale? GHG emissions from reservoirs has recently received great concerns and interests [START_REF] Duchemin | Production of the greenhouse gases CH4 and CO2 by hydroelectric reservoirs of the boreal region[END_REF][START_REF] Kelly | Turning attention to reservoir surfaces, a neglected area in greenhouse studies[END_REF][START_REF] Rudd | Are hydroelectric reservoirs significant sources of greenhouse gases?[END_REF]. The gradual increasing measurements of GHG emissions from reservoirs distributed worldwide were favorable for quantifying their contribution to GHG emissions at the global scale. Recent estimates indicate that reservoirs CO2 emission ranged from 135 Tg CO2 eq yr -1 to 1000 Tg CO2 eq yr -1 , CH4 emission ranged from 136 Tg CO2 eq yr -1 to 3380 Tg CO2 eq yr -1 [START_REF] Bastviken | Freshwater methane emissions offset the continental carbon sink[END_REF][START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Harrison | Year-2020 Global Distribution and Pathways of Reservoir Methane and Carbon Dioxide Emissions According to the Greenhouse Gas From Reservoirs (Gres) Model[END_REF][START_REF] Hertwich | Addressing biogenic greenhouse gas emissions from hydropower in LCA[END_REF][START_REF] Li | Carbon dioxide emissions from the Three Gorges Reservoir, China[END_REF]St. Louis et al., 2000), and N2O emission ranged from 15.9 Tg CO2 eq yr -1 to 33.5 Tg CO2 eq yr -1 [START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Maavara | Nitrous oxide emissions from inland waters: Are IPCC estimates too high?[END_REF].

In terms of areal GHG emission rates, the average CH4 emission rates from reservoirs were higher than those from lakes, ponds, and rivers, while the average CO2 emission rates from reservoirs were the same order of magnitude to that from lakes and ponds, but largely lower than that from rivers (Figure 12345). Apparently, the contribution of global reservoirs to GHG emissions from inland freshwater ecosystems are not negligible, especially when considering the ongoing reservoir construction plans for the next decades [START_REF] Zarfl | A global boom in hydropower dam construction[END_REF].

Figure 12345. Global averaged CH4 and CO2 emission rates from reservoirs [START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF], lakes [START_REF] Bastviken | Freshwater methane emissions offset the continental carbon sink[END_REF][START_REF] Raymond | Global carbon dioxide emissions from inland waters[END_REF], ponds [START_REF] Holgerson | Large contribution to inland water CO2 and CH4 emissions from very small ponds[END_REF], and rivers (M. Li et al., 2021).

Disturbance of nutrient cycling by reservoirs

How do reservoirs affect nutrient cycling? Nutrients carried by natural rivers represent the important process of nutrient transportation from terrestrial land to coastal zones (Billen and Garnier, 2007), however, this process is disturbed by artificial impoundments (Maavara et al., 2020b;[START_REF] Van Cappellen | Rivers in the Anthropocene: Global scale modifications of riverine nutrient fluxes by damming[END_REF]. The construction of dammed reservoirs significantly changes hydrological characteristics and usually increases water residence time, leading the reservoirs to act as 'in-stream reactors' (Maavara et al., 2020b). These changes in the hydrological characteristics of reservoirs, directly and indirectly, impact multiple physical and biogeochemical processes compared to natural rivers, such as the ability to decompose organic matter and transform nutrients because they impact the travel time of water along the aquatic continuum [START_REF] Wisser | Reconstructing 20th century global hydrography: A contribution to the Global Terrestrial Network-Hydrology (GTN-H)[END_REF]. The main physical and biogeochemical processes in reservoirs rely on the materials brought from the upstream river catchment, specifically the particulate matter settling to the bottom of reservoirs due to weak turbulence in reservoirs [START_REF] Ford | Disrupting biogeochemical cycles -Consequences of damming[END_REF]. High sedimentation rates indeed led to a decrease in turbidity and increase in light penetration, enhancing the in-situ primary production in reservoirs, and changing the ecosystem from an allochthonous dominated to an autochthonous dominated system [START_REF] Ford | Disrupting biogeochemical cycles -Consequences of damming[END_REF]. This regime shift is associated with a change in the Xingcheng Yan | Thèse de Doctorat -2022 biogeochemical cycling of C and nutrients (N, P, and Si). Primary producers (e.g., phytoplankton) uptake dissolved nutrients to synthesize organic matter from CO2, providing organic substrates for the food web, i.e., the linear food chain to zooplankton and fish, and bacterial activities involved in the biogeochemical cycling of these elements (e.g., respiration, denitrification, nitrification, and methanogenesis), and contributing to the transformation and elimination of nutrients either by gaseous emissions (CH4, CO2, N2O, and dinitrogen), or burial in sediment.

What is the contribution of reservoirs to nutrient retention?

At the global scale, 7%, 12%, 5.3% and 13% of the global river loads of total N, P, Si, and organic carbon were retained in reservoirs in 2000, respectively, and these values will increase in 2030, mainly as the result of the boom in dam building [START_REF] Akbarzadeh | Effects of Damming on River Nitrogen Fluxes: A Global Analysis[END_REF][START_REF] Maavara | Global perturbation of organic carbon cycling by river damming[END_REF]Maavara et al., , 2015b[START_REF] Maavara | Worldwide retention of nutrient silicon by river damming: From sparse data set to global estimate[END_REF].

Reservoir showed different retention capacity for different nutrients, with general higher retention rates for P (with a large propensity to attach onto particles) than N, which has been supported by a variety of case studies (e.g., [START_REF] Bartoszek | The qualitative and quantitative analysis of the coupled C, N, P and Si retention in complex of water reservoirs[END_REF][START_REF] Donald | Nutrient sequestration in the Lake Winnipeg watershed[END_REF][START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF][START_REF] Grantz | Stoichiometric imbalance in rates of nitrogen and phosphorus retention, storage, and recycling can perpetuate nitrogen deficiency in highly-productive reservoirs[END_REF][START_REF] Maranger | Stoichiometry of carbon, nitrogen, and phosphorus through the freshwater pipe[END_REF].

What is the impact of reservoirs on downstream C, N, P, and Si? Physical and biogeochemical processes in reservoirs change both the absolute values (nutrient concentrations, and fluxes) and the relative ones (nutrient stoichiometry ratios), affecting the composition and productivity of downstream receiving water bodies (Maavara et al., 2020b) along the LOAC. It was suggested that dammed reservoirs decouple global river fluxes of N, P, and Si, and increased N:P ratios delivered to the global coastal zones, and finally may increase Si limitation, and possibly led to undesirable harmful algal in the reservoirs and/or in the downstream river and the coastal zone (Billen and Garnier, 2007;[START_REF] Garnier | N:P:Si nutrient export ratios and ecological consequences in coastal seas evaluated by the ICEP approach[END_REF][START_REF] Humborg | Effect of Danube River dam on Black Sea biogeochemistry and ecosystem structure[END_REF]Maavara et al., 2020b). Study in the cascade of reservoirs of Wujiang River and Lancangjiang River basins indicated that P is indeed retained by reservoirs more efficiently than N [START_REF] Yang | Impoundment-induced nitrogen-phosphorus imbalance in cascade reservoirs alleviated by input of anthropogenic nutrients[END_REF]. Contrary to the nutrient retentions in reservoirs, it was also found that a cascade of hydropower reservoirs in the upper Mekong River increase downstream ammonium and reactive phosphorus availability, because of the remobilization of P in bottom sediment and shift in nitrogen forms (from nitrate to ammonium) [START_REF] Chen | Hydropower reservoirs on the upper Mekong River modify nutrient bioavailability downstream[END_REF]. Differently from the fates of N, P, and Si, reservoirs may be a source of organic matter (dissolved and particulate) [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF], and the quantity and quality of dissolved organic matter were shown to be impacted by the hydrological management of reservoirs [START_REF] He | Hydrological management constraints on the chemistry of dissolved organic matter in the Three Gorges Reservoir[END_REF]Wang et al., 2021). A broad range of reservoir impacts on downstream nutrient concentrations and stoichiometry is thus reported, highlighting the need to consider the complexity and specificity of individual reservoirs.

The applications of biogeochemical modelling approaches

A large number and wide variety of models have been developed to simulate the water quality variables (e.g., heat and nutrient) in lakes or reservoirs during the past several decades (see [START_REF] Mooij | Challenges and opportunities for integrating lake ecosystem modelling approaches[END_REF]. Some of the most widely used process-based biogeochemical models include the Delft3D-ECO model [START_REF] Chanudet | Hydrodynamic and water quality 3D modelling of the Nam Theun 2 Reservoir (Lao PDR): predictions and results of scenarios related to reservoir management, hydrometeorology and nutrient input[END_REF][START_REF] Chanudet | Application of a three-dimensional hydrodynamic model to the Nam Theun 2 Reservoir (Lao PDR)[END_REF][START_REF] Chen | Interaction between carbon dioxide emissions and eutrophication in a drinking water reservoir: A three-dimensional ecological modeling approach[END_REF][START_REF] Deltares | D-Water Quality Water quality and aquatic ecology modelling suite User Manual Water Quality and Aquatic Ecology[END_REF], EFDC model [START_REF] Hamrick | A Three-Dimensional Environmental Fluid Dynamics Computer Code : Theoretical and computational aspects[END_REF][START_REF] Zhang | Analysis of agricultural pollution by flood flow impact on water quality in a reservoir using a three-dimensional water quality model[END_REF][START_REF] Zhang | Application of EFDC model to grading the eutrophic state of reservoir: case study in Tianjin Erwangzhuang Reservoir, China[END_REF], CE-QUAL-W2 model [START_REF] Cole | CE-QUAL-W2: A Two-dimensional, Laterally Averaged, Hydrodynamic and Water Quality Model[END_REF][START_REF] Lindenschmidt | CE-QUAL-W2 model of dam outflow elevation impact on temperature, dissolved oxygen and nutrients in a reservoir[END_REF], and Forest-DNDC model [START_REF] Kim | Simulating carbon dioxide exchange in boreal ecosystems flooded by reservoirs[END_REF]Wang et al., 2018). Each model has its strengths in simulating specific biogeochemical processes in the reservoirs taking into account nutrient cycling, CO2 dynamics, phytoplankton dynamics, internal nutrient loading, etc. For instance, [START_REF] Chen | Interaction between carbon dioxide emissions and eutrophication in a drinking water reservoir: A three-dimensional ecological modeling approach[END_REF] explored the interaction between CO2 emission and eutrophication in a subtropical reservoir based on the 3D (three-dimensional) hydroelectric and water quality model in Delft3D, and found that eutrophication will reverse the reservoir carbon budget. The EFDC model (3D) provided a more accurate simulation of the fluid dynamics and revealing spatiotemporal variations of nutrient concentrations, internal nutrient loading, and the phytoplankton biomass [START_REF] Torres-Bejarano | Hydrodynamics and water quality assessment of a coastal lagoon using environmental fluid dynamics code explorer modeling system[END_REF]Yindong et al., 2021;[START_REF] Zhao | The effects of turbulence on phytoplankton and implications for energy transfer with an integrated water quality-ecosystem model in a shallow lake[END_REF]. The CE-QUAL-W2 (2D) can be applied to a reservoir that is relatively long and deep and can adequately simulate the hydrodynamics and reproduce the longitudinal and vertical water quality gradients [START_REF] Park | Developing a flow control strategy to reduce nutrient load in a reclaimed multi-reservoir system using a 2D hydrodynamic and water quality model[END_REF][START_REF] Sadeghian | Improving in-lake water quality modeling using variable chlorophyll a/algal biomass ratios[END_REF][START_REF] Sadeghian | Lake Diefenbaker temperature model[END_REF]. The Forest-DNDC model (0D) is mainly used to simulate C dynamics in the flooded reservoirs, however, without considering the nutrient concentrations in the reservoir [START_REF] Kim | Simulating carbon dioxide exchange in boreal ecosystems flooded by reservoirs[END_REF]Wang et al., 2018). Although a multidimensional model shows absolute advantages in modelling the processes associated with reservoirs on a multidimensional scale, at the same time the model itself is more complex and more demanding in terms of input data for the determination of boundary conditions, including adequate morphological data for such a complex representation of the reservoir water volumes over time.

In addition to the above widely used models, several models were also applied in the reservoir research. For instance, [START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF] simulated the nutrient and phytoplankton dynamics in the Marne Reservoir (France) using the BarMan model (see 1.5.3). [START_REF] Kong | High frequency data provide new insights into evaluating and modeling nitrogen retention in reservoirs[END_REF] evaluated the nitrate retention efficiency in the Königshütte Reservoir (Germany) using the PCLake model. Bonnet andPoulin, (2004, 2002) applied DyLEM-1D model to simulate the phytoplankton succession, nutrient and dissolved oxygen dynamics in a hypereutrophic reservoir. Calamita et al. (2021) explored the impact of the Kariba Reservoir in the Zambezi River (Zambia and Zimbabwe) on water temperature and DO levels in downstream of the dam using the GLM model, and indicated the potential of a proper water withdrawal strategy for mitigating the alterations of downstream water temperature and DO. In summary, the selection of a reservoir model needs to be guided by the specific research objectives, taking into account its advantages and disadvantages, especially the availability of input data and the morphology (e.g., depth and associated stratification) of the reservoirs.

Current knowledge gaps

Recent research on the biogeochemical effects of reservoirs has deepened our understanding of the impact of reservoirs on GHG emissions and nutrient retentions. Some knowledge gaps, however, are still to be filled. In terms of GHG emissions, the existing estimations quantified the magnitude of GHG emissions from global reservoirs (e.g., [START_REF] Barros | Carbon emission from hydroelectric reservoirs linked to reservoir age and latitude[END_REF][START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Hertwich | Addressing biogenic greenhouse gas emissions from hydropower in LCA[END_REF], however, the contribution of reservoirs to GHG emissions is dynamically changing due to (i) the increase in the construction of reservoirs (Figure 1-2), and (ii) the growing number of studies and reports documenting GHG emissions over the recent years. Therefore, additional efforts to assess the contribution of reservoirs to GHG emissions on a long-term scale are still required.

In addition, GHG emissions from reservoirs are characterized by high spatial and temporal variability [START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF]. Some geographical bias still exists in studying GHG emissions from reservoirs, with the boreal-latitude reservoirs being the most studied compared to temperate and tropical ones. Most importantly, small-size reservoirs (storage capacity less than 1 ×10 6 m 3 ), which represent the majority of reservoirs by number [START_REF] Downing | The global abundance and size distribution of lakes, ponds, and impoundments[END_REF][START_REF] Lehner | High-resolution mapping of the world's reservoirs and dams for sustainable river-flow management[END_REF], appear as highly important biogeochemical reactors but remain underrepresented in both regional and global scales analysis [START_REF] Downing | Emerging global role of small lakes and ponds: little things mean a lot[END_REF][START_REF] Holgerson | Large contribution to inland water CO2 and CH4 emissions from very small ponds[END_REF]. Given the high variability of GHG emissions and the heterogeneous distribution of the actually studied reservoirs, there is a need to strengthen studies of GHG emissions from reservoirs in other regions (e.g., temperate reservoirs), especially for the relatively small reservoirs, to reduce the uncertainty in large-scale estimates.

Most of the previous studies assessing the role of reservoirs in nutrient retention were mainly based on relatively short periods of measurements (from one to a few years), while the long-term assessment is still lacking but remains important. Indeed, the nutrient retention capacity of the reservoir may also vary with their age, e.g. the so-called legacy effects such as the nutrient-rich sediment that may release nutrients through remobilization of phosphorus [START_REF] Chen | Hydropower reservoirs on the upper Mekong River modify nutrient bioavailability downstream[END_REF]Maavara et al., 2020b;[START_REF] Middelburg | Are nutrients retained by river damming?[END_REF]. Furthermore, only a few studies of nutrient retentions investigate both hydrological characteristics and biogeochemical processes of reservoirs at the same time, which has led to a lack in the understanding of the fate of the nutrients in reservoirs. The application of modelling approach has been of great advantage in exploring the biogeochemical processes and associated C and nutrient fates (N, P, and Si) in reservoirs, as well as their influencing factors, which is helpful in guiding the reservoir's management. To our best knowledge, studies that provide both the C and nutrient fates in reservoirs using process-based biogeochemical models are none.

Specific interests in the reservoirs of the Seine Basin

The Seine Basin

The Seine Basin in France has a total surface area of 76 000km 2 , 17 million inhabitants, and is characterized by a large urban conurbation (Paris) and intensive agricultural areas [START_REF] Flipo | Trajectories of the Seine River Basin [WWW Document[END_REF]. The Seine Basin is covered by cropland (56.5%), forestland (25.6%), grassland (9.5%), urbanized area (7.6%), and water bodies and wetlands (0.8%) (Figure 1-6a, CORINE Land Cover, 2018, https://www.statistiques.developpement-durable.gouv.fr/corine-landcover-0). The lithological characteristic of Seine River Basin is dominated by carbonates (69.6%), sandy formations (13.6%), and granites is mainly distributed in Morvan Region (Southeast of the Seine Basin, Figure 1-6b). The higher population density is located in the Ilede-France region, with the range from 1000 inhab km -2 to 5000 inhab km -2 , which is much higher than that in the upstream sector (< 20 inhab km -2 ) of the Seine Basin [START_REF] Flipo | Trajectories of the Seine River Basin [WWW Document[END_REF]. In 1989, the CNRS (Centre National de la Recherche Scientifique) launched the first phase of the PIREN-Seine programme (Programme Interdisciplinaire de Recherche sur l'ENvironnement, https://www.piren-seine.fr/), the primary purpose of this program was to answer several questions, including the ecological influence of the major wastewater treatment plant (Seine-Aval WWTP) at Achères on the lower Seine River downstream from Paris, the urban discharges during rainy weather, the influence of reservoirs in regulating water level in downstream sectors, and the agricultural soil erosion.

After more than thirty years of developments, the PIREN-Seine program has produced fruitful results that deepened our knowledge and understanding of the ecological functions of the Seine Basin from headwater streams to the estuary (see https://www.piren-seine.fr/, and [START_REF] Flipo | Trajectories of the Seine River Basin [WWW Document[END_REF]. Specifically, the development and application of modelling approaches provide powerful tools for understanding aquatic biogeochemical processes and functions at the scale of the entire drainage network. The most representative of these is the Riverstrahler model [START_REF] Billen | Modelling phytoplankton development in whole drainage networks : the Riverstrahler model applied to the Seine river system[END_REF][START_REF] Billen | Nitrogen transfers through the Seine drainage network: A budget based on the application of the "Riverstrahler" model[END_REF][START_REF] Garnier | Seasonal succession of diatoms and Chlorophyceae in the drainage network of the Seine River: Observation and modeling[END_REF] has been widely used in the Seine Basin, for simulating phytoplankton dynamics (e.g., [START_REF] Billen | Modelling phytoplankton development in whole drainage networks : the Riverstrahler model applied to the Seine river system[END_REF]Garnier et al., 1995), nutrient transfers (e.g., Billen et al., 2007;[START_REF] Garnier | Modelling nitrogen transformations in the lower Seine river and estuary (France): Impact of wastewater release on oxygenation and N2O emission[END_REF][START_REF] Garnier | Nutrient dynamics and control of eutrophication in the Marne River system: Modelling the role of exchangeable phosphorus[END_REF][START_REF] Garnier | Modelling the transfer and retention of nutrients in the drainage network of the Danube river[END_REF], and riverine nutrient fluxes (Garnier et al., 2019b;[START_REF] Passy | A model reconstruction of riverine nutrient fluxes and eutrophication in the Belgian Coastal Zone since 1984[END_REF][START_REF] Thieu | Nutrient transfer in three contrasting NW European watersheds: The Seine, Somme, and Scheldt Rivers. A comparative application of the Seneque/Riverstrahler model[END_REF].

Additionally, [START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF] developed a new BarMan model based on the RIVE biogeochemical model (https://www.federation-fire.cnrs.fr/rive/) included in RiverStrahler, and was then used to simulate the dynamics in phytoplankton and nutrient concentrations in the Marne Reservoir (see 1.5.3).

Although the biogeochemical processes and modelling of the aquatic ecosystems in the Seine Basin are well understood within the framework of the PIREN-Seine Program, the biogeochemical functioning of the reservoirs, which are the important components of the aquatic continuum in the Seine Basin (see 1.5.2), have not been systematically studied since the 2000s period. Several scientific questions related to the functioning of reservoirs in the Seine Basin were emphasised by previous studies on nutrient retentions [START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF][START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF], including some insights on CO2 emissions [START_REF] Marescaux | Modeling inorganic carbon dynamics in the seine river continuum in France[END_REF](Marescaux et al., , 2018b)), and a preliminary combined effect of hydrological characteristics and biogeochemical processes on water quality of the reservoirs and downstream rivers [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF].

The reservoirs of the Seine Basin

Four reservoirs (Marne, Aube, Seine, and Pannecière reservoirs) are located in the upstream part of the Seine Basin (Figure 1-7), they were built in the years of 1974, 1990, 1966 and 1949, respectively, with a total storage capacity of more than 800 Mm 3 . The Marne, Aube, and Seine reservoirs are diverted from their related rivers and connected with them through artificial canals, unlike most reservoirs in the world that are situated on rivers, which is also specifically the case for a small reservoir on the upstream Seine, Pannecière Reservoir. The Marne, Aube, and Seine reservoirs are highly impacted by agricultural activities, their upstream catchments are mainly covered by agricultural land (38%-48%) and forest (40%-54%), while the land-use type of Pannecière Reservoir is mainly the forest (66%) and grassland (26%) (See The main objectives of the water management in the four reservoirs are to prevent downstream flooding in winter and early spring, and to support downstream low water flows in summer and autumn. In addition, the four reservoirs were also used for hydropower, with the capacity ranging from 4×10 6 kWh yr -1 to 1.5×10 7 kWh yr -1 (https://www.seinegrandslacs.fr/).

The hydrological characteristics of the four reservoirs are similar, water generally enters these reservoirs from December to June of the following year, and leaves reservoirs during July and November. Therefore, the volumes of these reservoirs are the highest in summer and the lowest in late autumn. The hydrological impact of these reservoirs on downstream water discharges is evident. Combined release water from the four reservoirs could maintain a summer minimum flow rate of 60 m 3 s -1 of the Seine River through Paris, and their combined storage capacity may partly decrease the historical maximum water discharge of the Seine River in Paris. Before the construction of these reservoirs, the discharge reached > 2000 m 3 s -1 (at Pont d'Austerlitz), e.g. during the 1910s extreme flood events [START_REF] Flipo | Pluri-annual Water Budget on the Seine Basin: Past, Current and Future Trends[END_REF]. Therefore, although these reservoirs are relatively small, they still act as an important component in the aquatic continuum of the Seine Basin. In addition to hydrological impacts, the current research undertaken within the framework of the PIREN-Seine Program must be also devoted to biogeochemical impacts of these reservoirs, including those on downstream rivers but also the quantification of their GHG emissions. 

State of research in the reservoirs of the Seine Basin

In the 1990s, several studies were conducted around the Marne, Aube, and Seine reservoirs with the support of the PIREN-Seine Program, and some preliminary results have been achieved. [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF] quantified the impact of the three reservoirs (Marne, Seine and Aube reservoirs) on retention of C and nutrient (e.g., N, P, and Si) using mass-balance method during 1993-1995, suggesting that these reservoirs retained 40%, 50%, and 60% of the incoming fluxes of nitrate, silica and phosphate, respectively. [START_REF] Sanchez | Le processus de dénitrification dans les sédiments du barrage-réservoir de la Marne : étude de sa cinétique et modélisation[END_REF] explored the denitrification potential of organic matter of the Marne Reservoir through in situ and incubation experiments, and estimated that about 1500 ton N was eliminated by denitrification in Marne Reservoir during 1994. This work also studied the decomposition of biodegradable organic carbon and the resulting oxygen and nitrate consumption in sediment [START_REF] Sanchez | Le processus de dénitrification dans les sédiments du barrage-réservoir de la Marne : étude de sa cinétique et modélisation[END_REF]. In addition to the water quality, the structure, abundance, and biomass of zooplankton in the Marne Reservoir were further analyzed during 1993-1995, revealing that the Marne Reservoir is a source of zooplankton, with an annual biomass export of 30-60 tons C (Akopian et al., 1999;Akopian, 1999). Another evaluation of these three reservoirs (Marne, Aube, and Seine) impacts on the downstream Seine River was conducted in the late 1990s at the request of water managers [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF].

According to these preliminary studies, the BarMan model was developed on the basis of the biogeochemical RIVE model to simulate the biological processes and the resulting water quality changes in the Marne Reservoir, using simplified representation of the hydromorphology of the Marne Reservoir. The model showed a good performance when comparing the simulation results with observations [START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF]. The model characterizing the biogeochemical processes of freshwater ecosystems is the RIVE model, which was used in the BarMan model and the Riverstrahler model. The concepts of the RIVE model are schematized in Figure 123456789. Briefly, the model includes 35 variables and considers the main biological, microbiological, and physicochemical processes occurring in the freshwater ecosystem. In the water column, the model considers three taxonomic groups of phytoplankton (diatom, green algae, and cyanobacteria), two groups of zooplankton (rotifers and microcrustaceans) and heterotrophic bacteria (high and low growth rates), six classes of dissolved and particulate organic matter (three each) according to their biodegradability. In the benthic phase, the model takes into account the decomposition of particulate organic matter and the resulting oxygen and nutrient exchanges at the water-sediment interface, and these processes were now described by a simplified algorithm [START_REF] Billen | A simplified algorithm for calculating benthic nutrient fluxes in river systems[END_REF]. Recently, [START_REF] Marescaux | Modeling inorganic carbon dynamics in the seine river continuum in France[END_REF] Figure 123456789. Representation of RIVE model that characterises the main biological processes in freshwater ecosystems. A simplified model was now used in the benthic phase (see [START_REF] Billen | A simplified algorithm for calculating benthic nutrient fluxes in river systems[END_REF]. All parameters considered in the RIVE model are detailed in [START_REF] Garnier | Modelling the transfer and retention of nutrients in the drainage network of the Danube river[END_REF].

As the PIREN-Seine Program has progressed, the research topics have been refined and enriched. The biogeochemical function of these reservoirs in the Seine River Basin deserves to be revisited with specific topics: First, the individual contribution of the four reservoirs to indirect GHG emissions from the river network (Marescaux et al., 2018) requires a precise quantification, to enable a comparative assessment with other direct GHG emissions from agriculture activities [START_REF] Garnier | Nitrous oxide (N2O) in the Seine river and basin: Observations and budgets[END_REF](Garnier et al., , 2013a(Garnier et al., , 2019a) ) in the Seine basin.

Second, the water quality in the Seine River Basin has gradually improved since the implementation of EU Water Framework Directive, and drastic decreases of organic carbon, phosphorus, and ammonium concentrations were observed since the early 2000s. In this context, it is worth to revisit the biogeochemical functioning of these reservoirs on the long run (more than 20 years).

Third, previous modelling results suggested a potential impact of the Marne Reservoir on decreasing downstream concentration of TA (total alkalinity), DIC (dissolved inorganic carbon) and associated CO2 concentrations [START_REF] Marescaux | Modeling inorganic carbon dynamics in the seine river continuum in France[END_REF]. However, the direct measurements of CO2 concentrations in these reservoirs and their related rivers have not been extensively monitored. Thus, identifying the impact of these reservoirs on downstream CO2 concentrations could expand our understanding of the biogeochemical functioning of reservoirs to downstream river, not only dealing with nutrient concentrations.

Because the current version of the RIVE model is able to simulate both water quality and CO2 in river networks (using the pyNuts-Riverstrahler model, [START_REF] Marescaux | Modeling inorganic carbon dynamics in the seine river continuum in France[END_REF], its performances for stagnant systems, like the reservoirs using the BarMan model, need to be reassessed for the water quality over the recent period, and remain to be validated for CO2 concentrations. Although only a handful of models such as CE-QUAL-W2 and Delft3D-ECO have the ability to simulate both water quality and CO2 in freshwater ecosystems (see 1.3.3), these two multidimensional models might not be compatible with the RIVE biogeochemical description adopted for the river network. They are also relatively complex regarding the hydrodynamics. On the whole, they require a suite of input data, which are not usually accessed (see 1.3.3). In comparison, the BarMan model is relatively simple and account for all biogeochemical processes in rather shallow reservoirs, with the advantage of using readily available input data (including the inflow and outflow, and the water quality in upstream). The reservoirs are indeed considered as perfectly mixed reactor in the BarMan approach, in agreement with water stratification that only occurs for short periods during high summer temperature in the three reservoirs (Marne, Aube, and Seine reservoirs). Therefore, it is assumed that the zero-dimensional BarMan model is suitable for the present research objectives of unravelling the nutrient (C, N, P, and Si) fates in these reservoirs.

Research objectives and questions of this thesis

With the support of the PIREN-Seine Program, the overall objective of this thesis is to deepen our understanding of the most concerning effects of these reservoirs in the whole Seine Basin, including GHG emissions and biogeochemical functioning. Therefore, given the aforementioned knowledge gaps and the state of research in the reservoirs of the Seine Basin, this thesis is devoted to answer the following questions: 
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The contribution of artificial reservoirs to greenhouse gas (GHG) emissions has been emphasized in previous studies. In the present study, we collected and updated data on GHG emission rates from reservoirs at the global scale, and applied a new classification method based on the hydrobelt concept. Our results showed that CH4 and CO2 emissions were significantly different in the hydrobelt groups (p < 0.01), while no significant difference was found for N2O emissions, possibly due to their limited measurements. We found that annual GHG emissions (calculated as C or N) from global reservoirs amounted to 12.9 Tg CH4-C, 50.8 Tg CO2-C, and 0.04 Tg N2O-N. Furthermore, GHG emissions (calculated as CO2 equivalents) were also estimated for the 1950-2017 period based on the cumulative number and surface area of global reservoirs in the different hydrobelts. The highest increase rate in both the number of reservoirs and their surface area, which occurred from 1950 to the 1980s, led to an increase in GHG emissions from reservoirs. Since then, the increase rate of reservoir construction, and hence GHG emissions, has slowed down. Moreover, we also examined the potential impact of reservoir eutrophication on GHG emissions and found that GHG emissions from reservoirs could increase by 40% under conditions in which total phosphorus would double. In addition, we showed that the characteristics of reservoirs (e.g., geographical location) and their catchments (e.g., surrounding terrestrial net primary production, and precipitation) may influence GHG emissions. Overall, a major finding of our study was to provide an estimate of the impact of large reservoirs during the 1950-2017 period, in terms of GHG emissions. This should help anticipate future GHG emissions from reservoirs considering all reservoirs being planned worldwide. Besides using the classification per hydrobelt and thus reconnecting reservoirs to their watersheds, our study further emphasized the efforts to be made regarding the measurement of GHG emissions in some hydrobelts and in considering the growing number of reservoirs.
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Introduction

Reservoirs are important components of inland water ecosystems (together with lakes)

and are recognized as significant sources of greenhouse gases (GHG) globally [START_REF] Beaulieu | Effects of an Experimental Water-level Drawdown on Methane Emissions from a Eutrophic Reservoir[END_REF][START_REF] Beaulieu | Controls on nitrous oxide production and consumption in reservoirs of the Ohio River Basin[END_REF][START_REF] Demarty | GHG emissions from hydroelectric reservoirs in tropical and equatorial regions: Review of 20 years of CH4 emission measurements[END_REF][START_REF] Li | Large greenhouse gases emissions from China's lakes and reservoirs[END_REF]. Artificial reservoirs impounded after river damming are distinct from natural lakes in multiple aspects (e.g., riverine nutrient inputs, flooding of terrestrial organic carbon, depth/water-level fluctuations, thermal stratification, power generation, etc.) and may affect GHG emissions [START_REF] Ford | Disrupting biogeochemical cycles -Consequences of damming[END_REF][START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Zamani | Effects of morphology in controlling propagation of density currents in a reservoir using uncalibrated three-dimensional hydrodynamic modeling[END_REF]. It was suggested that the flooded organic matter and vegetation could potentially contribute to large emissions of methane (CH4) and carbon dioxide (CO2) to the atmosphere, especially during the first year and even 10 years after flooding [START_REF] Delmas | Long Term Greenhouse Gas Emissions from the Hydroelectric Reservoir of Petit Saut (French Guiana) and Potential Impacts[END_REF][START_REF] Kelly | Increases in fluxes of greenhouse gases and methyl mercury following flooding of an experimental reservoir[END_REF][START_REF] Rudd | Are hydroelectric reservoirs significant sources of greenhouse gases?[END_REF][START_REF] Tremblay | Greenhouse gas emissionsfluxes and processes: Hydroelectric reservoirs and natural environments[END_REF]. Moreover, it was reported that carbon emissions from a tropical hydropower plant (in Brazil) could reach four times the carbon emissions from a comparable fossil fuel station during the first 10 years [START_REF] Fearnside | Greenhouse gas emissions from hydroelectric dams: Reply to Rosa et al[END_REF][START_REF] Fearnside | Hydroelectric Dams in the Brazilian Amazon as Sources of 'Greenhouse' Gases[END_REF]. On the other hand, studies have pointed out that carbon emissions from reservoirs may be overestimated [START_REF] Rosa | Scientific errors in the fearnside comments on greenhouse gas emissions (GHG) from hydroelectric dams and response to his political claiming[END_REF][START_REF] Rosa | Greenhouse gas emissions from hydroelectric reservoirs in tropical regions[END_REF]. Regarding nitrous oxide (N2O), we can expect important emissions in reservoirs enriched with nitrogen (N), especially in the form of nitrate (NO3 --N), which is known to be denitrified in stagnant systems [START_REF] Beaulieu | Controls on nitrous oxide production and consumption in reservoirs of the Ohio River Basin[END_REF]Yan et al., 2021b). Previous research also showed that there can be substantial GHG emissions downstream of tropical hydroelectric reservoirs [START_REF] Abril | Carbon dioxide and methane emissions and the carbon budget of a 10-year old tropical reservoir (Petit Saut, French Guiana)[END_REF][START_REF] Kosten | Climate-dependent CO2 emissions from lakes[END_REF]. Even without these downstream emissions, however, it is undeniable that the impact of reservoirs on global GHG emissions is significant [START_REF] Giles | Methane quashes green credentials of hydropower[END_REF].

To date, there are a number of studies available that have estimated the contribution of reservoirs to GHG emissions. The first global estimation of GHG emissions from reservoirs was proposed by St. Louis et al. (2000), who reported that reservoirs have a potentially large impact on global GHG emissions, with a value of 55 Tg CH4-C and 270 Tg CO2-C per year.

Several studies followed, aiming to quantify the GHG emissions from reservoirs, and provided global and regional estimations. Among them, three global estimations indicated that GHG emissions from worldwide reservoirs ranged from 13.4 to 55 Tg CH4-C per year, 36.8 to 270

Tg CO2-C per year, and 0.03 to 0.07 Tg N2O-N per year, respectively [START_REF] Bastviken | Freshwater methane emissions offset the continental carbon sink[END_REF][START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Maavara | Nitrous oxide emissions from inland waters: Are IPCC estimates too high?[END_REF]St. Louis et al., 2000). In addition, GHG emissions from global hydroelectric reservoirs (comprising approximately 20% of all reservoirs) were also estimated, with values ranging from 3 to 7.3 Tg CH4-C per year and 48 to 76 Tg CO2-C per year [START_REF] Barros | Carbon emission from hydroelectric reservoirs linked to reservoir age and latitude[END_REF][START_REF] Hertwich | Addressing biogenic greenhouse gas emissions from hydropower in LCA[END_REF].

Current estimations have focused mainly on the magnitude of GHG emissions from global reservoirs, which were calculated from the average GHG emission rates with respect to their surface area (e.g., [START_REF] Barros | Carbon emission from hydroelectric reservoirs linked to reservoir age and latitude[END_REF][START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF]. In this study we updated the GHG emission rates and revisited their spatial patterns in reservoirs. Whereas previous studies found that areal emissions of CH4 and CO2 were significantly correlated with the latitude of reservoirs [START_REF] Barros | Carbon emission from hydroelectric reservoirs linked to reservoir age and latitude[END_REF], the climatic characteristics may be different albeit at the same latitude. For this reason we chose a new classification method proposed by [START_REF] Meybeck | Global hydrobelts and hydroregions: improved reporting scale for water-related issues?[END_REF] based on hydrobelts at the global scale. Furthermore, we searched for relationships between GHG fluxes and relevant available controlling factors characterizing the reservoirs, and analyzed the relationship between GHG fluxes and characteristics of their catchments.

Interestingly, the concept of hydrobelts is defined on the basis of hydroclimates and on natural boundaries of world river basins. This new approach could provide additional references for the spatial variations in GHG emissions from reservoirs, as a component of riverine hydrographic networks and basins. The construction of dammed reservoirs has progressed rapidly since the 1950s and is planned to increase further [START_REF] Lehner | High-resolution mapping of the world's reservoirs and dams for sustainable river-flow management[END_REF]. Thus, another aim of the study was to analyze the GHG emissions of dammed reservoirs going back in time, following the unprecedented rise in water flow regulation, which is a highly instructive and still underexplored topic.

Methods

Data collection from the literature

We collected data on GHG emissions from the literature [START_REF] Barros | Carbon emission from hydroelectric reservoirs linked to reservoir age and latitude[END_REF][START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Hertwich | Addressing biogenic greenhouse gas emissions from hydropower in LCA[END_REF], and the latest measurements of the GHG emissions from reservoirs were also added based on published papers (e.g., [START_REF] Almeida | High primary production contrasts with intense carbon emission in a eutrophic tropical reservoir[END_REF][START_REF] Bevelhimer | CO2 is dominant greenhouse gas emitted from six hydropower reservoirs in southeastern United States during peak summer emissions[END_REF][START_REF] Jiang | Greenhouse gas flux at reservoirs of Jiangxi Province and its influencing factors[END_REF][START_REF] Li | Large greenhouse gases emissions from China's lakes and reservoirs[END_REF], in particular those from North and South America and Asia. The reservoirs in our dataset are mostly distributed in North and South America, Europe, and Asia, but they are limited in Africa (Figure 2-1); the records of GHG emissions are from 1988 to 2018. Data on GHG emissions and the reservoir-related parameters (e.g., water quality, reservoir morphology, location, precipitation in the catchment, and usage) were gathered from these studies. Among the 289 records in the gathered dataset presented in Annexes (Table 2-2 in Annexes, for 234 reservoirs, some of them were investigated at several stations), 170, 257, and 60 observations were collected for the CH4, CO2, and N2O fluxes, respectively.

Classification of global reservoirs

The present classification method contains eight hydrobelts (excluding Greenland):

boreal belt (BOR), north and south mid-latitude belts (NML and SML), north and south subtropical belts (NST and SST), north and south dry belts (NDR and SDR), and equatorial belt (EQT). As shown in Figure 2-1, this hydrobelt classification method also infers global climatic zones. This climatic zone approach was explored in parallel using climatic zones simply referenced from their latitudes (tropical: 0°-20°; subtropical: 20°-30°; temperate: 30°-50° and boreal: > 50°). Compared to the classification of different climatic zones, the hydrobelt concept contains much more information, as it considers the fundamental heterogeneity of hydroclimates and natural boundaries of river basins [START_REF] Meybeck | Global hydrobelts and hydroregions: improved reporting scale for water-related issues?[END_REF]. The classifications of hydrobelts and climatic groups were determined using a geographic information system (GIS;

ArcGis 10.5), and the Kruskal-Wallis nonparametric test was used to identify the differences in GHG fluxes between the different groups mentioned above using R language, version 3.5.1.

According to the amounts of GHG emissions reported in the gathered dataset, we finally compared the differences in CH4 and CO2 fluxes in five hydrobelt groups (BOR, NML, NDR_NST, EQT, and SST_SDR_SML), while three hydrobelt groups were used for N2O fluxes (BOR, NML, and Others). 

Estimating present and long-term evolution of GHG emissions at the global scale

In order to generalize the GHG emissions documented from the literature, we used the Global Reservoir and Dam Database (GRanD, v. 1.3, http://globaldamwatch.org/grand/), which selected 7320 reservoirs and their respective surface area (3.6×10 5 km 2 ) (with a storage capacity of > 0.1 km 3 ). The regulated natural lakes Victoria, Baikal, and Ontario, totaling 0.12×10 6 km², in the original GRanD database census were excluded from our estimate of GHG emissions from reservoirs. The average areal GHG fluxes were derived from the reclassified hydrobelt groups based on the results of the Kruskal-Wallis nonparametric test (see above) and were then multiplied by the corresponding reservoir surface area in each hydrobelt group. Finally, the total GHG emissions from global reservoirs were obtained by summing up the GHG emissions in different hydrobelt groups. In addition, the evolution of GHG emissions in the different hydrobelts (expressed as CO2 Equivalent [Eq] taking a 100-year global warming potential of 25 and 298 for CH4 and N2O, respectively) was traced back to 1950 from the dates of dam construction documented in the GRanD database (v. 1.3).

The ebullition of CH4 is considered an important component of CH4 emissions from lakes and reservoirs; however, this pathway is not usually measured. There were 50 records of CH4 diffusion and associated ebullition in the dataset of [START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF]. In order to derive more records of total CH4 emission, we also used the dataset of [START_REF] Delsontro | Greenhouse gas emissions from lakes and impoundments: Upscaling in the face of global change[END_REF], i.e., 96 pairs of data from lakes and reservoirs, and established a relationship between the total CH4 emission and diffusive CH4 emission for global lakes and reservoirs (Figure 2-2, p < 0.01, n = 146). Thereby, we were able to complete the missing CH4 ebullition emissions in our dataset (Table 2-2 in Annexes) using this relationship, leading to total CH4 emissions for 33, 68, 31, and 38 records (vs. 9, 28, 11, and 27 records in Deemer et al., 2016)) in boreal, temperate, subtropical, and tropical zones, respectively. Therefore, our collected dataset contained more total CH4 emissions than previous studies (~2.3 times more than in Deemer et al. ( 2016)).

2. Long-term evolution of greenhouse gas emissions from global reservoirs 29 To evaluate the long-term evolution of GHG emissions from global reservoirs since 1950, we computed the cumulative number and surface area of reservoirs in the eight aforementioned hydrobelts. The average GHG fluxes were multiplied by the total reservoir surface area in each hydrobelt group, resulting in total GHG emissions per hydrobelt.

In addition, previous studies have described the impact of eutrophication on GHG emissions from inland waters (e.g., [START_REF] Delsontro | Greenhouse gas emissions from lakes and impoundments: Upscaling in the face of global change[END_REF][START_REF] Beaulieu | Eutrophication will increase methane emissions from lakes and impoundments during the 21st century[END_REF]. Herein, we also considered the potential impact of reservoir eutrophication on GHG emissions based on the regression equations from [START_REF] Delsontro | Greenhouse gas emissions from lakes and impoundments: Upscaling in the face of global change[END_REF] (see Table 2-3 in Annexes). On the basis of these equations, we assumed different total phosphorus (TP) concentrations in the reservoirs linking GHG emissions and TP, i.e., the current concentrations with multiplication factors ×0.5, ×0.75, ×0.10, ×1.5, ×2.0, referenced in [START_REF] Beaulieu | Eutrophication will increase methane emissions from lakes and impoundments during the 21st century[END_REF]. Next, the newly calculated areal GHG emissions were multiplied by the total surface area corresponding to each hydrobelt, and the annual total GHG emissions from global reservoirs were derived from the sum of GHG emissions in each hydrobelt (Table 2-3 in Annexes).

Results

GHG fluxes from reservoirs in different hydrobelt groups

The 

Global estimates of GHG emissions from reservoirs

The results of the nonparametric Kruskal-Wallis test showed significant differences in CH4 and CO2 areal fluxes between the BOR, EQT, and SST_SDR_SML hydrobelt groups (p < 0.01), while no significant difference was found in the NML and NDR_NST hydrobelts.

Therefore, four hydrobelt groups (BOR, EQT, SST_SDR_SML, and NML_NDR_NST) were reclassified for the global estimation (Table 2-1). The results of a Kruskal-Wallis test for N2O emissions did not show any significant difference between hydrobelts owing to the limited measurements in the present dataset, and N2O emissions were thus considered as a whole (Table 2-1).

Globally, annual GHG emissions from reservoirs were approximately 12.9 Tg CH4-C, 50.8 Tg CO2-C, and 0.04 Tg N2O-N (Table 2-1). In terms of CO2 Eq, reservoirs in BOR, NML, EQT, and SST contribute the majority of GHG emissions (more than 80%). The highest annual GHG emissions were found in the NML hydrobelt, at 171.9 Tg CO2 Eq per year, followed by the BOR (148.3 Tg CO2 Eq per year), EQT (119.7 Tg CO2 Eq per year), and SST (91.6 Tg CO2

Eq per year) hydrobelts. However, GHG emissions from reservoirs in the SDR and SML hydrobelts were lower, at 9.7 and 15.9 Tg CO2 Eq per year, respectively. 

Statistical analysis of factors influencing GHG fluxes from reservoirs

Based on the data collected here, the relationships between GHG fluxes and the characteristics of the reservoir watersheds revealed that there was a significant linear relationship between CH4 and CO2 fluxes and the surrounding terrestrial net primary production (NPP) and precipitation (Figure 2-4, p < 0.01), although the rather low variation coefficient indicated that other factors can influence GHG emissions. N2O fluxes had no significant relationship with NPP. We also analyzed the impact of the reservoir age and residence time on GHG emissions. Surprisingly, we found no significant relationship between GHG emissions and the age and residence time of reservoirs (p > 0.05), in contrast to results from previous studies of hydroelectric reservoirs. terrestrial net primary production (NPP) and precipitation in the reservoir catchments.

Estimating long-term CO2 Eq emissions from global reservoirs

A prerequisite for the estimation of long-term GHG emissions was to calculate the cumulative reservoir number and surface area (Figure 2345). Thus, GHG emissions (expressed as CO2 Eq) were calculated for the period 1950-2017 for different hydrobelts. Here, we used the averaged GHG fluxes in each hydrobelt group in agreement with the above analysis (see Sect. 3.2). In the GRanD database, there are 357 reservoirs with unknown construction date, with a total surface area of 7849 km 2 , representing 2.2% of the actual total surface area of global reservoirs taken into account in our evaluation. Hence, these reservoirs were not included in the cumulative number, surface area, and evolution of CO2 Eq emissions.

Regarding the cumulative number and the surface area of the reservoirs, the highest increase rate occurred from 1950 to the 1980s, after which the increase rate slowed down (Figure 2-5a and b). In terms of cumulative reservoir numbers in different hydrobelts, the NML hydrobelt has the largest number of reservoirs, representing nearly 62% of the current global count. For cumulative surface area, the reservoirs located in the NML made up the largest value followed by the BOR hydrobelt, and the total surface area of these two hydrobelts represents 66% of the global reservoir area. When combining surface area with total number, the reservoirs located in the BOR hydrobelts are large (average area per reservoir is ca. 372 km 2 , much higher than that in other hydrobelts averaging 38 km² per reservoir). In terms of the evolution of CO2

Eq in different hydrobelts, reservoirs located in the BOR and NML hydrobelts contribute more to the total amount of annual CO2 Eq (Figure 2-5c). Although the total surface area in EQT and SST is relatively small, attention should be paid to their relatively higher GHG emission rates, especially of CH4 and CO2 (Figure 2-5c).

The potential impact of reservoir eutrophication on GHG emissions was also considered in the long-term evolution of GHG emissions from global reservoirs. The GHG emissions calculated from reservoirs could increase by 1.4-fold as the TP concentration increases twofold (Figure 2-5d). However, it should be noted that we assumed a constant GHG flux under each TP concentration when evaluating the impact of eutrophication on GHG emissions, despite the fact that the trophic state of reservoirs could change during this long-term period. We tested the role of TP concentration in order to provide a realistic envelope to the current GHG emission values applied to the whole period. Various trajectories in GHG emissions can be drawn in this range, and we can assume that values during 1980-2000, a period with significant eutrophication, might have been higher than the present ones thanks to increasing national regulations in many countries. 

Discussion

In this study, we summarized the estimates of GHG emissions from global reservoirs (Table 2-1). We used a new functional classification by hydrobelts elaborated for world river basins [START_REF] Meybeck | Global hydrobelts and hydroregions: improved reporting scale for water-related issues?[END_REF]. Besides taking into account the watershed as an impluvium for water collection, this classification also considers the hydroclimate zones. To date, there have been two estimates from global hydroelectric reservoirs, and three from all types of reservoirs.

However, the estimates differ from each other. For hydroelectric reservoirs, estimates by Hertwich (2013) (522 Tg CO2 Eq) were twice as high as those by [START_REF] Barros | Carbon emission from hydroelectric reservoirs linked to reservoir age and latitude[END_REF] (276 Tg CO2 Eq). For all reservoirs, the results estimated by St. Louis et al. (2000) were the highest; the amount of CH4-C and CO2-C emissions (55 Tg CH4-C and 270 Tg CO2-C) was three and eight times higher, respectively, than that estimated by others [START_REF] Bastviken | Freshwater methane emissions offset the continental carbon sink[END_REF] 2016). Although there are some differences between each estimation, it can be acknowledged that GHG emissions from global reservoirs should not be neglected, especially because the number of reservoirs could increase further for water resource management [START_REF] Zarfl | A global boom in hydropower dam construction[END_REF] and hydropower production [START_REF] Muller | Hydropower dams can help mitigate the global warming impact of wetlands[END_REF].

However, we propose that GHG emissions from reservoirs need future research efforts due to their large spatiotemporal variations, i.e., conducting more field measurements of GHG emissions from reservoirs worldwide (e.g., diffusive/ebullitive fluxes from surface water, as well as downstream degassing covering seasonal scale) and in the long term so as to establish the impact of the trophic state of reservoirs on GHG emissions [START_REF] Beaulieu | Eutrophication will increase methane emissions from lakes and impoundments during the 21st century[END_REF][START_REF] Delsontro | Greenhouse gas emissions from lakes and impoundments: Upscaling in the face of global change[END_REF]. For such a worldwide effort, installing continuous measurement systems for monitoring of GHG emissions would be appreciated (Gerardo-Nieto et al., 2019).

Uncertainties and challenges in estimating total GHG emissions from reservoirs

Indeed, there is still uncertainty regarding the estimation of GHG emissions at the global scale due to the numerous interacting factors. First, the total surface area of global reservoirs varies from 0.26 × 10 6 to 1.5 × 10 6 km 2 [START_REF] Downing | The global abundance and size distribution of lakes, ponds, and impoundments[END_REF]St. Louis et al., 2000). Based on the Global Reservoir and Dam Database (GRanD, v. 1.1), [START_REF] Lehner | High-resolution mapping of the world's reservoirs and dams for sustainable river-flow management[END_REF] estimated that reservoirs with more than 0.1 km 3 storage capacity cover 0.3 × 10 6 km 2 (excluding regulated natural lakes, see Sect. 2.3), which was considered a reliable area of global reservoirs [START_REF] Li | Uncertainties of carbon emission from hydroelectric reservoirs[END_REF], and was also used by [START_REF] Bastviken | Freshwater methane emissions offset the continental carbon sink[END_REF] and [START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF]. In the present study, 0.36 × 10 6 km 2 of reservoir surface area was used based on the updated database (GranD, v. 1.3), which adds new dams and reservoirs that were built between 2000 and 2016. In other words, reservoirs currently under construction (and planned) also affect GHG emissions [START_REF] Zarfl | A global boom in hydropower dam construction[END_REF]. Not surprisingly, the different total areas used by various studies are therefore one of the important reasons for the variations in the GHG estimation results, i.e., St. Louis et al. (2000) estimated the highest GHG emissions from global reservoirs with a surface area of 1.5 × 10 6 km 2 . Also, the more GHG measurements in reservoirs are collected, the more robust global estimations will be obtained. CH4 pathways also act as a major source of variation when estimating total GHG emissions from reservoirs, especially for ebullitive CH4 flux, which has been described as being rather stochastic with high spatial and temporal heterogeneity [START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Delsontro | Size does matter: Importance of large bubbles and small-scale hot spots for methane transport[END_REF][START_REF] Delsontro | Spatial heterogeneity of methane ebullition in a large tropical reservoir[END_REF]. Therefore, ebullitive CH4 flux was reported to be highly unpredictable and would greatly limit accurate estimations of CH4 emissions from reservoirs (Prairie et al., 2018), while CH4 ebullition was found to vary more temporally than spatially (Linkhorst et al., 2020).

We have also emphasized the scarcity of data on N2O emissions (1/3 and 1/4 of CH4 and CO2 records, respectively). Moreover, much more research is required to assess the potential importance of downstream GHG emissions, which may constitute an important pathway of GHG release to the atmosphere. Such a mechanism, however, remains poorly studied (Abril et al., 2005).

Influencing factors of GHG emissions from reservoirs

Existing studies suggest that the influencing factors of GHG emissions from reservoirs are multifaceted. CH4 and CO2 fluxes from hydroelectric reservoirs declined with age [START_REF] Barros | Carbon emission from hydroelectric reservoirs linked to reservoir age and latitude[END_REF]. We also attempted to analyze the correlations between GHG flux and reservoir age on the basis of our dataset. Unfortunately, no significant correlation was found between GHG flux and reservoir age (p > 0.05), partly because the reservoirs in our dataset are used not only for hydroelectric energy but also for flooding control, water supply, as well as irrigation.

It has been reported that reservoir age affects GHG fluxes, probably due to flooded vegetation and/or organic matter accumulation after impoundment, which provides a large amount of substrate for GHG production, especially in hydroelectric reservoirs [START_REF] Abril | Carbon dioxide and methane emissions and the carbon budget of a 10-year old tropical reservoir (Petit Saut, French Guiana)[END_REF][START_REF] Bastien | CO2 and CH4 diffusive and degassing fluxes from 2003 to 2009 at Eastmain 1 reservoir, Québec, Canada[END_REF][START_REF] Maeck | Sediment trapping by dams creates methane emission hot spots[END_REF][START_REF] Teodoru | The net carbon footprint of a newly created boreal hydroelectric reservoir[END_REF]. Labile organic carbon (e.g., leaves and litter from the edge and internal primary production) should be mineralized at a higher rate than recalcitrant organic carbon (e.g., trees and soil carbon after impoundment) [START_REF] Kelly | Increases in fluxes of greenhouse gases and methyl mercury following flooding of an experimental reservoir[END_REF].

Furthermore, it was also suggested that CH4 formation can be predicted from sediment age in tropical reservoirs [START_REF] Isidorova | Methane formation in tropical reservoirs predicted from sediment age and nitrogen[END_REF].

Residence time is also a factor that has a significant effect on physical and biological processes [START_REF] Hutchinson | The thermal classification of lakes[END_REF][START_REF] Loffler | The Lakes Handbook, Volume 1, The origin of lake basins[END_REF]Straškraba et al., 1993). Previous studies indicated that reservoir residence time not only affects CH4 flux [START_REF] Abril | Carbon dioxide and methane emissions and the carbon budget of a 10-year old tropical reservoir (Petit Saut, French Guiana)[END_REF][START_REF] Delmas | Emissions of greenhouse gases from the tropical hydroelectric reservoir of Petit Saut (French Guiana) compared with emissions from thermal alternatives[END_REF], but also kinetically limits the extent of denitrification and nitrification in water bodies, and thus N2O flux [START_REF] Maavara | Nitrous oxide emissions from inland waters: Are IPCC estimates too high?[END_REF][START_REF] Seitzinger | Denitrification across landscapes and waterscapers: A synthesis[END_REF]. However, based on our compilation data, GHG emissions did not appear to be influenced by residence time (p > 0.05). A possible explanation is that the biological processes participating in the gas production in reservoirs can be controlled by multiple factors, among those, the effect of residence time may be offset. In other words, we should be cautious when estimating GHG emissions from global reservoirs using residence time only.

In addition to the aforementioned intrinsic characteristics of reservoirs, we found a positive relationship between their catchment characteristics and GHG flux (Figure 234, terrestrial NPP and precipitation vs. CH4 and CO2 emissions). Indeed, precipitation can flush terrestrial carbon and other elements such as nutrients into reservoir waters and affect CO2 and CH4 emissions [START_REF] Rantakari | Interannual variation and climatic regulation of the CO2 emission from large boreal lakes[END_REF]. Maberly et al. ( 2013) also indicated that catchment productivity plays an important role in controlling CO2 emissions from lakes. These two relationships reinforce the strong link found between inland water bodies, their catchments, and GHG emissions [START_REF] Cole | Plumbing the global carbon cycle: Integrating inland waters into the terrestrial carbon budget[END_REF]. Moreover, we also aimed to explore the impact of the trophic state of reservoirs (different TP concentrations) on GHG emissions (Figure 2-5 and Table 2-3 in Annexes), and our results indicate that eutrophication can potentially enhance GHG emissions from reservoirs [START_REF] Beaulieu | Eutrophication will increase methane emissions from lakes and impoundments during the 21st century[END_REF]. The relationship between GHG emissions and trophic state has been widely investigated in different aquatic ecosystems; however, different conclusions have been drawn [START_REF] Almeida | High primary production contrasts with intense carbon emission in a eutrophic tropical reservoir[END_REF][START_REF] Gu | Low carbon dioxide partial pressure in a productive subtropical lake[END_REF][START_REF] Knoll | Temperate reservoirs are large carbon sinks and small CO2 sources: Results from high-resolution carbon budgets[END_REF][START_REF] Pacheco | Eutrophication reverses whole-lake carbon budgets[END_REF][START_REF] Trolle | Seasonal dynamics of CO2 flux across the surface of shallow temperate Lakes[END_REF]. Overall, GHGs are produced by related biogeochemical processes, which could be impacted by the characteristics of reservoirs (e.g., temperature, depth, thermal stratification, and trophic status) and their catchments (land use, terrestrial net primary production, and human activities), and therefore complicate the identification of influencing factors at a large scale.

Long-term GHG emissions from reservoirs

Based on the GRanD database in the long term and on our own approach for estimating the GHG emissions by hydrobelts, we have identified two periods of GHG emissions: from 1950 to the 1980s (period I), and from the 1980s to the present (period II). Period I corresponds to post-World War II. In these three decades the world population doubled (2.5 vs. 5 billion people in 1950 and 1980, respectively, https://ourworldindata.org/world-population-growth), requiring modernization (e.g., industries, agriculture) to meet society's basic needs but also the demand for more wellbeing (domestic goods, household equipment). Although this period of continuous growth was characterized by cheap fossil energy [START_REF] Dyer | A Review and Evaluation of Fossil Energy and Carbon Dioxide Emissions in Canadian Agriculture[END_REF], most of the reservoirs were constructed for water irrigation, drinking water production, health and personal hygiene, and for producing energy to power this modernization. All these factors determine the existing distribution patterns of global reservoirs, including their number as well 2. Long-term evolution of greenhouse gas emissions from global reservoirs as their surface area. For period II, although the world population increased at the same rate (7.5 billion in 2015), the construction of reservoirs slowed down. However, the surface area of reservoirs globally will still increase in the next 10-20 years, due to the 3,700 hydropower dams that were either planned or are under construction, which may contribute to an additional 280-1,100 Tg CO2 and 10-40 Tg CH4 [START_REF] Zarfl | A global boom in hydropower dam construction[END_REF] in GHGs.

Indeed, it is difficult to analyze the impacts of potential changes in the reservoirs (e.g., direct inputs, water management) and their watershed (e.g., land use, climate) on GHG emissions. These changes were not considered in our estimates of the long-term evolution of GHG emissions at the global scale. However, this would not modify the general trend of GHG emissionsi.e., a strong increase during period I, with fluxes reaching a plateau in period IIbut values could be over-or underestimated. For example, previous results have indicated that land use change associated with catchment productivity affects CO2 emissions from lakes and reservoirs [START_REF] Junger | Effects of seasonality, trophic state and landscape properties on CO2 saturation in low-latitude lakes and reservoirs[END_REF][START_REF] Maberly | Catchment productivity controls CO2 emissions from lakes[END_REF]. As mentioned earlier, eutrophication is a common feature of reservoirs [START_REF] Gunkel | Hydropower -A green energy? Tropical reservoirs and greenhouse gas emissions[END_REF], often increasing CH4 emissions [START_REF] Beaulieu | Eutrophication will increase methane emissions from lakes and impoundments during the 21st century[END_REF], and eutrophication of reservoirs could be further amplified by future climate change [START_REF] Sinha | Eutrophication will increase during the 21st century as a result of precipitation changes[END_REF]. However, in many countries where sanitation has been (or is being) improved, eutrophication can be alleviated (e.g., Lake Biwa, Japan; [START_REF] Hsieh | Eutrophication and warming effects on long-term variation of zooplankton in Lake Biwa[END_REF].

Therefore, management agencies should implement effective measures for better control of the trophic state of inland water, not only to improve water quality, but also to reduce GHG emissions (Y. Li et al., 2021).

Conclusion

In this study, a novel classification method based on the hydrobelt concept was used to estimate GHG emissions from global reservoirs. Based on the dataset gathered from reservoirs at the global scale from the literature and from new data that we have added, we estimated that annual GHG emissions were approximately 12.9 Tg CH4-C, 50.8 Tg CO2-C, and 0.04 Tg N2O-N. In terms of total carbon emissions (CH4-C and N2O-N, calculated as CO2 eq), annual carbon emissions from global reservoirs amount to 2.3% of total carbon emissions from inland freshwaters. Areal fluxes of CH4 and CO2 showed significant differences within hydrobelts, a spatial pattern that should be taken into account when estimating the amount of GHG emissions from global reservoirs. In addition, the characteristics of reservoirs (e.g., geographical location)

and their catchments (e.g., surrounding terrestrial NPP, and precipitation) may influence GHG emissions. Our results showed that updating the number of GHG measurements and the surface area of all impounded reservoirs, including small reservoirs not documented in the database and all those being planned, would help anticipate future GHG emissions from reservoirs. Tracing back the GHG emissions of reservoirs, albeit by simply linking the long-term change of the reservoir surface areas with the present areal GHG emissions, provides a trend of these global "new" emissions from reservoirs and allows us to anticipate their future impact with further impoundments. 

Annexes

Introduction

Reservoirs have made a significant contribution to social and economic development through multiple aspects, such as water supply, irrigation, flooding control, and hydroelectric generation [START_REF] Icold | World Registr of Dams : General Synthesis[END_REF]. The number and surface area of global reservoirs have gradually increased since the 1900s and will continue to grow in the next decade [START_REF] Lehner | High-resolution mapping of the world's reservoirs and dams for sustainable river-flow management[END_REF][START_REF] Zarfl | A global boom in hydropower dam construction[END_REF]. Humans benefit greatly from reservoirs, especially in terms of hydropower, which contributes approximately 70% of the world's renewable electricity and 24% of global electricity generation [START_REF] Mulligan | GOODD, a global dataset of more than 38,000 georeferenced dams[END_REF], although it is still controversial as a climatefriendly alternative to meeting the growing demand for electricity [START_REF] Giles | Methane quashes green credentials of hydropower[END_REF][START_REF] Harrison | Dams: weigh pros and cons case by case[END_REF][START_REF] Hermoso | Don't let damage to wetlands cancel out the benefits of hydropower[END_REF][START_REF] Muller | Hydropower dams can help mitigate the global warming impact of wetlands[END_REF] et al., 2011;[START_REF] Bastviken | Freshwater methane emissions offset the continental carbon sink[END_REF][START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Delsontro | Extreme methane emissions from a swiss hydropower Reservoir: Contribution from bubbling sediments[END_REF][START_REF] Delsontro | Spatial heterogeneity of methane ebullition in a large tropical reservoir[END_REF][START_REF] Hertwich | Addressing biogenic greenhouse gas emissions from hydropower in LCA[END_REF]St. Louis et al., 2000;Maavara et al., 2020;[START_REF] Tranvik | Lakes and reservoirs as regulators of carbon cycling and climate[END_REF].

Dammed reservoirs provide favorable conditions for GHG production in multiple ways.

First, dammed reservoirs shift a river-like ecosystem to a lake-like ecosystems, usually increase water residence time, and enhance the occurrence of biogeochemical processes that produce CH4, CO2, and N2O (Maavara et al., 2020b). Second, dammed reservoirs flood terrestrial soil and plants and receive high catchment-mediated influxes of nutrients and organic matter [START_REF] Harrison | The regional and global significance of nitrogen removal in lakes and reservoirs[END_REF][START_REF] Hayes | Key differences between lakes and reservoirs modify climate signals: A case for a new conceptual model[END_REF]; they show high efficiency in sediment trapping and organic carbon accumulation [START_REF] Maavara | Global perturbation of organic carbon cycling by river damming[END_REF][START_REF] Mendonça | Organic carbon burial in global lakes and reservoirs[END_REF], providing sufficient substrates for GHG production. Third, thermal stratification, a distinctive feature of deep reservoirs, induces anaerobic conditions in the bottom of the reservoirs that facilitate CH4 and N2O production [START_REF] Beaulieu | Effects of an Experimental Water-level Drawdown on Methane Emissions from a Eutrophic Reservoir[END_REF][START_REF] Beaulieu | Controls on nitrous oxide production and consumption in reservoirs of the Ohio River Basin[END_REF][START_REF] Beaulieu | Denitrification alternates between a source and sink of nitrous oxide in the hypolimnion of a thermally stratified reservoir[END_REF][START_REF] Isidorova | Methane formation in tropical reservoirs predicted from sediment age and nitrogen[END_REF][START_REF] Maeck | Sediment trapping by dams creates methane emission hot spots[END_REF]. Finally, seasonal water-level fluctuations are a common feature of reservoirs and have several consequences for reservoir limnology and biogeochemical cycling [START_REF] Geraldes | Seasonal water level fluctuations: Implications for reservoir limnology and management[END_REF] as well as a significant effect on GHG emissions, especially CH4 (Beaulieu et al., 2018;[START_REF] Harrison | Reservoir Water-Level Drawdowns Accelerate and Amplify Methane Emission[END_REF].

Many studies have been conducted to understand the spatiotemporal heterogeneities of GHG concentrations and fluxes from reservoirs both at regional and global scales [START_REF] Barros | Carbon emission from hydroelectric reservoirs linked to reservoir age and latitude[END_REF][START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Delsontro | Spatial heterogeneity of methane ebullition in a large tropical reservoir[END_REF][START_REF] Descloux | Methane and nitrous oxide annual emissions from an old eutrophic temperate reservoir[END_REF]Linkhorst et al., 2020;[START_REF] Yang | Spatial and seasonal variability of diffusive methane emissions from the Three Gorges Reservoir[END_REF]. However, spatial biases still persist in the reservoirs studied. For instance, the number of studies on an annual scale for the three prevailing GHGs (CH4, CO2, and N2O) in temperate reservoirs is relatively small compared to those on boreal and tropical reservoirs [START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Descloux | Methane and nitrous oxide annual emissions from an old eutrophic temperate reservoir[END_REF]. The lack of GHG measurements limits our understanding of GHG emissions and their influencing factors in temperate reservoirs.

Moreover, the uneven distribution of the studied reservoirs may bias the estimation of GHG emissions from global reservoirs and increase the uncertainty of global estimations [START_REF] Harrison | Year-2020 Global Distribution and Pathways of Reservoir Methane and Carbon Dioxide Emissions According to the Greenhouse Gas From Reservoirs (Gres) Model[END_REF]. Therefore, measurements of GHG covering adequate spatial and temporal scales are needed [START_REF] Wik | Biased sampling of methane release from northern lakes: A problem for extrapolation[END_REF][START_REF] Wik | Multiyear measurements of ebullitive methane flux from three subarctic lakes[END_REF]. Additionally, studies have emphasized the importance of small water bodies in GHG emissions and indicated that small water bodies may exhibit a disproportional contribution to GHG emissions [START_REF] Holgerson | Large contribution to inland water CO2 and CH4 emissions from very small ponds[END_REF][START_REF] Peacock | Small artificial waterbodies are widespread and persistent emitters of methane and carbon dioxide[END_REF]. However, the contribution of relatively small reservoirs to GHG emissions remains largely unquantified regionally [START_REF] Peacock | Small artificial waterbodies are widespread and persistent emitters of methane and carbon dioxide[END_REF], which limits our confidence in the estimations of GHG emissions from reservoirs at the global scale [START_REF] Deemer | Drivers of Methane Flux Differ Between Lakes and Reservoirs, Complicating Global Upscaling Efforts[END_REF].

This study focused on the three main temperate reservoirs in the Seine Basin in terms of water quality and GHG dynamics: the Marne, Aube, and Seine reservoirs. The three reservoirs are relatively smallthey store a total of 760 Mm 3 of water. In the Seine Basin, the contribution of agricultural land, soils, livestock, and river networks to GHG emissions has been well quantified (Garnier et al., 2013(Garnier et al., , 2019;;[START_REF] Marescaux | Modeling inorganic carbon dynamics in the seine river continuum in France[END_REF]Marescaux et al., 2018a;Marescauxet al., 2018b). However, the contribution of GHG emissions from these reservoirs was not specifically addressed, and this has to be investigated in order to complete the evaluation of GHG budgets in the Seine Basin. Here, the monthly dynamics of GHG concentrations combined with water quality and hydrological characteristics were analyzed in these three reservoirs, and the GHG fluxes were also calculated. The main objective of this study was (i) to identify the dynamics of GHG concentrations in these reservoirs in relation to factors controlling these dynamics, and (ii) to provide an initial evaluation of the importance of the three reservoirs for GHG emissions in the Seine River basin.

Materials and methods

Study sites

The Marne, Aube, and Seine reservoirs are located upstream of the Seine Basin (France, Figure 3-1a), they were built in 1974, 1990, and 1966, with a maximum surface area (at maximum storage capacity) of 48 km 2 , 21 km 2 , and 23 km 2 , respectively [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF]Yan et al., 2021b). Their upstream catchments are mainly covered by agricultural land (38%-48%) and forest (40%-54%) (Copernicus, 2018). The three reservoirs are connected to their related rivers by artificial inlet and outlet canals and/or downstream rivers (Figure 3-1b). The Marne Reservoir consists of two lakes (Lake Der and Lake Champaubert), and the water flows freely from Lake Champaubert to Lake Der. The Aube Reservoir consists of two lakes (Lake Amance and Lake Temple), connected by an artificial canal, and the water flows are forced from Lake Amance to Lake Temple. The Seine Reservoir includes only one lake (Lake Orient).

Detailed information on the three reservoirs can be found on the Seine Grand Lacs website (https://www.seinegrandslacs.fr/). 

Field sampling and laboratory measurements

In total, 10 sites were selected for the monthly measurements of water quality and GHG concentrations in the surface water of the three reservoirs and their related rivers from April 2019 to November 2020 (Figure 3-1b). In the field, the surface water in reservoirs was sampled with a bucket from a bridge or a pontoon; pH, water temperature (T, °C), electrical conductivity (EC, μs cm -1 ), and dissolved oxygen (DO, mg O2 L -1 ) were measured using a multiparameter instrument (YSI ® 6600 V2). The sites upstream and downstream of the reservoirs were sampled with a bucket from bridges. Preliminary treatments of samples (e.g., filtration) were performed in the field. All the samples were kept at < 10 °C until returning to the laboratory. In addition, 100-mL borosilicate serum bottles were filled with water for the measurements of dissolved N2O and CH4, and 50 μL of HgCl2 5% was added to the bottles to stop the biological processes;

finally, the bottles were sealed with a rubber septum to stop the gas exchange.

In the laboratory, the samples were kept in a refrigerator at 4 °C or were frozen until analysis. Dissolved nutrients, including nitrates (NO3 -, mg N L -1 ), nitrites (NO2 -, mg N L -1 ), ammonium (NH4 + , mg N L -1 ), orthophosphates (PO4 3-, mg P L -1 ), and dissolved silica (DSi, mg Si L -1 ), were measured spectrophotometrically according to [START_REF] Slawyk | Comparison of two automated ammonium methods in a region of coastal upwelling[END_REF], [START_REF] Rodier | L'analyse de l'eau, 7ème édition[END_REF], and [START_REF] Jones | Nitrate reduction by shaking with cadmium: Alternative to cadmium columns[END_REF]. For the analysis of dissolved organic carbon (DOC, mg C L - 1 ), water samples were filtered with GF/F Whatman grilled filters (GF/F, 0.7 μm, at 500 °C for 4 h), collected in grilled glass flasks and acidified (0.1 mL H2SO4, 4 M in 30 mL of water), and then analyzed with a TOC analyzer (Aurora 1030 TOC Analyzer, OI Analytical).

Biodegradable organic matter (BDOC, mg L -1 ) was measured according to [START_REF] Servais | Determination of the biodegradable fraction of dissolved and particulate organic carbon in waters[END_REF].

Particulate organic carbon (POC, mg C L -1 ) analyses were performed on suspended matter harvested on GF/F Whatman filters. We used 20 mL of filtered water (GF/F: 0.7 μm) to measure total alkalinity (TA, mmol L -1 ) with an automatic titrator (Titrando 905) and HCl (hydrochloric acid, 0.01 M). Chlorophyll a (Chl-a, μg L -1 ) was analyzed according to [START_REF] Lorenzen | Determination of chlorophyll and pheo-pigments: Spectrophotometric equations[END_REF]. The water variables in the three reservoirs during 2019 and 2020 are presented in the Annexes (Table 3-1).

The partial pressure of CO2 (pCO2, μatm) was measured with the syringe headspace method using a portable CO2 detector (Licor LI-820, USA) [START_REF] Abril | Technical note: Large overestimation of pCO2 calculated from pH and alkalinity in acidic, organic-rich freshwaters[END_REF]; the detailed procedure for pCO2 measurement can be found in previous publications (Marescaux et al., 2018a;Marescaux et al. et al., 2018b;[START_REF] Yan | Reservoirs change pCO2 and water quality of downstream rivers: Evidence from three reservoirs in the Seine Basin[END_REF]. In the laboratory, dissolved CH4 and N2O were extracted from water samples using the headspace method and measured by a gas 3. GHG emissions from three reservoirs of the Seine Basin chromatograph (Clarus C580, PerkinElmer) coupled with a flame ionization detector (GC-FID)

and an electron capture detector (GC-ECD) [START_REF] Garnier | Nitrous oxide (N2O) in the Seine river and basin: Observations and budgets[END_REF]Marescaux et al., 2018a). For the headspace method, the sealed flask was weighed and water was removed with 50 mL of helium, after which the flask was weighed again and shaken for 2 h (175 rpm). The gas was then transferred, using N2-degassed water, to a flask adapted to the automat, which was also cleared from air with N2.

Calculations of gas saturations and fluxes

Saturations of GHG and dissolved O2

The saturations of CH4, CO2, and N2O were calculated as the ratios between their concentrations in the surface water and the concentrations in equilibrium with the atmospheric concentrations:

𝑆 𝑔𝑎𝑠 = 𝐶 𝑔𝑎𝑠 𝐶 𝑒𝑞 × 100% [1]
where Sgas is the gas saturation, Cgas is the concentration of CH4, CO2, and N2O in surface water, and Ceq is the concentration of CH4, CO2, and N2O that is in equilibrium with their atmospheric concentrations. The equilibrium concentration of the three gases was calculated as follows (CH4: [START_REF] Wiesenburg | Equilibrium Solubilities of Methane, Carbon Monoxide, and Hydrogen in Water and Sea Water[END_REF]CO2 and N2O: Wanninkhof, 2014): ))

𝐶𝐻 4𝑒𝑞𝑢 =
[4]

where CH4equ, CO2equ, and N2Oequ are the atmospheric equilibrium concentrations of the gases in water at water temperature T (in Kelvin), and CH4atm, CO2atm, and N2Oatm are the atmospheric concentrations, with values of 1.8 ppm, 400 ppm, and 335 ppb, respectively.

DO saturation was calculated according to [START_REF] Benson | The concentration and isotopic fractionation of oxygen dissolved in freshwater and seawater in equilibrium with the atmosphere[END_REF]:

𝑆 𝐷𝑂 = 𝐷𝑂 𝑤 𝐷𝑂 𝑠𝑎𝑡 × 100% [5]
DOsat = exp (-139.34411 + 1.575701×10 5 ×T -1 -6.642308×10 7 ×T -2 + 1.2438×10 10 ×T -3 -8.621949×10 11 ×T -4 ) [6] where SDO is the saturation of dissolved oxygen in surface water, DOw is the measured DO in surface water, and DOsat is the saturated DO values at surface water temperature T (in Kelvin).

GHG fluxes

The fluxes (F) of CH4, CO2, and N2O were calculated as follows:

F = k × (Cgas -Ceq) [7]
The gas transfer coefficient (k) was calculated according to [START_REF] Liss | Air-Sea Gas Exchange Rates: Introduction and Synthesis[END_REF]:

k = k600 × (600/Sc) n [8]
The Schmidt numbers of gases (Sc) for CH4, CO2, and N2O at surface water temperature (in °C) were calculated according to [START_REF] Wanninkhof | Relationship between wind speed and gas exchange over the ocean revisited[END_REF]: k600 was calculated according to [START_REF] Cole | Atmospheric exchange of carbon dioxide in a low-wind oligotrophic lake measured by the addition of SF 6[END_REF]:

Sc(CH4) =
k600 = 2.07 + 0.215 × U10 1.7 [12]
where U10 is the wind speed at an elevation of 10 m. In this study, we used the monthly average wind speed in the Champagne region, France, over the period 2019-2021.

n (in equation 8) is 2/3 for U10 ≤ 3.7 m s -1 and 1/2 for U10 > 3.7 m s -1 . The monthly average wind speed and calculated k600 are shown in Figure 3-2. In order to evaluate the total emissions (for the three gases) in CO2eq (CO2 equivalent)

for the three reservoirs, we used the global warming potential (GWP) of each gas as follows:

𝐶𝑂 2 𝑒𝑞 = 𝐹𝐶𝐻 4 × 34 + 𝐹𝐶𝑂 2 × 1 + 𝐹𝑁 2 𝑂 × 298 [13]
where FCH4, FCO2, and FN2O are the fluxes of three gases (in units of mg CH4, CO2, and N2O m -2 d -1 ), the multiplying factors of 34, 1, and 298 are the GWP of CH4, CO2, and N2O over a 100-year horizon, respectively [START_REF] Stocker | State-of-the-art of reservoir limnology and water quality management[END_REF].

Statistical analysis

Spearman's rank correlation coefficient was used to identify the correlations between water variables and GHG concentrations using R language, version 3.5.2 (R Core Team, 2019).

Statistical significance was set at p < 0.05.

Results

Annual hydrological characteristics of the three reservoirs

The filling ratio of reservoirs shows the annual hydrological characteristics in the three 

Key water quality variables in the three reservoirs

The monthly dynamics of key water quality variables that are potentially related to GHG production processes are presented in Figure 3 

Seasonal patterns of GHG concentrations in reservoirs

The seasonal patterns of GHG concentrations and saturations in the surface water indicated that CH4 concentrations were high in summer and autumn, while they were low in winter and spring (Figure 345). Lake Orient showed higher mean CH4 concentrations (15.5 μg C L -1 ), which were 3, 2, and 5 times higher than those in the Der, Amance, and Temple lakes, in surface water with the atmospheric equilibrium concentrations suggested that the three reservoirs were oversaturated for CH4, and thus showed the potential of CH4 efflux from the reservoirs to the atmosphere. N2O fluctuated around the equilibrium concentrations, except for Lake Orient in summer and autumn, which was oversaturated with N2O. The three reservoirs were generally oversaturated with CO2 in all seasons, while they were slightly below the equilibrium concentrations in summer and autumn (e.g., Lake Temple). For comparison, the GHG dynamics in the upstream and downstream rivers are also presented here (Figure 3-8 in annexes). Overall, CH4 concentrations in reservoirs were higher than in their related rivers, while CO2 concentrations were lower in reservoirs than in their related rivers, and the concentrations of N2O were similar between reservoirs and rivers. For instance, the average concentrations of CH4 and CO2 in the Marne Reservoir were 5.36 μg C L -1 , and 367.50 μg C L -1 , respectively, and were 3.8 and 0.35 times higher than in upstream rivers.

3. GHG emissions from three reservoirs of the Seine Basin 

Correlations between water parameters and GHG concentrations

Spearman's rank correlation method was used to identify the correlations between water quality variables and GHG concentrations in surface water (Figure 3 

Discussion

A prerequisite for understanding the seasonal dynamics of GHG is to analyze the hydrological and biogeochemical processes that are related to the production of GHG occurring in the reservoir. The hydrology of the Seine Basin reservoirs studied here was regulated by similar water management strategies, with the highest water depth during June-July and the lowest water depth occurring at the end of November (Figure 3-3). In addition, the three reservoirs also showed similar biogeochemical processes according to the observed monthly dynamics of water quality variables (Figure 34). Here, we considered SDO as the surrogate of the balance between photosynthesis and respiration in the reservoir [START_REF] Marcé | Carbonate weathering as a driver of CO2 supersaturation in lakes[END_REF], rather than Chl-a concentrations, which are more reflective of the phytoplankton biomass but are highly controlled by zooplankton grazing in these reservoirs (Akopian et al., 1999). In the three study reservoirs, we found that the values of SDO were high during summer (when water depth was high), indicating high primary productivity, while they were low during autumn (when water depth was low), suggesting high respiration rates. This was also revealed by the significant correlation between the Vratio and SDO in the three reservoirs (Figure 3-9 in Annexes). The variations in the Vratio of the reservoirs were parallel to water quality changes (Figure 3-9 in Annexes), and the decrease in Vratio corresponded to (i) the increase in DSi concentrations due to decomposition of the biogenic silica contained in the organic matter that was mainly derived from diatoms [START_REF] Frings | Lack of steady-state in the global biogeochemical Si cycle: Emerging evidence from lake Si sequestration[END_REF][START_REF] Humborg | Changes in dissolved silicate loads to the Baltic Sea -The effects of lakes and reservoirs[END_REF]Maavara et al., 2015a;[START_REF] Triplett | Silica fluxes and trapping in two contrasting natural impoundments of the upper Mississippi River[END_REF], (ii) the increase in NH4 + concentrations through the decomposition of organic matter [START_REF] Yan | Climate warming and cyanobacteria blooms: Looks at their relationships from a new perspective[END_REF], and (iii) the decrease in SDO due to the increasing respiration rate [START_REF] Gu | Low carbon dioxide partial pressure in a productive subtropical lake[END_REF][START_REF] Vachon | Paired O2 -CO2 measurements provide emergent insights into aquatic ecosystem function[END_REF].

CH4 is produced in reservoirs from the anaerobic decomposition of organic matter through methanogenesis, therefore the content of bioavailable organic matter in the sediment of reservoirs plays an important role in regulating CH4 concentrations [START_REF] Beaulieu | Estimates of reservoir methane emissions based on a spatially balanced probabilistic-survey[END_REF][START_REF] Sobek | Extreme organic carbon burial fuels intense methane bubbling in a temperate reservoir[END_REF]. In this study, the combined effect of the following factors may be responsible for the seasonal patterns of CH4 concentrations in the reservoirs. High water temperature and water depth as well as high primary productivity in the water column appeared to favor methanogenesis, and would have led to high CH4 concentrations in summer and early autumn (Figure 345). High primary productivity indeed provides sufficient organic matter in the sediment of the reservoir [START_REF] Beaulieu | Eutrophication will increase methane emissions from lakes and impoundments during the 21st century[END_REF][START_REF] Delsontro | Methane ebullition and diffusion from northern ponds and lakes regulated by the interaction between temperature and system productivity[END_REF], high temperature enhances methanogenesis activities [START_REF] Guérin | Methane and carbon dioxide emissions from tropical reservoirs: Significance of downstream rivers[END_REF][START_REF] Yang | Spatial and seasonal variability of diffusive methane emissions from the Three Gorges Reservoir[END_REF], and high water depth in summer (10-15m) increases the possibility of stratification periods and thus low dissolved oxygen in the bottom water of these reservoirs (see [START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF], which provide favorable conditions for high CH4 concentrations in the water column during summer and autumn. During winter and spring (filling period), water temperature is low and the water entering reservoirs from upstream rivers contains low CH4 concentrations (with a mean value 3. GHG emissions from three reservoirs of the Seine Basin of 1.9 μg C L -1 , Figure 3-8 in Annexes). The significant correlation between CH4 concentrations and SDO suggests that the organic matter derived from the high primary production facilitates CH4 production in the sediment. In addition, the DO levels in the deeper water column were lower than those in the surface water, and were even less than 1 mg O2 L -1 episodically during July-August (see Yan et al. 2021), which may enhance sediment methanogenesis. Furthermore, we found that the average CH4 concentration in Lake Orient was slightly higher than the concentrations in other lakes, possibly due to the higher Chl-a concentrations, i.e., a higher trophic level (Table 3-1 in Annexes).

N2O is mainly produced during denitrification and nitrification processes [START_REF] Seitzinger | Denitrification in freshwater and coastal marine ecosystems: Ecological and geochemical significance[END_REF]. In the study reservoirs, nitrification may be limited due to the low NH4 + concentrations despite high DO levels in the water column, which favor nitrification (Table 3-1 in Annexes); therefore, denitrification should be the dominant process affecting N2O concentrations in these three reservoirs. Denitrification is a sequential reduction process from NO3 -, to NO2 -, nitric oxide (NO), N2O, and dinitrogen (N2); therefore, the N2O concentration in water is determined by the relative rates of N2O production and consumption [START_REF] Beaulieu | Controls on nitrous oxide production and consumption in reservoirs of the Ohio River Basin[END_REF][START_REF] Beaulieu | Denitrification alternates between a source and sink of nitrous oxide in the hypolimnion of a thermally stratified reservoir[END_REF]. The capacity of the study reservoirs to eliminate NO3 -has been shown in previous studies [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF]Yan et al., 2021b), and was also confirmed by the monthly dynamics of NO3 - presented in the current study (Figure 3-4d). However, we did not find high N2O concentrations; by contrast, we observed equilibrated and/or even undersaturated N2O levels (Figure 3-5b).

This was possibly due to the reduction rates from NO3 -to dinitrogen without producing N2O as an intermediate compound. Also, [START_REF] Beaulieu | Controls on nitrous oxide production and consumption in reservoirs of the Ohio River Basin[END_REF] and [START_REF] Deemer | Microbial dinitrogen and nitrous oxide production in a small eutrophic reservoir: An in situ approach to quantifying hypolimnetic process rates[END_REF] have reported sustained undersaturated N2O in the hypolimnion of stratified reservoirs with NO3 -+ NO2 - concentrations less than 0.05 mg N L -1 , a threshold below which denitrification begins to reduce N2O to N2. However, the concentrations of NO3 -+ NO2 -were much higher than 0.05 mg N L - 1 in these three reservoirs, and thus the mechanism of high denitrification rates (NO3 -removal) but low N2O concentrations would need further investigation. In addition, no significant correlation between N2O concentrations and water parameters was found in this study (Figure 3-7), because the concentration of N2O in the three reservoirs was close to the equilibrium concentration with the atmosphere.

In the three reservoirs, the seasonal variations of CO2 resulted from the combined effects of hydrological characteristics and biogeochemical processes occurring in reservoirs. A large amount of water entering reservoirs from upstream rivers contains high concentrations of CO2

Xingcheng Yan | Thèse de Doctorat -2022 58 at a period of low primary productivity in the reservoirs, which was the main reason for the high CO2 concentrations observed in the reservoirs during winter to early spring (see Figure 3-3 and Figure 3-5c). The average CO2 concentrations in the upstream rivers were 1119 μg C L -1 (ranging from 734 μg C L -1 to 1426 μg C L -1 , Figure 3-8 in Annexes), and were higher than those in the reservoirs (Figure 3-5c). During high water periods (late spring and summer), primary productivity, one of the important influencing factors of CO2 in water [START_REF] Balmer | Carbon dioxide concentrations in eutrophic lakes: undersaturation implies atmospheric uptake[END_REF][START_REF] Gu | Low carbon dioxide partial pressure in a productive subtropical lake[END_REF], led to high SDO concomitantly to low CO2 concentrations.

This result indicates the importance of primary productivity to CO2 concentrations in the study reservoirs (Figure 3-4a and Figure 3-5c), which is further supported by the significant and negative correlation between SDO and CO2 (Figure 34567). Moreover, the significant correlations between CO2 and DSi concentrations provide indirect evidence of the impact of diatom evolution on CO2 concentrations (Figure 3-9 in Annexes). In aquatic systems, and especially stagnant ones, the development of diatoms assimilates DSi and CO2. Later in the season, the decomposition of organic matter that is derived from diatom frustules produces DSi and CO2 [START_REF] Frings | Lack of steady-state in the global biogeochemical Si cycle: Emerging evidence from lake Si sequestration[END_REF][START_REF] Humborg | Changes in dissolved silicate loads to the Baltic Sea -The effects of lakes and reservoirs[END_REF]Maavara et al., 2015a;[START_REF] Triplett | Silica fluxes and trapping in two contrasting natural impoundments of the upper Mississippi River[END_REF].

Therefore, hydrological characteristics play a dominant role in regulating CO2 concentrations during the filling period (winter and spring), and biogeochemical processes (e.g., photosynthesis and respiration) were the main drivers of CO2 concentrations in these reservoirs.

Generally, the surface waters of the three reservoirs in the Seine Basin were the sources of GHG (Figure 3 , respectively [START_REF] Descloux | Methane and nitrous oxide annual emissions from an old eutrophic temperate reservoir[END_REF]. Conversely, the CO2 fluxes from our three reservoirs were higher than those from alpine reservoirs in France (Cos and Saut reservoirs), with average values of 56.4 mg C m -2 d -1 and 96 mg C-CO2 m -2 d -1 , respectively [START_REF] Chanudet | Emission of greenhouse gases from French temperate hydropower reservoirs[END_REF]. These differences can be explained by the geological substrates of crystalline and sedimentary origin in the Alps and the Seine basins, respectively. Although GHG emissions were characterized by high spatial variations within reservoirs [START_REF] Delsontro | Spatial heterogeneity of methane ebullition in a large tropical reservoir[END_REF][START_REF] Linkhorst | Spatially Resolved Measurements in Tropical Reservoirs Reveal Elevated Methane Ebullition at River Inflows and at High Productivity[END_REF][START_REF] Paranaíba | Spatially Resolved Measurements of CO2 and CH4 Concentration and Gas-Exchange Velocity Highly Influence Carbon-Emission Estimates of Reservoirs[END_REF][START_REF] Shi | Carbon Emission from Cascade Reservoirs: Spatial Heterogeneity and Mechanisms[END_REF], the present study, with a sampling strategy 3. GHG emissions from three reservoirs of the Seine Basin of the surface water at one station close to the dam over almost two hydrological years, provides the first, albeit preliminary, evaluation of the annual GHG emissions from the three reservoirs with the amount of 13.4 Gg CO2eq yr -1 , which represents only 0.6% of emissions from the whole Seine hydrological network (2276 Gg CO2eq yr -1 , Marescaux et al., 2018).

Overall, the GHG emissions from the surface water of the three reservoirs are small.

However, GHG emissions from the study reservoirs could be underestimated due to probable spatial heterogeneity and multiple emission pathways of GHG, i.e., emissions from surface water and drawdown area, degassing at the release and downstream emission in the release canal [START_REF] Barros | Carbon emission from hydroelectric reservoirs linked to reservoir age and latitude[END_REF][START_REF] Beaulieu | Effects of an Experimental Water-level Drawdown on Methane Emissions from a Eutrophic Reservoir[END_REF][START_REF] Chen | Methane emissions from newly created marshes in the drawdown area of the Three Gorges Reservoir[END_REF][START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Harrison | Reservoir Water-Level Drawdowns Accelerate and Amplify Methane Emission[END_REF][START_REF] Zhu | Response of phytoplankton to nutrient reduction in Shahe Reservoir, Taihu catchment, China[END_REF]. As mentioned earlier, the three diverted reservoirs were controlled by specific water management strategies, and the sediments of the reservoirs (especially in the Orient, Der, and Temple lakes) are periodically exposed to the atmosphere, while GHG emissions from these sediments remain unclear. [START_REF] Keller | Global carbon budget of reservoirs is overturned by the quantification of drawdown areas[END_REF] estimated that the drawdown areas of global reservoirs emit 26.2 Tg CO2-C yr -1 , and increase current global CO2 emissions from reservoirs by 53%. Moreover, the GHG degassing from reservoir-released water may be significant (e.g., reaching 70% of total CH4 flux in the Petit Saut reservoir) and largely depends on the GHG concentrations at a depth where water is released from the reservoir [START_REF] Abril | Carbon dioxide and methane emissions and the carbon budget of a 10-year old tropical reservoir (Petit Saut, French Guiana)[END_REF]Calamita et al., 2021;Soued & Prairie, 2020). In this study, the GHG concentrations in the outlet of Lake Temple (Aube Reservoir) were measured during emptying periods (Table 3-2 in Annexes). CO2 and N2O concentrations in the released water were higher than concentrations in the surface water of Lake Temple, especially in July and August of 2020, while CH4 concentrations in the released water were generally lower than those in the surface water. These results suggest that the degassing and downstream emissions of GHG linked to the three reservoirs should be considered when evaluating their contribution to the total GHG emissions of such a lentic-lotic gradient. Therefore, further studies could be conducted to identify the vertical patterns of GHG concentrations, to evaluate the GHG emissions from drawdown areas, and to assess the spatial variations of GHG in these reservoirs.

Conclusion

In this study, the seasonal dynamics of GHG concentrations were measured at the surface water of the three main reservoirs in the Seine Basin. Our results revealed that the concentrations of CH4 and CO2 in the three reservoirs showed obvious seasonal patterns, whereas no clear pattern was observed for N2O. High CH4 concentrations were observed during Xingcheng Yan | Thèse de Doctorat -2022 60 summer and autumn, and low values were found during winter and spring, which were in contrast to the seasonal patterns of CO2. In terms of saturation of GHG, the three reservoirs were oversaturated with CH4 in all seasons and mostly in autumn after organic matter accumulation in the reservoirs; they were also oversaturated with CO2 in winter and spring due to large riverine inputs, while they were less saturated in summer and autumn, resulting from the balance between photosynthesis uptake and respiration, except in Lake Orient, which is more eutrophic, and where respiration dominated over photosynthesis in autumn. The N2O concentrations fluctuated around the equilibrium concentrations, indicating that denitrification can occur without an intermediate, i.e., to inert N2. The GHG fluxes calculated by area indicated that the three reservoirs were smaller GHG sources when compared with the average values from reservoirs at the global scale. CO2 and CH4 were the principal forms of GHG emissions from these three reservoirs (98% of CO2 equivalent), while N2O contributed only 2% of the CO2 equivalent. Future research efforts could focus on the spatial variations of GHG, on the drawdown area GHG emissions, and on degassing and downstream GHG emissions from the three reservoirs to present a more complete assessment of their contribution to GHG emissions. L -1 ), NO3 -(mg N L -1 ), NO2 -(mg N L -1 ), NH4 + (mg N L -1 ), DSi (mg Si L -1 ), TA (mmol L -1 ), POC (mg C L -1 ), DOC (mg C L -1 ), BDOC (mg C L -1 ), PO4 3-(mg P L -1 ), and Chl-a (μg L -1 ). 3. GHG emissions from three reservoirs of the Seine Basin 

Annexes

Introduction

The networks of inland water are recognized as being not simple conduits, but "hot spots" in trapping and processing nutrients and suspended matter (SM) along the aquatic continuum [START_REF] Akbarzadeh | Effects of Damming on River Nitrogen Fluxes: A Global Analysis[END_REF]Cook et al., 2010;[START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF][START_REF] Harrison | The regional and global significance of nitrogen removal in lakes and reservoirs[END_REF][START_REF] Maavara | Global perturbation of organic carbon cycling by river damming[END_REF]Vörösmarty et al., 2003). However, the roles they play have been profoundly affected by human activities for the past several decades, not only through the increasing loadings of nutrients to aquatic ecosystems, but also by altering the hydrological processes, such as massive building of new dam-reservoirs [START_REF] Akbarzadeh | Effects of Damming on River Nitrogen Fluxes: A Global Analysis[END_REF][START_REF] Bartoszek | The qualitative and quantitative analysis of the coupled C, N, P and Si retention in complex of water reservoirs[END_REF][START_REF] Beusen | Global riverine N and P transport to ocean increased during the 20th century despite increased retention along the aquatic continuum[END_REF]Maavara et al., 2020;[START_REF] Seitzinger | Global river nutrient export: A scenario analysis of past and future trends[END_REF]. Dams and impoundments have been built for several purposes, including hydropower generation, flood control, navigation, and water supply [START_REF] Lehner | High-resolution mapping of the world's reservoirs and dams for sustainable river-flow management[END_REF], as well as support for low water flows in the downstream rivers (e.g., reservoirs in the Seine Basin, France; see Garnier et al., 1999[START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF]. Since the Industrial Revolution, more than 70,000 large dams have been built

worldwide, and this number will continue to rise due to the increasing demands for energy and irrigation in agriculture (Maavara et al., 2015b;[START_REF] Zarfl | A global boom in hydropower dam construction[END_REF]. Dammed reservoirs may be more easily affected by these anthropogenic disturbances than natural lakes due to their larger ratio of catchment-to-water surface area (Doubek and Carey, 2017), and thus may receive larger amounts of sediment and nutrients (Knoll et al., 2014).

Dams and impoundments convert river systems to lentic reservoirs and greatly alter the hydrological regimes by impacting water residence time and water flow velocity (Dynesius and Nilsson, 1994). Dammed reservoirs act as "in-stream" reactors, usually increasing the residence time of nutrients and thus leading to enhanced nutrient transformation and retention through several processes, including assimilation by primary producers, sedimentation, adsorption/desorption, and gaseous production (Maavara et al., 2020). The increased water residence time and decreased turbulence promote favorable conditions for nutrient transformations [START_REF] Akbarzadeh | Effects of Damming on River Nitrogen Fluxes: A Global Analysis[END_REF]. The particulate nutrients are thought to be removed from the water column by sedimentation and thus burial in the sediments, while the dissolved nutrients can be assimilated by primary producers and enter further cycling processes, such as sedimentation and burial in the sediments or release to the water column during mineralization processes (Maavara et al., 2015a). Moreover, increased water residence time was also favorable for nitrification and denitrification, two key processes responsible for nitrogen biogeochemical cycling in aquatic ecosystems, and thus induced gaseous (N2O and N2) emissions [START_REF] Seitzinger | Denitrification across landscapes and waterscapers: A synthesis[END_REF]. In freshwater ecosystems, the biogeochemical transformations of Si (dissolved Si and reactive particulate Si) are regulated by the formation and dissolution of diatom frustules [START_REF] Frings | Lack of steady-state in the global biogeochemical Si cycle: Emerging evidence from lake Si sequestration[END_REF][START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF]. The diatoms sink to the bottom of reservoirs upon death or senescence, and a fraction of the frustules are buried in the sediments, thus removing the reactive Si from the water column [START_REF] Humborg | Changes in dissolved silicate loads to the Baltic Sea -The effects of lakes and reservoirs[END_REF][START_REF] Triplett | Silica fluxes and trapping in two contrasting natural impoundments of the upper Mississippi River[END_REF]. Therefore, reservoirs generally act as sinks of N, P, and Si but with varied retention/elimination rates for different nutrients [START_REF] Bartoszek | The qualitative and quantitative analysis of the coupled C, N, P and Si retention in complex of water reservoirs[END_REF][START_REF] Burford | Sources and fate of nutrients in a subtropical reservoir[END_REF]Cook et al., 2010;[START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF]Maavara et al., 2015b;Nöges et al., 1998).

In addition to the absolute nutrient loads, dammed reservoirs also impact the relative nutrient loads transported to downstream waters (e.g., [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF][START_REF] Beusen | Global riverine N and P transport to ocean increased during the 20th century despite increased retention along the aquatic continuum[END_REF][START_REF] Chen | Hydropower reservoirs on the upper Mekong River modify nutrient bioavailability downstream[END_REF]Gruca-Rokosz et al., 2017;Nöges et al., 1998;[START_REF] Yang | Impoundment-induced nitrogen-phosphorus imbalance in cascade reservoirs alleviated by input of anthropogenic nutrients[END_REF], and thus influence the productivity and composition of primary producers in aquatic ecosystems by altering nutrient stoichiometry (Guildford and Hecky, 2000;Ptacnik et al., 2010), as defined by the Redfield-Brzezinkski ratio C:N:P:Si = 106:16:1:15-20 (Brzezinski, 1985). In contrast to an undisturbed catchment, anthropogenic activities (e.g., agricultural activities, sewage discharges, animal slurries) might induce an imbalanced TN:TP ratio (Alexander et al., 2008;Downing and McCauley, 1992;Vanni et al., 2011;Yan et al., 2016). In addition to nutrient sources, biogeochemical processes occurring in the reservoirs could also impact the N:P imbalance (Cook et al., 2010;Grantz et al., 2012;Vanni et al., 2011). Therefore, understanding the nutrient retention/elimination in reservoirs is crucial for evaluating their potential biogeochemical functions to the downstream river networks.

However, earlier studies on nutrient fates in reservoirs were only based on a few years or even a single year of data (e.g., [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF]Némery et al., 2016;[START_REF] Ran | Dynamics of riverine CO2 in the Yangtze River fluvial network and their implications for carbon evasion[END_REF][START_REF] Yang | Impoundment-induced nitrogen-phosphorus imbalance in cascade reservoirs alleviated by input of anthropogenic nutrients[END_REF]. In this study, we present a long-term assessment (1998-2018) of hydrological and water quality characteristics as well as fluxes of the upstream and downstream rivers of the four reservoirs in the Seine Basin where agriculture is intensive and nitrate concentrations are high. We wanted to update the previous study in which [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF] concentrated on 3 years (from 1993-1995). Using a mass balance approach, the long-term budgets of nutrients and SM in the four reservoirs (three diverted, one on the river) were evaluated to quantify their ecological function of nutrient retention/elimination rates and to identify the potential factors influencing this retention. Finally, the impact of these reservoirs on their downstream rivers were analyzed. We expect to provide a potential reference for their management strategies.

4. Long-term nutrient budgets for the four reservoirs

Methods

Site description

The three diverted reservoirs (Marne, Aube, and Seine reservoirs) were located in the temperate region of Champagne, east of the Paris Basin, a narrow zone with a clay impervious substratum (Figure 4-1). The remaining part of the catchment consists of limestone and marl that is used for agriculture and cattle farming [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF]. The Marne, Aube, and Seine reservoirs were constructed in 1974, 1990, and 1966, respectively. The Pannecière Reservoir is located in the upstream portion of the Yonne River in the Morvan region, a tributary of the upstream Seine River, and was built in 1949 in a granitic terrain. These reservoirs have been built with the dual objectives of preventing flooding in winter and early spring, and supporting low water flows of related rivers in summer. Interestingly, the water released from the reservoirs allows surface water to be pumped upstream of Paris for the production of drinking water for Parisians. The reservoirs can provide a water flow release of 60 m 3 s -1 , which accounts for about 50% of the total discharge through the city of Paris in dry summer. Note that the three reservoirs were diverted from the main rivers (Marne, Aube, and Seine rivers) and differ from many reservoirs of the world that were built on river stretches, including the Pannecière Reservoir. The sites in the upstream rivers and release canals were chosen to be representative of the water quality entering the reservoir, while the sites in the downstream release canals have the water quality of the reservoir itself. These sites allowed this to calculate the annual in-out nutrient/SM budgets (combined with the amount of water entering and leaving reservoirs). In addition, the sites in the downstream rivers were also presented to evaluate the impact of reservoirs on nutrient concentrations in their downstream rivers. 65.95% Note: *The smaller lakes, Champaubert (~ 20 ×10 6 m 3 and 4.5 m deep) in the Marne reservoir and Amance (~ 25×10 6 m 3 and 3.5 m deep) in the Aube reservoir. The population density represents the total population numbers in the upstream catchment of each reservoir divided by the surface area of these catchments. The hydrological characteristics of the reservoirs were provided by SGL, the population and land use type were referenced by INSEE (https://www.insee.fr/fr/accueil) and Corine Land Cover, respectively.

Data acquisition

Long time series of the nutrient concentrations and hydrological records in the reservoirs and rivers were provided by SGL during the 1998-2018 period. Daily hydrological data of both rivers and reservoirs were recorded, including water discharges in the upstream rivers (m 3 s -1 ), water discharges entering and leaving the reservoirs, and the volumes (10 6 m 3 or Mm 3 ) of the reservoirs. Water discharges entering and leaving the reservoirs are calculated by SGL: (a) limnimetric stations which calculate a water height (by ultrasound or pressure probe or radar) and which corresponds to a flow rate determined by a rating curve specific to a station; (b) flowmeter stations which calculate a flow rate by ultrasound by jointly measuring the water height (radar or pressure probe) and the flow velocity of the cross-section; and (c) a hydraulic law specific to the structures and gates (flow according to the opening of the gates and the height of water). River water quality surveys were carried out monthly. The release canals of the four reservoirs were sampled at 2-or 3-month intervals, a mandatory frequency for stagnant systems since the EU-Water Framework Directive. Additional water quality samplings in rivers were retrieved from the French national riverine database (http://www.naiades.eaufrance.fr/). Multiple water quality variables were available, including NO3 --N (nitrate, mg L -1 ), NH4 + -N (ammonium, mg L -1 ), NO2 --N (nitrite, mg L -1 ), PO4 3--P (orthophosphates, mg L -1 ), Si (dissolved silicon, mg L -1 ), and SM (suspended matter, mg L -1 ), as well as the vertical profiles of DO (dissolved oxygen, mg L -1 ) in the reservoirs. Nutrients were classically analyzed spectrophotometrically. PO4 3--P, DIN (dissolved inorganic nitrogen, DIN = NO3 --N + NH4 + -N + NO2 --N), and Si concentrations were determined according to Eberlein and Kattner (1987), [START_REF] Jones | Nitrate reduction by shaking with cadmium: Alternative to cadmium columns[END_REF] and [START_REF] Rodier | L'analyse de l'eau, 7ème édition[END_REF], respectively. For SM determination, the particles collected on a GF/F filters weighted before filtration, were weighed after drying at 105 °C and obtained by difference. The collected data covered the sites in the upstream and downstream rivers, and in the release canals of the reservoirs (Figure 4-1). These data were further used to calculate the annual water inflow and outflow of reservoirs, and the annual budgets of nutrients and SM.

Budget, retention rate, and residence time calculations

First, the mean annual fluxes of nutrients and SM were calculated from their concentrations and related water discharges according to the load estimating procedure (Walling and Webb, 1985), as commonly used in previous studies (e.g., [START_REF] Billen | A long-term view of nutrient transfers through the Seine river continuum[END_REF]Okuku et al., 2018):

𝐴𝐹 = ∑ (𝐶 𝑖 × 𝑄 𝑖 ) 𝑛 𝑖=1 ∑ 𝑄 𝑖 𝑛 𝑖 × 𝑄 𝑚 [1]
where AF is the annual fluxes of nutrients and SM (t yr -1 ), Ci is the instantaneous concentrations of nutrient and SM, Qi is instantaneous daily water discharge (from data in m 3 s -1 ), Qm represents annual mean water discharges for the period of the whole water cycle, from December to November of the following year (m 3 s -1 ), n = 365 days.

To simplify, "retention rates" will be used although we are well aware that several processes may be included, such as sedimentation and elimination. The annual retention rates (R%) of nutrients and SM were calculated based on the results of their annual fluxes entering (AFin, t yr -1 ) and leaving (AFout, t yr -1 ) the reservoirs:

𝑅% = 𝐴𝐹 𝑖𝑛 -𝐴𝐹 𝑜𝑢𝑡 𝐴𝐹 𝑖𝑛 × 100 [2]
A negative R% means a net exportation from a reservoir to its downstream river.

The residence time for each reservoir was calculated as the ratio between the mean annual volume and the annual inflow:

RT = 365 × Volmean / Qin [3]
where RT is the retention time expressed in days, Volmean is the mean annual volume (in Mm 3 ) calculated from 1 December to 30 November of the following year. In this calculation, we ignored the potential and opposite impacts of both precipitation and evaporation on the variation of the water volumes in the reservoirs. Single RT was calculated for the Marne and Aube reservoirs, despite their subdivisions. Qin is the annual water inflow (in Mm 3 yr -1 ) calculated over the same period, considering all contributing water inputs.

Statistical analysis

The Kruskal-Wallis test was used to identify the seasonal differences in the four rivers, the Wilcoxon test (a nonparametric statistical test that compares two paired groups) was used to identify significant differences for nutrient and SM concentrations in the upstream and downstream rivers during the filling and emptying periods (Hollander et al., 2013), while the long-term trend of nutrient and SM concentrations based on the Local Weighted Regression method. Linear regression analysis was carried out to identify the impacts of annual residence time and water released during the filling period on DIN retention rates. The correlation is significant at the p < 0.05 level. All analyses were performed with R language, version 3.5.1.

Results

Hydrological characteristics of the rivers and reservoirs

In the four upstream rivers, the highest water discharges were generally observed in winter and early spring due to heavy rainfall, reaching extreme values of 300 m 3 s -1 , 250 m 3 s - 1 , 280 m 3 s -1 , and 50 m 3 s -1 upstream of the reservoirs in the Marne, Aube, Seine, and Yonne rivers, respectively (Figure 4-2). In late summer and autumn, the water discharges were lowest (around 1-5 m 3 s -1 ). In addition, the four rivers showed similar interannual water discharge 

Temporal variations of nutrients and SM concentrations in rivers

Long-term variations of nutrients and SM concentrations in the upstream rivers

Long-term variations were reconstructed from monthly concentrations of NO3 --N, NH4 + -N, PO4 3--P, Si, and SM in the upstream portion of the Marne, Aube, Seine, and Yonne rivers (Figure 4-4). Despite relatively lower levels during 2003-2004, an overall increase in NO3 --N concentrations was observed in the Marne, Aube, and Seine rivers, from approximately 2.5 mg N L -1 to 3.5-4 mg N L -1 , while NH4 + -N decreased from 0.3 mg N L -1 to approximately 0.1 mg N L -1 after 2007. NO3 --N was the main component, accounting for 97% of DIN. The mean DIN concentrations in the Seine River were higher than in the Marne, Aube, and Yonne rivers, with values of 3.93 ± 1.57 mg N L -1 (mean ± SD), 3.19 ± 1.49 mg N L -1 , 3.03 ± 1.34 mg N L -1 , and 1.18 ± 0.27 mg N L -1 , respectively. In all four rivers, an overall decrease in PO4 3- 4. Long-term nutrient budgets for the four reservoirs concentrations was observed, by a factor of 2, from 0.1 mg P L -1 to 0.05 mg P L -1 . In the Yonne River, these variables had lower concentrations and did not show specific trends. Silica varied around a concentration of 2 mg Si L -1 in the Marne, Aube, and Seine rivers, and was two times higher in the Yonne River (4.97 ± 1.53 mg Si L -1 ). The SM level was rather low, close to 10 mg L -1 ; however, the SM can reach up to 30-40 mg L -1 occasionally during heavy rain. 

Seasonal patterns of nutrients and SM concentrations in upstream rivers

The DIN concentrations in the four rivers showed significant seasonal differences (p < 0.01 in the Marne, Aube, and Seine rivers, p < 0.05 in the Yonne River), with concentrations increasing in all four reservoirs from autumn to winter (when they reached their highest values)

and then decreasing from winter to summer (Figure 45). Concentrations of PO4 3--P and Si in the four rivers showed no significant seasonal patterns (p > 0.05). General SM concentrations were significantly higher in winter when high rainfall occurred on bare soils (p < 0.05), while no significant seasonal difference was found for the Yonne River (p > 0.05). percentile, respectively. The Kruskal-Wallis test was used to identify the seasonal differences for the nutrient and SM concentrations in the four rivers. * indicates the difference is significant at the p < 0.05 level, while ns indicates that the difference was non-significant.

Comparisons of nutrients and SM concentrations in the upstream and downstream rivers between the filling and emptying periods

The concentrations of nutrients and SM in the upstream and downstream rivers between the filling period and the emptying period were analyzed (Figure 456). The results indicate that the nutrient concentrations (DIN, PO4 3--P, and Si) were similar in the upstream and downstream waters of the Marne, Aube, and Seine rivers during the filling period (Figure 4-6, p > 0.05, except for PO4 3--P in the Seine River). These results during the filling period (when only a few 4. Long-term nutrient budgets for the four reservoirs water releases occur) confirmed the absence of any significant change in the water quality along the river stretches separating withdrawals from releases of the three diverted reservoirs. By contrast, during the emptying period, significant low nutrient concentrations were found in the downstream rivers of the three diverted reservoirs (p < 0.01). The on-river Pannecière Reservoir showed no clear decline in nutrient concentrations in the downstream river during this period.

In addition, the SM levels in downstream were significantly higher than those in upstream during the two periods (p < 0.01) for the Marne and Aube rivers, while no difference was found in the Seine River, and the opposite was observed for the Yonne River (Figure 4-6). 4. Long-term nutrient budgets for the four reservoirs

Annual fluxes and retention rates of nutrients and SM in the reservoirs

The mean annual loads of nutrients and SM entering the Marne Reservoir were higher than in the Aube, Seine, and Pannecière reservoirs during the study period (Figure 4567). DIN and PO4 3-loads were 1708 ± 524 t N yr -1 and 23 ± 9 t P yr -1 in the Marne reservoir, 1377 ± 445 t N yr -1 and 15 ± 11 t P yr -1 in the Seine reservoir, and much less in the Aube reservoir (536 ± 205 t N yr -1 and 7 ± 4 t P yr -1 ). 4. Long-term nutrient budgets for the four reservoirs

Based on the results of long-term nutrient and SM budgets in the four reservoirs for the 1998-2018 period, 53% of the incoming DIN load was retained in the Marne Reservoir, which was higher than in the Seine (39%), Aube (52%), and Pannecière reservoirs (16%) (Table 4-2).

Regarding phosphorus, 48%, 41%, 38%, and 26% of the incoming PO4 3--P loads was retained in the Marne, Aube, Seine, and Pannecière reservoirs, respectively. Silicon R% amounted to 34%, 22%, 40%, and 27% of the load entering the Marne, Seine, Aube, and Pannecière reservoirs, respectively. The lowest retentions (R%) were observed for the Pannecière Reservoir, whereas the highest ones were found for the Marne Reservoir (Table 4-2). The Seine Reservoir retained a greater amount of SM, accounting for 76% of the incoming SM load, compared with the Marne, Aube, and Pannecière reservoirs. Both nutrients and SM retentions substantially varied over the years studied, meaning that the reservoirs appeared to also act as sources (Table 4-2). DIN R% in the four reservoirs mostly depended on NO3 --N (major forms of DIN), for which the four reservoirs always acted as a sink over the 1998-2018 period (except for the specific years 2007 for the Marne Reservoir, 2001 for the Seine Reservoir, and 2006 for the Aube Reservoir, where small NO3 --N exports were calculated; see Table 4-4). The three diverted reservoirs (Marne, Aube, and Seine) were always the sources of NO2 --N during the 1998-2018 period, suggesting production of NO2 --N in these reservoirs (S2). Moreover, these three reservoirs, with high inflows of NH4 + -N from 1998 to 2007, showed retention, whereas an export was observed after 2008, when lower NH4 + -N entering the reservoirs was observed (see Figure 4-4). Compared with DIN, the R% of PO4 3--P in the four reservoirs showed a wider range of variability (e.g., from -17% to 90%, from -40% to 79%, from -88% to 73%, and from -25% to 66% in the Marne, Aube, Seine, and Pannecière reservoirs, respectively).

We tried to relate the year when the reservoir was a source of SM and possibly adsorbed Pannecière: 2001 and 2011), when the water level dropped more than usual, leading to SM and associated element exportation. However, no systematic occurrence was observed.

Impact of hydrological characteristics on DIN retention rates in the four reservoirs

To further assess the impact of water management strategies on DIN retention rates, the relationship between DIN retention rates and the annual residence time was analyzed. Despite some scatter in the data, the results suggest that the DIN retention rates were significantly and positively correlated with the annual residence time in the four reservoirs (Figure 4-8a, p < 0.01, R 2 = 0.16).

In addition, the relationship between DIN retention rates and the percentage of water outflow during the filling period (compared with the total annual water outflow) in the four reservoirs was specifically analyzed. The results showed that DIN R% was significantly and negatively correlated with the percentage of water outflow during the filling period (Figure These long-term data series with heterogeneous sampling frequencies still provided valuable opportunities for evaluating the budgets of nutrients and SM in the four reservoirs of the Seine Basin. In addition, the Seine Basin presented a case study providing four reservoirs with specific morphological characteristics (shape, surface, capacity, subdivisions), different land use, lithological contexts, anthropogenic pressures in their upstream catchments, and above all, two kinds of reservoir connections to the drainage network (diverted and on-river), which can be considered a highlight of the present study. Most importantly, according to the comparisons of nutrient concentrations in the upstream and downstream rivers between the filling period and the emptying period (Figure 4-6), the three diverted reservoirs provided direct evidence of the role played by the reservoirs in lowering nutrient concentrations in their downstream rivers.

However, limited samplings of nutrient concentrations were recorded in the 1998-2018 period, which prevented us from presenting the long-term dynamics of nutrient concentrations in the four reservoirs, but this did not affect the assessment of the nutrient and SM budgets.

Nevertheless, the results still emphasize the important role played by the four reservoirs in the retention of nutrients and SM while their variability potentially highlight the importance of long-term evaluations for nutrient and SM budgets in reservoirs (Figure 4567).

Long-term and seasonal variations of nutrient and SM concentrations in the four upstream rivers

Anthropogenic activities, land use, and hydrology are the potential factors influencing the concentrations of nutrients and SM transported by the Marne, Aube, Seine, and Yonne rivers (See Table 4-1 andFigure 4-1 Agricultural activities and strong wintertime rainfall caused high soil leaching and provided large amounts of NO3 --N input to these rivers, up to 10-12 mg NO3 --N L -1 in winter (Garnier et al., 2016). Consequently, in this season DIN (mostly in the form of NO3 --N) reached its highest values in the four reservoirs . Concentrations are known to then decrease from spring to autumn due to riparian and benthic denitrification (Billen et al., 2018;Thouvenot-Korppoo et al., 2009). While less than agricultural sources, the contribution of point sources such as NH4 + -N inputs was clearly demonstrated in the long-term analysis (Figure 4-4), which shows a gradual decrease in NH4 + -N concentrations from 2008 onwards. Indeed, improvement of wastewater treatment (especially nitrification) increased in 2007 in the entire Seine Basin, and a concomitant gradual decrease of NH4 + -N was also observed from 2008 to 2018 at the outlet of the Seine Basin (Garnier et al., 2019). In addition to NH4 + -N, PO4 3--P also comes from the point source, especially municipal wastewater, and possibly livestock manures.

Regarding PO4 3--P, a decrease in concentrations occurred after 2003 mainly in the Marne, Aube, and Seine rivers, also coinciding with a generalized additional dephosphatation in wastewater treatment plants (Garnier et al., 2019). The rather low values of both NH4 + -N and PO4 3--P for the years 1998-2000 and the increase that followed could be related to domestic wastewater that was newly collected soon after the 2000s EU Water Framework Directive, but without appropriate treatment, resulting in a worse situation.

The nutrient concentrations in the Yonne River appeared lower than in the other three rivers, due to the differences in the lithology, land use, and human activity (e.g., agriculture).

The upstream catchment of the Yonne River is very sparsely populated and dominated by forest 4. Long-term nutrient budgets for the four reservoirs cover (66%, Table 4-1), making DIN concentrations (1.18 ± 0.27 mg N L -1 ) three to four times lower than those in the three other rivers. Silicon originated mainly from diffuse sources but also from natural rock weathering, and due to the granitic lithology in the Yonne catchment, higher Si concentrations were observed in the Yonne than in the Marne, Aube, and Seine rivers (Figure 4-1). Beside lithological characteristics, internal riverine biogeochemical cycles, such as diatoms incorporation in their frustule, control Si levels and seasonal variations (e.g., [START_REF] Frings | Lack of steady-state in the global biogeochemical Si cycle: Emerging evidence from lake Si sequestration[END_REF]Maavara et al., 2015a). Regarding SM, its dynamics in rivers also largely depended on hydrological characteristics: Wintertime heavy rainfall and high-water discharges can lead to higher erosion rates and lower sedimentation, and therefore cause higher SM concentrations in rivers. Nevertheless, such rapid changes in SM concentrations remained difficult to systematically capture by low-frequency monitoring of water quality.

Nutrient/SM retention rates in the four reservoirs

In the present study, limited data for nutrient concentrations were available in the four reservoirs between 1998 and 2018. Nevertheless, specific monitoring of nutrients in the reservoirs in 1994 and 2020 (Garnier et al., 1999 and Yan et al., unpublished data) indicates that the monthly dynamics of nutrient concentrations in the reservoirs remained similar over the past few decades (see Figure 4-11 in Annexes), despite the recent changes in riverine nutrient concentrations (Figure 4-3). The dynamics of the DIN concentrations in the reservoir would be mainly induced by two effects. The DIN decreases in the river waters entering the reservoirs in spring, during the filling period (Figure 4-5), due to instream denitrification is noteworthy (Billen et al., 2019). Second, the biogeochemical processes of denitrification occur in the reservoirs at the sediment-water interface, which may be responsible for the continuously declining DIN concentrations during the emptying period (S1.3, from July to November).

Indeed, in a previous study by [START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF], NO3 --N consumption from 5 to 20 mg N m -2 h -1 was measured (bottom sediment bell-jars), a rate that can easily explain NO3 --N depletion in late summer. NO3 --N concentration was the dominant component (97%) of DIN in the four reservoirs, which can indeed be readily eliminated through denitrification. Similar dynamics of NO3 --N concentrations were also found in Taihu Lake (Xu et al., 2010(Xu et al., , 2017) ) and Shahe Reservoir [START_REF] Zhu | Response of phytoplankton to nutrient reduction in Shahe Reservoir, Taihu catchment, China[END_REF], also interpreted as increasing denitrification under higher water temperature (Chen et al., 2012;Zhao et al., 2015). Additionally, short-term stratification of the water column in the Marne, Aube, and Seine reservoirs, usually in summer (July and August), may increase denitrification sites in the bottom water layer, and not only at the water-sediment interface, as reflected by the vertical distributions of the DO concentration in the water column. Taking the Marne Reservoir as an example, the DO concentration decreased from 10.3 mg L -1 at the surface to 0.6 mg L -1 in the bottom (Figure 4-12 in Annexes), which indeed provided favorable conditions for denitrification.

Moreover, previous observations clearly showed the dynamics of chlorophyll a (Chla) and PO4 3--P and Si concentrations in the reservoirs (Table 4-3 andTable 4-1), which suggests that phytoplankton growth was the important driver for PO4 3--P and Si dynamics.

Phytoplankton development lowering concentrations of PO4 3--P and Si was already observed in other temperate aquatic ecosystems. In contrast to nutrient concentrations, SM levels may be mainly controlled by the hydrological-physical characteristics in these reservoirs. High SM concentrations entering the reservoirs from their related upstream rivers during winter and spring (Figure 45) are expected to sediment in reservoirs with a positive retention rate, as shown in the Seine and Pannecière reservoirs. However, the large amount of water released during any emptying period decreases the water level as well as the mean depth, leading to greater SM re-suspension in the water column of the reservoirs and to a net SM source (negative retention values) for the downstream rivers, especially for the Marne and Aube. Overall, the coupling of hydrological and biogeochemical processes in the reservoirs revealed the impact nutrient transformations (e.g., PO4 3--P recycling) and elimination (NO3 --N denitrification), as well as exportation (SM).

Based on our long-term assessment, the four reservoirs in the Seine Basin were important sinks of DIN, PO4 3--P, Si, and episodically for SM, which is consistent with other studies (e.g., [START_REF] Donald | Nutrient sequestration in the Lake Winnipeg watershed[END_REF][START_REF] Delsontro | Spatial heterogeneity of methane ebullition in a large tropical reservoir[END_REF]Maavara, et al., 2015b). The large variations of nutrient retention rates found here have also been observed in many reservoirs [START_REF] Bartoszek | The qualitative and quantitative analysis of the coupled C, N, P and Si retention in complex of water reservoirs[END_REF][START_REF] Donald | Nutrient sequestration in the Lake Winnipeg watershed[END_REF]Knoll et al., 2014;Powers et al., 2015). For example, PO4 3--P retention rates ranged from 0% to 64% and DIN retention rates from 0% to 61% in 12 reservoirs of the Winnipeg watershed [START_REF] Donald | Nutrient sequestration in the Lake Winnipeg watershed[END_REF], whereas Si retention rates ranged from -7.2% to 79%, as summarized by [START_REF] Maavara | Worldwide retention of nutrient silicon by river damming: From sparse data set to global estimate[END_REF].

Implications for management

Further analysis indicated that water management strategies may influence the DIN retention rates in the reservoirs, and are significantly and positively correlated with the annual residence time in the four reservoirs (see Figure 4-8a), which is generally supported by many 4. Long-term nutrient budgets for the four reservoirs previous studies (e.g., [START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF]Saunders and Kalff, 2001;Tong et al., 2019;Zarnetske et al., 2011). In addition, we also demonstrated the importance of water volumes released during the filling period in decreasing the annual DIN retention rate. Given the higher DIN concentrations found in winter and spring, more water leaving the reservoirs during the filling period may export more DIN to downstream rivers and thus reduce the retention rates of DIN in these reservoirs (see Figure 4-8b). This means that in the case of increased winter precipitation, which is expected with the impact of climate change (Dayon et al., 2018), more water fluxes passing through the reservoirs will not increase nitrogen elimination and will even lower retention rates.

Another major concern of the impact of dammed reservoirs is their biogeochemical functioning in the land-to-ocean aquatic continuum (Maavara et al., 2020), especially their potential to modify nutrient stoichiometry along rivers due to varied retention efficiencies for the different nutrients in reservoirs [START_REF] Donald | Nutrient sequestration in the Lake Winnipeg watershed[END_REF]Maavara et al., 2015a[START_REF] Maavara | Worldwide retention of nutrient silicon by river damming: From sparse data set to global estimate[END_REF][START_REF] Maranger | Stoichiometry of carbon, nitrogen, and phosphorus through the freshwater pipe[END_REF]. This modification of nutrient stoichiometry may affect nutrient limitation and the food web in aquatic ecosystems [START_REF] Garnier | N:P:Si nutrient export ratios and ecological consequences in coastal seas evaluated by the ICEP approach[END_REF]. Our results actually showed that the four reservoirs in the Seine Basin have different retention rates for DIN, PO4 3--P, and Si (Table 4-1), and the DIN:PO4 3--P:Si ratio in the water released from the four reservoirs also changed compared with the upstream rivers (Table 4-3).

In addition, the comparison result suggests that the water released from the three diverted reservoirs (Marne, Aube, and Seine reservoirs) indeed lowered nutrient concentrations in the reservoirs and these levels further declined in the downstream rivers during the emptying period (see Figure 456). Lowering nutrient concentrations in the river downstream of the reservoirs provides favorable conditions for drinking water production, reducing treatments for reaching standards in terms of nitrate concentrations and organic matter formed by algal blooms [START_REF] Garnier | Nutrient dynamics and control of eutrophication in the Marne River system: Modelling the role of exchangeable phosphorus[END_REF]. At the outlet of the Seine hydrographic network, DIN fluxes abated by the reservoirs accounted for only 0.31% of the N flux at the outlet (with the average amount of 140 kt N yr -1 for the 2002-2014 period, Garnier et al., 2019). Reservoirs cannot be expected to solve the problem of nitrogen contamination due to intensive agriculture in the Seine Basin leading to high N losses in the aquatic continuum (Billen et al., 2019), with a substantial nutrient imbalance at the coastal zone and hence harmful algal blooms (Garnier et al., 2019;Passy et al., 2016). Nevertheless, these reservoirs, initially built for the specific purpose of flood control and sustaining low summer water, today play an important role in tourism (biking on the dikes, camping, swimming, bird-watching, etc.). The Marne Reservoir (Lac du Der), located on a privileged migratory axis, attracts many species of birds. Lowering water reveals vast mudflats attracting waders, ducks, geese as well as the emblematic common crane, which now gives the site an international ornithological reputation.

Conclusion

The current study has presented the hydrological characteristics, nutrient features, and specific water management strategies in the Seine Basin reservoirs and rivers during the 1998-2018 period. The long-term assessment of nutrient and SM budgets demonstrated that the four reservoirs in the Seine Basin play important roles in the retention of nutrients and SM; however, their retention rates varied for different nutrients and modify the stoichiometry of downstream riverine fluxes.

Interestingly, our results suggested the three diverted reservoirs (Marne, Aube, and Seine reservoirs) further lowered the nutrient concentrations in their downstream rivers during the emptying period, which could potentially impact biogeochemical processes in their downstream rivers. In these four reservoirs, the most important retention rate was found for DIN (from 16 to 53% depending on the year, mostly eliminated by denitrification), for which we established a relationship with the residence time, as well as the water outflow during the filling period. This study suggests the importance of water management strategies on DIN retention rates in the four reservoirs of the Seine Basin despite a limited effect in space and time. Finally, our results highlight the need for further investigations in the reservoir-riverine systems (e.g. high temporal frequency sampling of water quality, biogeochemical processes quantification…) to evaluate the biogeochemical impacts of reservoirs on their downstream river networks. High water discharges in the upstream part of Seine River were found in the winter and spring, while low water discharges were found in the summer and autumn, corresponding to the reservoir filling period (pink) and emptying period (blue), respectively (Figure 4-10). In addition, water could be released during the filling period to fit the theoretical filling curve.

These releases aim at recovering an acceptable water level after having rapidly increased the volume of the reservoir to prevent a flood event (see the peaks circled in red dotted lines). In fact, one must be able to manage new flooding episodes at any time, and it is therefore essential to systematically return to a filling volume that is theoretically appropriate for flood prevention and low-water management. [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF][START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF].

Vertical profiles of dissolved oxygen in the four reservoirs

In summer, mainly in July and August, the dissolved oxygen concentrations in the four reservoirs decreased as water depth lowered, and even reached the anaerobic state, which should be favorable for denitrification in the benthic phase . The DIN:PO4 3--P:Si ratios in the upstream and release parts of the four reservoirs were calculated based on the annual average nutrient concentrations. 

Introduction

The increase in reservoirs has been well-reported since recent decades, due to its benefits and capacities in hydroelectric generation, irrigation, water supply, and downstream water flow regulation [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF][START_REF] Lehner | High-resolution mapping of the world's reservoirs and dams for sustainable river-flow management[END_REF]. However, concerns and ongoing debates still exist to date given their resulting socioenvironmental costs [START_REF] Bertassoli | How green can Amazon hydropower be? Net carbon emission from the largest hydropower plant in Amazonia[END_REF][START_REF] Harrison | Dams: weigh pros and cons case by case[END_REF][START_REF] Hermoso | Don't let damage to wetlands cancel out the benefits of hydropower[END_REF][START_REF] Muller | Hydropower dams can help mitigate the global warming impact of wetlands[END_REF]. For instance, reservoirs can significantly alter the flow regime [START_REF] Vörösmarty | The storage and aging of continental runoff in large reservoir systems of the world[END_REF], by shifting rivers from freeflowing systems to lentic and lotic systems of high discontinuity [START_REF] Ward | The serial discontinuity concept: Extending the model to floodplain rivers[END_REF].

Such altered hydrological transport, together with the resulting changes in biogeochemical processes can further change the downstream water quality (Maavara et al., 2020a). Many studies have revealed the reservoir-derived changes in nutrient retention/elimination [START_REF] Akbarzadeh | Effects of Damming on River Nitrogen Fluxes: A Global Analysis[END_REF][START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF][START_REF] Maavara | Global perturbation of organic carbon cycling by river damming[END_REF]Maavara et al., , 2015b[START_REF] Maavara | Worldwide retention of nutrient silicon by river damming: From sparse data set to global estimate[END_REF]Yan et al., 2021b), nutrient bioavailability [START_REF] Chen | Hydropower reservoirs on the upper Mekong River modify nutrient bioavailability downstream[END_REF], and stoichiometry (Maavara et al., 2020b;[START_REF] Wang | Impact of a large sub-tropical reservoir on the cycling of nutrients in a river[END_REF][START_REF] Yang | Impoundment-induced nitrogen-phosphorus imbalance in cascade reservoirs alleviated by input of anthropogenic nutrients[END_REF], as well as in the molecular composition of dissolved organic matter in downstream rivers [START_REF] He | Hydrological management constraints on the chemistry of dissolved organic matter in the Three Gorges Reservoir[END_REF]. However, most of the previous studies that investigated nutrient retentions in reservoirs were calculated by mass balance (e.g., Garnier et al., 1999;Yan et al., 2021) and modelling methods (e.g., mechanistic models for global estimation, see [START_REF] Akbarzadeh | Effects of Damming on River Nitrogen Fluxes: A Global Analysis[END_REF][START_REF] Maavara | Worldwide retention of nutrient silicon by river damming: From sparse data set to global estimate[END_REF], and little attention has been paid

to related processes (e.g., hydrological characteristics and biogeochemical processes) occurring in the reservoirs.

In addition to the hydrological and biogeochemical effects, GHG (greenhouse gas) emission from reservoirs is another concern, which is partially responsible for the climatic change [START_REF] Giles | Methane quashes green credentials of hydropower[END_REF]. From a global perspective, GHG emissions from reservoirs were estimated as 773 Tg CO2 (carbon dioxide) equivalents yr -1 (330 Tg C yr -1 ), suggesting reservoirs as critical sources of GHG [START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF]. CO2, one of the crucial components of GHG, has been extensively studied around the world regarding its flux from reservoirs. Numerous studies have contributed to the estimation of global annual CO2 emissions from reservoirs, with the reported different magnitudes, ranging from 36.8 to 272.7 Tg C yr -1 [START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF]Yan et al., 2021a). The high uncertainty of CO2 emissions from global reservoirs indicates the necessity for future field measurements of CO2 emissions in regional reservoirs, which are critical to understand the behaviour of CO2 emissions from multiple reservoir settings and conditions [START_REF] Bertassoli | How green can Amazon hydropower be? Net carbon emission from the largest hydropower plant in Amazonia[END_REF].

Xingcheng Yan | Thèse de Doctorat -2022 100 However, current studies of CO2 emissions from reservoirs have mainly focused on CO2 exchange at the water-air interface in the reservoirs [START_REF] Soued | The carbon footprint of a Malaysian tropical reservoir: measured versus modelled estimates highlight the underestimated key role of downstream processes[END_REF], while little attention has been paid to simultaneous CO2 emissions and concentrations in their upstream and downstream rivers. Although it has been acknowledged that overall rivers are sources of CO2 [START_REF] Raymond | Global carbon dioxide emissions from inland waters[END_REF], less is known about the potential impact of reservoirs on riverine CO2 concentrations and emissions [START_REF] Liu | Dynamic biogeochemical controls on river pCO2 and recent changes under aggravating river impoundment: An example of the subtropical Yangtze River[END_REF]. A previous modeling approach suggested that the reservoirs in the Seine Basin lowered the dissolved inorganic carbon and total alkalinity of downstream rivers [START_REF] Marescaux | Modeling inorganic carbon dynamics in the seine river continuum in France[END_REF], two variables closely related to CO2 concentration. However, further research on CO2 dynamics is still required to provide direct evidence to identify the underlying mechanisms regarding the impact of these reservoirs on CO2 in downstream rivers.

The Marne, Aube, and Seine reservoirs in the Seine Basin (France) share the same water management strategy for flood control and low-flow support [START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF][START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF], but differ from most reservoirs built on the stretches of river, as they were diverted from their related rivers and connected with the rivers by artificial canals. The annual shift in hydrological characteristics due to the emptying and filling operations allows the co-existence of multiple biogeochemical processes in reservoirs, specifically the development of phytoplankton in the reservoirs, which potentially drives the changes in nutrient concentrations and pCO2 (partial pressure of CO2). By analyzing the monthly observations in these three reservoirs, their upstream and downstream rivers, we seek to identify and quantify the impact of three reservoirs on pCO2 and nutrient concentrations on downstream rivers.

Materials and methods

Study sites

Three reservoirs are located in the upstream of the Seine Basin, France (Figure 5-1a), in mixed-land-use catchments that are dominated by forest (40%-54%), agricultural land (38%-48%), and fringed by grassland (5%-18%). The lithological characteristics of the three reservoirs are clay [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF]Yan et al., 2021b). The Marne (storage capacity of 350 M m 3 ), Aube (170 M m 3 ), and Seine (208 M m 3 ) reservoirs were built in diversion of the Marne, Aube, and Seine rivers in 1974, 1990, and 1966, respectively. According to the upstream hydrological characteristics, the three reservoirs are filled from December to June of the following year (filling period: prevent flooding) and emptied from July to November (emptying 5. Reservoirs change downstream pCO2 and water quality 101 period: support low water flows in downstream). The variation of volume in the reservoirs is directly related to water management objectives and is fully controlled by specific filling and emptying operations using artificial penstock canals [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF]. More information on three reservoirs can be found on the Seine Grand Lacs website (SGL, http://seinegrandslacs.fr/). 5-2).

Sampling strategy and measurements

Monthly field campaigns were conducted since 2019 for approximately two hydrological cycles of the reservoirs. A total of nine sampling sites were selected in the upstream and downstream rivers, and inside the three reservoirs (Figure 5-1 and Table 5-2). For each site, surface water samples were taken with a bucket from bridges or pontoons, and 5-L high-density polyethylene sampling bottles were filled. All samples were conditioned (e.g., filtration) and kept at < 10°C in the field. After returning to the laboratory, they were stored at 4°C or frozen until the analysis. In addition, pH, T (water temperature, °C), and DO (dissolved oxygen, mg L -1 ) were measured on the field using a multiparameter instrument (YSI ® 6600 V2).

CO2 sampling and measurements were realized on the field: 30 mL of water was kept in four syringes (60 mL) with 30 mL of ambient air, and were shaken for 10 min. A fifth syringe was filled with ambient air to measure the atmospheric pCO2. The pCO2 in water was determined through a non-dispersive infrared gas analyzer (Licor, LI-820, USA) using the syringe headspace equilibrium method in the field [START_REF] Abril | Technical note: Large overestimation of pCO2 calculated from pH and alkalinity in acidic, organic-rich freshwaters[END_REF]Marescaux et al., 2018a).

The gas analyzer was calibrated with standard CO2 (800 ppm) and CO2-free dinitrogen. The pCO2 in water was then calculated based on the pCO2 measured in the equilibrated headspace of the syringes and in the atmosphere [START_REF] Wanninkhof | Relationship between wind speed and gas exchange over the ocean revisited[END_REF].

In the laboratory, filtered water samples (GF/F, 0.7 μm, grilled at 500 °C for 4 h) were collected in grilled glass flasks and acidified (0.1 mL H2SO4, 4 M in 30 mL of water), and were then analyzed with a TOC analyzer (Aurora 1030 TOC Analyzer, OI Analytical) for DOC (dissolved organic carbon, mg L -1 ) (Marescaux et al., 2018a(Marescaux et al., , 2018b)). DOC and DOC concentrations after 45 days (DOC45) of incubation at 20°C and in the dark were also analyzed, and BDOC (biodegradable DOC) concentrations were derived from the difference between the DOC and DOC45 concentrations [START_REF] Servais | Determination of the biodegradable fraction of dissolved and particulate organic carbon in waters[END_REF]. Chlorophyll a concentrations (Chl-a, μg L -1 , algal cells retained on GF/C membrane filters) were determined spectrophotometrically after extraction using 90% acetone according to [START_REF] Lorenzen | Determination of chlorophyll and pheo-pigments: Spectrophotometric equations[END_REF].

Calculations

Calculations of CO2 flux and DO saturation

The diffusive fluxes of CO2 in three reservoirs and rivers were calculated based on the boundary layer equation [START_REF] Liss | Flux of gases across the Air-Sea interface[END_REF]:

F = k × M × (Cw -Ceq) [1]
where F is the CO2 flux at the water-air interface (mg m -2 d -1 ), k is the transfer velocity of CO2 (m d -1 ), M is the molar mass of CO2, Cw is the CO2 concentration in the water (μmol L - 1 ), Ceq is the CO2 concentration in the water that is in equilibrium with the atmospheric concentration at surface water temperature (μmol L -1 ). Cw and Ceq were calculated by the measured pCO2 in water and atmosphere and β that was calculated according to Wanninkhof.

(2014):

Ln β = -58.0931 + 90.5069(100/T) + 22.2940 ln(T/100) [2] where β is the Bunsen coefficient (mol L -1 atm -1 ) and T is the water temperature in Kelvin.

k was estimated from k600 [START_REF] Liss | Air-Sea Gas Exchange Rates: Introduction and Synthesis[END_REF]:

k = k600 × (600/Sc) n [3]
where n is 2/3 for U10 ≤ 3.7 m s -1 and 1/2 for U10 > 3.7 m s -1 , and U10 is the wind speed at an elevation of 10 m. In this study, we used the monthly average wind speed in the Champagne region, France (Figure 5-7 in Annexes).

Sc is the Schmidt number of gas at surface water temperature calculated as [START_REF] Wanninkhof | Relationship between wind speed and gas exchange over the ocean revisited[END_REF]:

Sc(T) = 1923.6 -125.06T + 4.3773T 2 -0.085681T 3 + 0.00070284T 4 [4]
In reservoirs, k600 was calculated according to [START_REF] Cole | Atmospheric exchange of carbon dioxide in a low-wind oligotrophic lake measured by the addition of SF 6[END_REF], k600 was presented in Figure 5-7 (in Annexes):

k600 = 2.07 + 0.215 × U10 1.7 [5]
In rivers, k600 (m d -1 ) was calculated according to [START_REF] Raymond | Scaling the gas transfer velocity and hydraulic geometry in streams and small rivers[END_REF]:

k600 = 2.02 + VS × 2841 [6]
To calculate the water flow velocity (V in m s -1 ), the mean depth (D, m) was calculated from Manning's formula [START_REF] Billen | Modelling phytoplankton development in whole drainage networks : the Riverstrahler model applied to the Seine river system[END_REF]:

D = [0.045 × Q × (W × S 0.5 ) -1 ] 0.6 [7] V = Q / (D × W) [8]
where S is the slope of the river, Q is the river water discharge (m 3 s -1 ), and W is the river width.

DO saturations (SDO) in the surface water were calculated:

SDO = DOw / DOsat × 100% [9]
DOsat = exp(-139.34411 + 1.575701×10 5 ×T -1 -6.642308×10 7 ×T -2 + 1.2438×10 10 ×T - 3 -8.621949×10 11 ×T -4 ) [10] where DOw is the measured DO concentration in water, DOsat is the saturated DO at water temperature T in Kelvin.

Quantifying the impact of reservoirs on downstream rivers

To qualitatively evaluate the impact of biogeochemical processes on water quality changes in the reservoir, the concentrations of water variables in reservoirs were calculated assuming they resulted only from the mixing with the entering water concentrations and without any alteration from biogeochemical processes, hereafter named "mixing values". For this theoretical exercise, the daily concentrations of Chl-a, DSi, DOC, and BDOC were derived by a simple linear interpolation based on the monthly measurements. Their corresponding mixing values in reservoirs were calculated as follows:

Ci = Ci-1 + (Qin-i × 3600 × 24) × (Cup-i -Ci-1) / Voli [11]
where Ci and Cup-i represent the concentrations of water variable in the reservoir and the upstream rivers in day i, respectively. Ci-1 is the water variable concentrations in the reservoir at the previous day of i. Qin-i is the water discharges (m 3 s -1 ) entering reservoir in day i, and Voli (m 3 ) is reservoir volume in day i.

Additionally, to quantify the impact of reservoirs on downstream water quality, we calculated the annual fluxes of Chl-a, DSi, DOC, and BDOC in downstream rivers under the actual situation (with reservoir) and the hypothetical situation (without reservoir). In the actual situation, the annual fluxes of the mentioned variables in the downstream were calculated using discharge-weighted concentration method [START_REF] Moatar | Compared performances of different algorithms for estimating annual nutrient loads discharged by the eutrophic River Loire[END_REF]Yan et al., 2021):

AF = ∑ ( 𝐶 𝑖 × 𝑄 𝑖 ) 𝑛 𝑖=1 ∑ 𝑄 𝑖 𝑛 𝑖=1 × 𝑄 𝑚 [12]
where AF is the annual flux of related variable, Ci is the measured instantaneous concentration value, Qi is the water discharges associated with Ci, Qm is the average water discharge during the annual water cycle (from December 2019 to November 2020), n represents the number of measured Ci.

Reservoirs change downstream pCO2 and water quality

In the hypothetical situation, the discharges in downstream rivers were revised according to the water entering and leaving the reservoirs. The revised discharges in the downstream rivers (Marne and Aube) were presented in Annexes (Figure 5678). In a previous study of the Seine reservoirs (Yan et al., 2021b), we demonstrate that in the absence of reservoir releases, the water quality remains unchanged between upstream and downstream sites, ruling out any significant impacts of instream processes or lateral inputs along the river sections between the upstream and downstream sampling stations. Therefore, in the hypothetical situation of no reservoir, downstream water quality was assumed to be similar to the upstream one. The annual fluxes of Chl-a, DSi, DOC, and BDOC in downstream rivers were calculated by equation 12.

Statistical analysis

The Shapiro-Wilk method was used to test the normal distribution of the field data before performing statistical analysis. The Wilcoxon test method was used to identify the impact of the three reservoirs on water quality of downstream rivers during the filling period and emptying period, including DOC, BDOC, DSi, and pCO2. The Spearman's rank correlation coefficient was used to identify the relationship between pCO2 and SDO and DSi during emptying period (in order to avoid the influence of the upstream water entering the reservoirs).

The criterion of p < 0.05 was used to determine statistical significance. All of the aforementioned analysis was conducted using R, version 3.5.1 (R Core Team, 2019).

Results

Water quality in the reservoirs

The seasonal variations of volumes and water quality in the three reservoirs showed similar patterns, therefore, we only presented the Marne Reservoir as an example (Figure 5 Annexes), and were 4-14 times higher than those in the upstream river. Chl-a concentrations in the reservoir gradually declined from December to March, and sustained low concentrations from April to September (2-6 μg L -1 ), and then increased from October to December.

Comparing the observed Chl-a concentrations with the corresponding mixing values, the former were much higher than the latter during this period.

The DSi concentrations in the upstream rivers were generally higher than those in the reservoirs (Figure 5-2, Figure 5-9, and Figure 5-10 in Annexes). DSi concentrations in the reservoirs gradually declined from December to August, and increased from September to December when water depth was low. In addition, the co-variation between observations and the mixing values of DSi concentrations was found from October to February. However, this was followed by continuously declining of DSi concentrations during April-July.

The dynamics of BDOC concentrations in reservoirs, which accounted approximately 25% of DOC, showed synchronous variations with DOC concentrations. DOC and BDOC concentrations in reservoirs decreased from December to March and were close to the mixing values; they gradually increased during April-November and were higher than the mixing values during April-November. The seasonal variations of SDO and water temperature in the three reservoirs were generally similar (Figure 5-3). Overall, high SDO (> 100%) was found in summer (June-July) at the end of the filling period when water level and temperature of reservoir were high, while low SDO (< 100%) was found in late autumn at the end of emptying period when water level and temperature were low. 

Seasonal dynamics of pCO2 and CO2 fluxes

pCO2 in rivers were higher in summer and lower in winter, and were much higher (~2000 µatm) than that in the reservoirs (< 1000 µatm) (Figure 5-4). The pCO2 in the reservoirs showed general decline trends during the filling period despite high pCO2 supplies by upstream rivers. The pCO2 continued declining during the early emptying of the reservoirs in September and October, but increased during the rest of the emptying period. The pCO2 in the downstream of Marne and Aube reservoirs were 1.5 times lower than that in upstream rivers during the emptying period, while they were relatively close during the filling period (Figure 5-4). In the three reservoirs, we found that pCO2 negatively correlated to SDO (n = 32, r = 0.61, p < 0.01), while positively correlated to DSi during emptying period (n = 32, r = -0.5, p < 0.01).

In 

Impact of reservoirs on their downstream rivers

The comparison of water concentrations between upstream and downstream rivers during the filling and emptying periods revealed that water released from three reservoirs significantly changed downstream pCO2 and water quality (DOC, BDOC, DSi) (Figure 5-5).

During the filling period (almost without any release from the reservoirs), no significant difference was found for the water quality and pCO2 between the upstream and downstream rivers. However, the three reservoirs significantly changed downstream water quality and pCO2

Furthermore, the impacts of the reservoirs on the downstream rivers were quantified by comparing the annual fluxes of Chl-a, DOC, BDOC, and DSi in downstream river under the two situations, with and without reservoirs (see 5.2.3.2). Results showed that the Marne and Aube reservoirs increased respectively by 22% and 19% the annual DOC fluxes, and by 34% and 12% the annual BDOC fluxes, while the annual DSi fluxes in the downstream rivers was decreased by 35% and 31% (Table 5-1). Two reservoirs slightly increased the annual Chl-a flux (7%) in their downstream rivers. * Positive and negative values mean reservoir increase and decrease the annual flux of related water parameters in the downstream of Marne and Aube River, respectively. The conversion factor of Chl-a from μg L -1 to mg C L -1 is 0.035.

In addition to pCO2 and water quality, Marne and Aube reservoirs increased the downstream discharge by 20 m 3 s -1 and 10 m 3 s -1 during emptying period, respectively.

Similarly, k600 of the downstream rivers increase by 1.3 times during emptying period (July-November). 

Discussion

Temporal changes of water parameters in the reservoirs

The temporal changes of water quality in the three reservoirs were affected by the biogeochemical processes in the reservoirs and the upstream discharge during the filling period (December-June). The differences between observations of water variables (Chl-a, DSi, DOC, and BDOC) and their corresponding mixing values resulted from biogeochemical processes occurring in the reservoir (Figure 5-2, Figure 5-9, and Figure 5-10 in Annexes). In the three reservoirs, the observed Chl-a concentrations were much higher than their corresponding mixing values, demonstrating the development of phytoplankton during October-December in the reservoirs, which were favored by the weak limitations of light and nutrient exchanges from sediment when water levels were shallow [START_REF] Liu | Water-level fluctuations are key for phytoplankton taxonomic communities and functional groups in Poyang Lake[END_REF]. The gradual decline of Chl-a concentrations during December-March would dominantly result from the entering water containing much lower Chl-a concentrations, while other combined processes might not be excluded, e.g. phytoplankton primary production [START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF], mortality, sedimentation, as well as grazing by large Cladocerans and Copepods, which has been reported in previous studies [START_REF] Akopian | Zooplankton in an aquatic continuum: From the Marne River and its reservoir to the Seine Estuary[END_REF](Akopian et al., , 1999)). The grazing pressure of zooplankton would sustain low Chl-a concentrations in reservoir during March-October.

In addition to the mixing effect of the entering water, the dynamics of DOC, BDOC, and DSi revealed the multiple processes occurring in the reservoirs. First, the concentrations of DOC, BDOC, and DSi in reservoirs were mainly controlled by the water entering reservoirs during December-March, due to the close values between the observed concentrations and mixing values (Figure 5-2). However, the observed concentrations of DSi were much lower than their mixing values during April-June, with a continuous decline trend, suggesting the influences of the phytoplankton development in the reservoirs (mainly diatoms). In contrast, the increasing trends of DSi concentrations in reservoirs during October-December suggested the dissolution of diatom frustules, as reported in previous study [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF]Maavara et al., 2015a). Differing from DSi trends, the observed concentrations of DOC and BDOC were higher than their mixing values during April-June. Such gradual increasing trends indicate a production of DOC and BDOC, potentially attributed to the lysis of phytoplankton, sloppy feeding by zooplankton, and mineralization of organic matter. Overall, the temporal changes of Chl-a, DSi, DOC, and BDOC concentrations provided sufficient evidence for identifying the dynamics of phytoplankton in the reservoirs.

Hydrological-biogeochemical-meteorological effects on pCO2 dynamics

This study revealed that both hydrological and meteorological characteristics impact on pCO2 in the three studied rivers, as shown by previous studies [START_REF] Borges | Effects of agricultural land use on fluvial carbon dioxide, methane and nitrous oxide concentrations in a large European river, the Meuse (Belgium)[END_REF][START_REF] Butman | Significant efflux of carbon dioxide from streams and rivers in the United States[END_REF]Marescaux et al., 2018a). The three rivers were supersaturated in CO2 during all seasons, and thus act as CO2 sources to the atmosphere, as found around the globe [START_REF] Butman | Significant efflux of carbon dioxide from streams and rivers in the United States[END_REF][START_REF] Raymond | Global carbon dioxide emissions from inland waters[END_REF][START_REF] Regnier | Anthropogenic perturbation of the carbon fluxes from land to ocean[END_REF]. In this study, riverine pCO2 peaks generally occurred in June/July (Figure 5-4), and were probably due to the enhanced in situ respiration rate via the high water temperature [START_REF] Butman | Significant efflux of carbon dioxide from streams and rivers in the United States[END_REF][START_REF] Liu | Hydrological and geomorphological control on CO2 outgassing from low-gradient large rivers: An example of the Yangtze River system[END_REF]Marescaux et al., 2018a;[START_REF] Ran | Dynamics of riverine CO2 in the Yangtze River fluvial network and their implications for carbon evasion[END_REF]. Moreover, reservoirs have not yet started to release their water at this time period and the river flows were mostly driven by groundwater with high pCO2 concentrations [START_REF] Marescaux | Modeling inorganic carbon dynamics in the seine river continuum in France[END_REF]. Conversely, relatively low pCO2 in rivers were found during late autumn and early winter, when river water was more sustained by surface runoff than groundwater [START_REF] Macpherson | CO2 distribution in groundwater and the impact of groundwater extraction on the global C cycle[END_REF][START_REF] Marescaux | Modeling inorganic carbon dynamics in the seine river continuum in France[END_REF]. Such dynamic was reinforced by the seasonal changes in gas transfer velocity (k600), with higher values in winter supporting more outgassing, and in contrast less pCO2 evasion during summer (Figure 5. Reservoirs change downstream pCO2 and water quality 115 5-6). In addition, mismatches of pCO2 between upstream and downstream rivers were found, especially during the emptying period (July-November). These time periods exactly coincided with the time when water was released from the reservoirs increasing gas transfer exchanges (see also below), which further highlighted the potential importance of reservoir on the seasonal decrease of downstream pCO2. Also, short-term decrease in downstream pCO2 was observed during filling period in February and March (Figure 5-4). This can happen in rainy winters when the reservoir filling-emptying operation is used to buffer any possible flooding in downstream. Overall, our result revealed that during the emptying periods, reservoirs have a significant impact on downstream river pCO2 which superimposes on the effects of instream hydrological and biogeochemical processes.

For stagnant aquatic ecosystems, the dynamics of CO2 concentrations are generally regulated by the balances between photosynthesis, respiration, and gas exchange rate [START_REF] Cole | Persistence of net heterotrophy in lakes during nutrient addition and food web manipulations[END_REF][START_REF] Duarte | Prevalence of heterotrophy and atmospheric CO2 emissions from aquatic ecosystems[END_REF][START_REF] Gu | Low carbon dioxide partial pressure in a productive subtropical lake[END_REF][START_REF] Marcé | Tailoring dam structures to water quality predictions in new reservoir projects: Assisting decision-making using numerical modeling[END_REF]. DO saturation has been considered as the surrogate for surface lake net primary productivity [START_REF] Marcé | Carbonate weathering as a driver of CO2 supersaturation in lakes[END_REF], and revealed to some extent, the balance between photosynthesis and respiration. In the three reservoirs, DO saturation gradually increased from the early beginning of the year to early summer (Figure 5-3), corresponding to the general decline trends of pCO2 in reservoirs, which would support that increasing primary productivity consumed CO2 in these studied reservoirs.

The low and even undersaturated pCO2 (September-October) in the reservoirs probably resulted from the assimilation by primary producers (e.g., phytoplankton which sharply increased at this period, Figure 5-2b). In late autumn, high values of pCO2 in reservoirs were observed and were consistent with the undersaturated DO, increasing DSi, and decreasing BDOC concentrations (Figure 5-2, Figure 5-3, and Figure 5-4). All these variables typically revealed degradation of organic matter and biogenic dissolution. Therefore, the seasonal patterns of pCO2 in the studied rivers and reservoirs were regulated by hydrological, biogeochemical, and meteorological effects, and the seasonal dynamics of downstream pCO2 were also affected by the water released from the reservoirs.

CO2 fluxes in three reservoirs and up-and downstream rivers

The calculation of CO2 fluxes from surface water indicated that upstream and downstream rivers are relatively important CO2 sources to the atmosphere (1668 to 3000 mg CO2-C m -2 d -1 ), while the amount of CO2 emissions from the three reservoirs were more moderate, and matches the average CO2 fluxes in the temperate reservoirs at the global scale (from 105 to 316 mg CO2-C m -2 d -1 ) [START_REF] Barros | Carbon emission from hydroelectric reservoirs linked to reservoir age and latitude[END_REF][START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Hertwich | Addressing biogenic greenhouse gas emissions from hydropower in LCA[END_REF].

It should be emphasized that spatial variations of CO2 emissions from reservoirs have been reported in previous studies (e.g., [START_REF] Paranaíba | Spatially Resolved Measurements of CO2 and CH4 Concentration and Gas-Exchange Velocity Highly Influence Carbon-Emission Estimates of Reservoirs[END_REF][START_REF] Zhang | Spatial variations in CO2 fluxes in a subtropical coastal reservoir of Southeast China were related to urbanization and land-use types[END_REF], however, such spatial variations of CO2 emissions were not investigated here considering that these shallow reservoirs are only intermittently stratified and are homogeneous for a major part of their surface area [START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF], for the Marne Reservoir). Despite still preliminarily, the annual CO2 emissions from three reservoirs were for the first time, estimated at 4.2 Gg C yr -1 from seasonal variations of the emissions at a single station extrapolated to the whole reservoir areas. By comparison with the CO2 emissions from the Seine drainage network (364 Gg C yr - 1 ) [START_REF] Marescaux | Modeling inorganic carbon dynamics in the seine river continuum in France[END_REF], the reservoir CO2 emissions would account for about 1% of the contribution to the whole CO2 emissions from the Seine River, which would remain low with documented spatial emissions. Compared with reservoirs, their related rivers showed much higher CO2 fluxes to the atmosphere (Figure 5-4), and were similar to the recent global estimation of CO2 fluxes from streams and rivers at the global scale (2886 mg C m -2 d -1 ) (Li et al., 2021).

In addition to the CO2 saturation in water, one of the other important factors controlling CO2 exchange rates is the gas exchange coefficient, which was determined by k600 and the Schmidt number [START_REF] Drake | Terrestrial carbon inputs to inland waters: A current synthesis of estimates and uncertainty[END_REF][START_REF] Raymond | Global carbon dioxide emissions from inland waters[END_REF][START_REF] Raymond | Technical notes and comments: Gas exchange in rivers and estuaries: Choosing a gas transfer velocity[END_REF][START_REF] Wanninkhof | Relationship between wind speed and gas exchange over the ocean revisited[END_REF]. In rivers, despite of the other influencing factors, k600 is proportional to water flow velocity [START_REF] Alin | Physical controls on carbon dioxide transfer velocity and flux in low-gradient river systems and implications for regional carbon budgets[END_REF][START_REF] Raymond | Technical notes and comments: Gas exchange in rivers and estuaries: Choosing a gas transfer velocity[END_REF]. Therefore, wintertime k600 values were higher than those in summer in the upstream rivers, while increasing k600 values in downstream rivers were found due to the increase in water discharges during emptying period (Figure 56). In the present study, the seasonal variation of CO2 fluxes in the upstream rivers co-varied with k600 and pCO2, showing that both variables controlled CO2 fluxes. Interestingly, increasing k600 during emptying period was offset by the significantly decreased in pCO2, which resulted in an overall damped CO2 flux (Figure 5-4). In other words, pCO2, rather than k600, was the dominant driver of CO2 fluxes in the downstream rivers, which is also the case for the reservoirs. Therefore, the observed low pCO2 in downstream rivers during emptying period strengthened the impact of reservoir on downstream CO2 concentrations, and hence on the CO2 emission rates. Our results further highlight the necessity to include reservoir-based effects into consideration when evaluating CO2 emissions from rivers, especially in the context of a global increase in reservoir construction in the near future [START_REF] Zarfl | A global boom in hydropower dam construction[END_REF].

5. Reservoirs change downstream pCO2 and water quality

Overall impacts of the reservoirs on the downstream rivers

The result of this study revealed a variety of impacts on downstream rivers, including water discharges, water quality, pCO2, and gas transfer coefficient (Figure 5-5, Figure 5-6, and

Figure 5-8 in Annexes). Water quality (DOC, BDOC, and DSi) in upstream and downstream showed no significant difference during filling period (Figure 5-5), suggesting that the impact of other processes (e.g., lateral inputs, and internal biogeochemical processes) on water quality between upstream and downstream were not obvious. However, the three reservoirs significantly changed water quality in their downstream rivers during the emptying period (p < 0.01, Figure 5-5). Our results confirm that reservoirs are "hot spots" for nutrient retention, and thus affect nutrient concentrations in their downstream rivers, as is widely recognized (Garnier et al., 1998;1999, 2000;Maavara et al., 2020aMaavara et al., , 2020b[START_REF] Maavara | Global perturbation of organic carbon cycling by river damming[END_REF]Yan et al., 2021). This is because reservoirs usually show higher residence times than that in the rivers (Maavara et al., 2020b), and provide favorable conditions for multiple biogeochemical processes, such as nutrient uptake and release induced by photosynthesis and respiration [START_REF] Akbarzadeh | Effects of Damming on River Nitrogen Fluxes: A Global Analysis[END_REF][START_REF] Frings | Lack of steady-state in the global biogeochemical Si cycle: Emerging evidence from lake Si sequestration[END_REF][START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF]2000;[START_REF] Humborg | Changes in dissolved silicate loads to the Baltic Sea -The effects of lakes and reservoirs[END_REF], which are responsible for water quality changes. The coupling of biogeochemical processes and water management strategy of reservoirs (emptying from July to November, when the DSi concentrations were relatively low, while DOC and BDOC levels were high) plays the key role in affecting the water quality of downstream rivers.

In addition to nutrient concentrations, our results revealed that the reservoirs lowered downstream pCO2 and such a finding is different from previous studies that have indicated that the water leaving deep and strongly stratified reservoirs from the bottom, might contain high concentrations of CO2, leading to significant downstream emissions of CO2 [START_REF] Abril | Carbon dioxide and methane emissions and the carbon budget of a 10-year old tropical reservoir (Petit Saut, French Guiana)[END_REF]Calamita et al., 2021;Winton et al., 2019). Interestingly, we indeed found that pCO2 in the outflow at the bottom of Aube Reservoir, though being higher than that in the surface water, was still lower than that in the upstream river waters (Table 5-3). This is probably because the three reservoirs in our study were relative shallow (10-15 m at the deepest), leading to limited stratification in summer for a rather short period and thus well-mixed for most of the time [START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF]. Therefore, the importance of downstream emission patterns in the three reservoirs differed from the behaviour of deep and stratified one. Overall, our results enrich current knowledge on biogeochemical impacts of reservoirs on downstream rivers, especially in terms of CO2 concentrations, besides of other water quality variables in the downstream rivers.

Conclusion

In this study, we evaluated the impacts of the three reservoirs (Marne, Aube, and Seine) in the Seine Basin on their downstream rivers based on the monthly field measurements during the period from 04/2019 to 11/2020. The temporal changes of the concentrations of Chl-a, DSi, DOC, BDOC, and pCO2 in reservoirs resulted from combined effects of entering waters and reservoir biogeochemical processes. We indeed found that the reservoirs significantly changed downstream water quality during the emptying period, i.e., lowering pCO2 in addition to DSi concentrations (by 33%), and increasing DOC (by 20%) and BDOC (by 23%) concentrations.

In addition, the reservoirs changed the water discharges and increased gas transfer coefficient by 1.3 times of downstream rivers. The current study fills thus an important gap in the understanding of the functioning of the three reservoirs and their impacts on the downstream rivers during the emptying period. In terms of the CO2 emissions from the surface water, these three reservoirs were moderate sources of CO2, with the average emission rates ranging from 95 to 174 mg CO2-C m -2 d -1 , while the rivers were important CO2 sources, with the average emission rates ranging from 1668 to 3000 CO2-C m -2 d -1 . CO2 fluxes in the upstream rivers were regulated by both the k600 and pCO2, while they were dominantly driven by the pCO2 from the reservoirs in the downstream rivers. Overall, our results emphasize that integrating hydrological and biogeochemical functioning of reservoirs in the riverine drainage network could provide new insights into the biogeochemical impacts of reservoirs on their downstream rivers.

5. Reservoirs change downstream pCO2 and water quality In order to quantifying the impact of reservoir on the annual fluxes of DOC, BDOC, and DSi in downstream rivers in two situations (see 5.2.3.2), the discharges in downstream rivers of Marne and Aube in the hypothetical situation (without reservoir) were revised as follows:

Annexes

Qrevised = Qoriginal + Qin -Qout
where Qin and Qout indicate water entering and leaving reservoirs (m 3 s -1 ), respectively.

Qrevised and Qoriginal represent the revised water discharges (without reservoir) and the observed one (with reservoir) in the downstream rivers (m 3 s -1 ), respectively. The pCO2 in the surface water of Temple Lake and the release canal of the Aube reservoir were measured during the emptying period. Although the sampling site in the release canal was just after the outlet with strong mixing and degassing, pCO2 levels in the release canal were higher than those in the surface water, but lower than that in the upstream river. 6. Unravelling nutrient fate and CO 2 dynamics in the reservoirs of the Seine Basin using a modelling approach 5

Introduction

Inland water ecosystems (lake, river, reservoir, and ponds) have been characterized as active sites for nutrient biogeochemical cycles, including carbon (C), nitrogen (N), phosphorus (P), and silica (Si) [START_REF] Bastviken | Freshwater methane emissions offset the continental carbon sink[END_REF][START_REF] Cole | Plumbing the global carbon cycle: Integrating inland waters into the terrestrial carbon budget[END_REF][START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF]Maavara et al., 2020b;[START_REF] Tranvik | Lakes and reservoirs as regulators of carbon cycling and climate[END_REF][START_REF] Van Cappellen | Rivers in the Anthropocene: Global scale modifications of riverine nutrient fluxes by damming[END_REF]. Anthropogenic activities may affect nutrient biogeochemical cycles in aquatic ecosystems in several ways, for example, through the increase of nutrient loads to inland waters due to intensive agricultural fertilization and domestic wastewater discharge (e.g., [START_REF] Bouwman | Nutrient dynamics, transfer and retention along the aquatic continuum from land to ocean: Towards integration of ecological and biogeochemical models[END_REF][START_REF] Garnier | Ecological Functioning of the Seine River: From Long-Term Modelling Approaches to High-Frequency Data Analysis[END_REF], and through disturbances along the aquatic continuum [START_REF] Ford | Disrupting biogeochemical cycles -Consequences of damming[END_REF]Maavara et al., 2020b;[START_REF] Van Cappellen | Rivers in the Anthropocene: Global scale modifications of riverine nutrient fluxes by damming[END_REF]. The construction of reservoirs represents a significant human disturbance to the integrity of inland water ecosystems, and its impact on the nutrient biogeochemical cycles has led to substantial interest in reservoir biogeochemical research in recent years (Maavara et al., 2020b;Wang et al., 2018), especially its role in greenhouse gas (GHG) emission and nutrient retention [START_REF] Akbarzadeh | Effects of Damming on River Nitrogen Fluxes: A Global Analysis[END_REF][START_REF] Chen | Hydropower reservoirs on the upper Mekong River modify nutrient bioavailability downstream[END_REF][START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF]Maavara et al., 2020bMaavara et al., , 2020a)).

Reservoirs are usually built by damming a river, significantly altering hydrological conditions, transforming a lotic ecosystem into a lentic ecosystem [START_REF] Schmutz | Dams: Ecological Impacts and Management[END_REF], impeding the natural flow of water and the associated nutrients (e.g., C, N, P, and Si), and acting as the in-stream reactors (Maavara et al., 2020b). Typically, reservoirs increase the water residence time and sedimentation rate, and thus decrease turbidity, providing favorable conditions for promoting primary productivity and enhancing nutrient biogeochemical cycling [START_REF] Van Cappellen | Rivers in the Anthropocene: Global scale modifications of riverine nutrient fluxes by damming[END_REF]. Reservoirs have a strong capacity for nutrient retention/elimination through sedimentary burial (e.g., particulate organic carbon and adsorbed P in suspended solids) and gaseous elimination (e.g., GHG and dinitrogen: N2) (see [START_REF] Beaulieu | Controls on nitrous oxide production and consumption in reservoirs of the Ohio River Basin[END_REF][START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF]Maavara et al., 2015;[START_REF] Mendonca | Organic carbon burial efficiency in a subtropical hydroelectric reservoir[END_REF]. Previous studies have evaluated the importance of reservoirs for nutrient retention at the global scale, suggesting that reservoirs eliminated 13%, 7%, 12%, and 5%, respectively, of the loading of C, N, P, and Si to the global river network in 2000 [START_REF] Akbarzadeh | Effects of Damming on River Nitrogen Fluxes: A Global Analysis[END_REF][START_REF] Maavara | Global perturbation of organic carbon cycling by river damming[END_REF]Maavara et al., , 2015b[START_REF] Maavara | Worldwide retention of nutrient silicon by river damming: From sparse data set to global estimate[END_REF]. The transformations of C and N in reservoirs lead to gaseous GHG emissions (including methane [CH4], carbon dioxide [CO2], and nitrous oxide [N2O]), a subject of much concern [START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Harrison | Year-2020 Global Distribution and Pathways of Reservoir Methane and Carbon Dioxide Emissions According to the Greenhouse Gas From Reservoirs (Gres) Model[END_REF]. CO2 is one of the most important GHGs, representing 18%-30% of annual GHG emissions (in CO2 equivalent) from global reservoirs [START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Harrison | Year-2020 Global Distribution and Pathways of Reservoir Methane and Carbon Dioxide Emissions According to the Greenhouse Gas From Reservoirs (Gres) Model[END_REF]Yan et al., 2021a). The processes responsible for nutrient sedimentary burial and gaseous elimination within the reservoir are impacted by a variety of factors, such as anthropogenic nutrient loading, and hence trophic states, as well as hydrological management strategies [START_REF] Almeida | High primary production contrasts with intense carbon emission in a eutrophic tropical reservoir[END_REF][START_REF] Beaulieu | Eutrophication will increase methane emissions from lakes and impoundments during the 21st century[END_REF][START_REF] He | Hydrological management constraints on the chemistry of dissolved organic matter in the Three Gorges Reservoir[END_REF][START_REF] Huo | Algae community response to climate change and nutrient loading recorded by sedimentary phytoplankton pigments in the Changtan Reservoir[END_REF][START_REF] Nwankwegu | Nutrient addition bioassay and phytoplankton community structure monitored during autumn in Xiangxi Bay of Three Gorges Reservoir, China[END_REF][START_REF] Pu | Varying thermal structure controls the dynamics of CO2 emissions from a subtropical reservoir, south China[END_REF]. Overall, the impacts of reservoirs on nutrient biogeochemical cycles are complex and manifold [START_REF] Van Cappellen | Rivers in the Anthropocene: Global scale modifications of riverine nutrient fluxes by damming[END_REF].

In the past few decades, numerous case studies have been conducted focusing on CO2 dynamics and nutrient retention in reservoirs (e.g., [START_REF] Burford | Sources and fate of nutrients in a subtropical reservoir[END_REF][START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF][START_REF] Kosten | Extreme drought boosts CO2 and CH4 emissions from reservoir drawdown areas[END_REF]Maavara et al., 2015a;[START_REF] Soued | The carbon footprint of a Malaysian tropical reservoir: measured versus modelled estimates highlight the underestimated key role of downstream processes[END_REF]Wang et al., 2021;[START_REF] Yang | Impoundment-induced nitrogen-phosphorus imbalance in cascade reservoirs alleviated by input of anthropogenic nutrients[END_REF]. Photosynthesis assimilates CO2 and dissolved nutrients (N, P, and Si) into organic matter, which is further used in the ecosystem metabolism induced by multiple biogeochemical processes. The dynamics of CO2 and nutrients in reservoirs are indeed closely linked through multiple mineralization processes (e.g., aerobic respiration that produces CO2, Si dissolution, denitrification that consumes nitrate and organic matter and produces N2O, N2, and CO2).

Overall, photosynthesis and respiration are the two biogeochemical processes that regulate CO2 dynamics in aquatic ecosystems [START_REF] Vachon | Paired O2 -CO2 measurements provide emergent insights into aquatic ecosystem function[END_REF]. Biogeochemical processes are amplified in stagnant systems due to their residence time being longer than for lotic systems. All these processes that strongly interact with CO2 and nutrient dynamics, however, remain difficult to understand through in situ measurements [START_REF] Kong | High frequency data provide new insights into evaluating and modeling nitrogen retention in reservoirs[END_REF].

Process-based biogeochemical models have been well developed to simulate the water quality variables (e.g., water temperature and nutrient budgets) in inland aquatic ecosystems [START_REF] Mooij | Challenges and opportunities for integrating lake ecosystem modelling approaches[END_REF]. There are a number of well-established aquatic ecosystem models simulating water quality that have been applied to reservoirs including the CE-QUAL-W2 (e.g., [START_REF] Lindenschmidt | CE-QUAL-W2 model of dam outflow elevation impact on temperature, dissolved oxygen and nutrients in a reservoir[END_REF][START_REF] Sadeghian | Improving in-lake water quality modeling using variable chlorophyll a/algal biomass ratios[END_REF], EFDC (e.g., [START_REF] Tong | Lake warming intensifies the seasonal pattern of internal nutrient cycling in the eutrophic lake and potential impacts on algal blooms[END_REF], and Delft3D models (e.g., [START_REF] Chen | Interaction between carbon dioxide emissions and eutrophication in a drinking water reservoir: A three-dimensional ecological modeling approach[END_REF]. In addition, some other models were specifically designed for stagnant systems and for simulating the dynamics of water quality variables in reservoirs, such as the PCLake [START_REF] Kong | High frequency data provide new insights into evaluating and modeling nitrogen retention in reservoirs[END_REF], BarMan [START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF][START_REF] Thieu | Applicatif BARMAN Notice d'utilisation-Juillet 2006[END_REF], DyLEM-1D [START_REF] Bonnet | DyLEM-1D: a 1D physical and biochemical model for planktonic succession, nutrients and dissolved oxygen cycling: Application to a hyper-eutrophic reservoir[END_REF], and GLM models [START_REF] Weber | Optimizing withdrawal from drinking water reservoirs to reduce downstream temperature pollution and reservoir hypoxia[END_REF][START_REF] Winton | Anthropogenic influences on Zambian water quality: hydropower and land-use change[END_REF]. To the best of our knowledge, there is no study to date assessing both nutrient fate and CO2 dynamics in reservoirs using process-based biogeochemical models. As mentioned previously, the dynamics of CO2 and nutrients are co-impacted by the biogeochemical processes occurring 6. Unravelling nutrient fates and CO2 dynamics in the reservoirs in the reservoirs; therefore, we argue that models that take into account both nutrient fate and CO2 dynamics can provide new insights into the biogeochemical functioning of reservoirs.

To address these questions, we focused on investigating the applicability of an existing process-based biogeochemical model for simulating nutrient fate and CO2 dynamics in the main reservoirs of the Seine Basin (France). The nutrient budgets in these reservoirs have been explored by in situ measurements, mass balance methods [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF][START_REF] Yan | Reservoirs change pCO2 and water quality of downstream rivers: Evidence from three reservoirs in the Seine Basin[END_REF]Yan et al., , 2021b)), and an initial modeling approach [START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF][START_REF] Thieu | Applicatif BARMAN Notice d'utilisation-Juillet 2006[END_REF]). Here, we applied the BarMan model, which newly contains an inorganic carbon module based on a previous study [START_REF] Marescaux | Modeling inorganic carbon dynamics in the seine river continuum in France[END_REF]. The specific goals of present study are as follows: (1) to evaluate the performance of the BarMan model in simulating nutrient and CO2 dynamics in the reservoirs; (2) to quantify the nutrient fate and related biogeochemical processes; (3) to discuss the impact of potential scenarios, including trophic states, hydrological management strategies, and morphological characteristics, on the ecological functions of these reservoirs; and (4) to provide new insights and implications for the downstream targeted nutrient management in reservoirs.

Material and methods

The Marne, Aube, and Seine reservoirs

The three main reservoirs (Marne, Aube, and Seine) are located upstream of the Seine Basin, with a maximum surface area of 48 km 2 , 23 km 2 , and 23 km 2 , respectively (see Annexes, Figure 6-9); they are managed by the public Institution Seine Grand Lac (SGL, https://www.seinegrandslacs.fr/). These reservoirs are diverted from their upstream rivers and linked to downstream rivers through artificial canals. The Aube Reservoir contains two distinct lakes, Lake Amance and Lake Temple, and we simulated the water quality changes in these two lakes. The two main hydrological functions of these reservoirs are to prevent downstream flooding during winter and spring, and to support downstream low water flow in summer and autumn. The annual hydrological cycle (from December to November of the following year) of these three reservoirs is characterized by two periods: the filling period (water flows into the reservoirs, from December to June of the following year) and the emptying period (water flows out of the reservoirs, from July to November). In addition to the hydrological characteristics, the three reservoirs also display similar dynamics in water quality (see [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF][START_REF] Yan | Reservoirs change pCO2 and water quality of downstream rivers: Evidence from three reservoirs in the Seine Basin[END_REF]Yan et al., , 2021b)).

The BarMan model

The BarMan model was applied to the Marne Reservoir during 1993-1995 with a simplified representation of the hydraulic conditions of the reservoir, considered as a perfectly mixed biogeochemical reactor [START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF] and coupled with a detailed process-based biogeochemical model (the RIVE model, [START_REF] Billen | Modelling phytoplankton development in whole drainage networks : the Riverstrahler model applied to the Seine river system[END_REF][START_REF] Garnier | Modelling the transfer and retention of nutrients in the drainage network of the Danube river[END_REF].

Additional developments have introduced a simplified representation of the reservoir's morphology (as idealized parabolic or spherical shapes), and the possibility to simulate the average depth of the reservoir according to the management of the water volumes at each time step [START_REF] Thieu | Applicatif BARMAN Notice d'utilisation-Juillet 2006[END_REF]. Recently recoded in Python, both the RIVE (https://gitlab.in2p3.fr/rive/pyrive) and BarMan (https://gitlab.in2p3.fr/rive/BarMan) models have been published under the GNU general public license. The current version of the BarMan model has embedded the latest version of the RIVE code (pyRive, v3.2), including the calculations of the biogeochemical processes and nutrient exchanges at the water-sediment interface by a simplified algorithm method [START_REF] Billen | A simplified algorithm for calculating benthic nutrient fluxes in river systems[END_REF], and the inorganic carbon module was implemented to simulate CO2 dynamics in rivers [START_REF] Marescaux | Modeling inorganic carbon dynamics in the seine river continuum in France[END_REF]. Detailed description of BarMan, including morphological characteristics (Table 6-3 andFigure where TAt-1 and DICt-1 are the values of TA and DIC in the previous time step (t-1), and TAinput (μmol L -1 ) and DICinput (mg C L -1 ) are the TA and DIC inputs from upstream rivers, respectively. In the RIVE model, respBact, respZoo, and respBent represent the respiration of bacteria, zooplankton, and benthic respiration (mg C L -1 h -1 ), respectively; denit and nitr['AOB'] are, respectively, the denitrification and nitrification (by ammonia-oxidizing bacteria [AOB], mg N L -1 h -1 ); uptPhyN is the nitrogen uptake by phytoplankton (mg N L -1 h - 1 ), consisting of nitrate (uptPhyNO3 -, mg N L -1 h -1 ) and ammonium (uptPhyNH4 + , mg N L -1 h - 1 ); uptPhyC is the inorganic carbon uptake by phytoplankton (mg C L -1 h -1 ); 𝐹 𝐶𝑂 2 (mg C m -2 h - 1 ) is the CO2 flux at the water-air interface (refer to [START_REF] Yan | Reservoirs change pCO2 and water quality of downstream rivers: Evidence from three reservoirs in the Seine Basin[END_REF]; depth is the mean water depth of the reservoir (m); dilu represents the mixing effect caused by water entering the reservoir (h -1 ); CaPrecip is the CaCO3 precipitation/dissolution rate, which was reflected by the obvious seasonal dynamics of Ca 2+ concentrations in the three reservoirs (see Text S2 in Annexes).

Once TA and DIC are calculated, the H + concentration (hydrogen ion) can be calculated based on TA and DIC, and CO2 can be derived from H + and TA/DIC [START_REF] Stumm | Aquatic chemistry: chemical equilibria and rates in natural waters[END_REF]. The calculation procedures of H + and CO2 are presented in Text S3 (in Annexes).

Data collection and model evaluation

The quantity and quality of water flowing into the reservoir are the main boundary conditions of the BarMan model. The daily dynamics of volume and mean depth of the reservoir were calculated according to the idealized morphology and the water discharge flowing into and out of the reservoir, provided by the SGL. The main water quality variables include DO (dissolved oxygen, mg O2 L -1 ), NH4 + (ammonium, mg N L -1 ), NO2 -(nitrite, mg N L -1 ), NO3 - (nitrate, mg N L -1 ), DSi (dissolved silica, mg Si L -1 ), SPM (suspended particulate matter, mg L - 1 ), PO4 3-(orthophosphate, mg P L -1 ), TIP (total inorganic phosphorus, mg P L -1 ), TA (total alkalinity, μmol L -1 ), and DIC (dissolved inorganic carbon, mg C L -1 ). Interpolation methods were applied to derive the input data at the daily time step. The WRTDS (weighted regressions on time, discharge, and season) method was used for water quality variables, including NO3 -, DSi, SPM, and PO4 3-(e.g., [START_REF] Hirsch | Weighted Regressions on Time, Discharge, and Season (WRTDS), with an Application to Chesapeake Bay River Inputs[END_REF][START_REF] Zhang | Watershed export of fine sediment, organic carbon, and chlorophyll-a to Chesapeake Bay: Spatial and temporal patterns in 1984-2016[END_REF], which are presented in Figure 6-13 in Annexes. A simple linear interpolation method was used for other water variables (Table 6-1). DIC was calculated from water temperature, pH, and TA using CO2SYS [START_REF] Pierrot | Greenhouse Gas Emissions from Freshwater Reservoirs: What Does the Atmosphere See?[END_REF].

Constant value of 54.1 mg C L -1

The RMSE (root mean square error) and bias were used to evaluate the performance of the BarMan model: RMSE = √∑ (𝑜𝑏𝑠 𝑖 -𝑠𝑖𝑚 𝑖 ) 2 /𝑛 𝑛 𝑖=1 [5] Bias = ∑ (𝑜𝑏𝑠 𝑖 -𝑠𝑖𝑚 𝑖 )/ ∑ 𝑜𝑏𝑠 𝑖 𝑛 𝑖=1 𝑛 𝑖=1 [6] where n is the number of observations and obs and sim are the observed and simulated concentrations, respectively.

Scenario setup

Three distinct scenarios, including respectively different TIP concentrations, hydrological management strategy alterations, and changes in morphological characteristics, that potentially affect the biogeochemical processes and functions of the reservoirs were analyzed. Here, we take the Marne Reservoir as an example. In terms of different trophic states, nine constant boundary concentrations of TIP in the incoming river flow (1,5,10,12,15,20,25,50, 100 μg P L -1 ) were set to represent different trophic states of the reservoir (the current TIP concentration in the incoming river was approximately 20 μg P L -1 ), and no change was made to other boundary conditions. For the alterations in the hydrological management strategy, the start of the emptying period was advanced (from June) or delayed (from August) for 1 month based on the reference situation (from July to November); the water flow from the reservoir in the two aforementioned hydrological scenarios was then evenly distributed over the subsequent emptying periods to preserve the water balance in the reservoir. To assess the impact of a change in the morphological characteristics of the reservoir, theoretical shapes were created on the basis of the initial calibration of the reservoir morphology (Text S1) and using maximum depth (Dmax) and surface area (Smax) parameters to estimate the daily variation in the mean depth and volume of the Marne Reservoir. Thus, two idealized shapes, enabling the same management of water volumes, were assumed: a larger and shallower reservoir (Dmax is 9 m and Smax is 100 km 2 ) and a smaller but deeper reservoir (Dmax is 25 m and Smax is 33 km 2 ). The impacts of both scenarios on the ecosystem metabolism (primary production and respiration) and nutrient retentions (NO3 -and DSi) were explored.

Results

Model performance

Validation of the dynamics in water quality variables

Because the dynamics of the water quality variables were similar in the three reservoirs, we present here the Marne Reservoir as an example (Figure 6-1) and and the results of the other two reservoirs are presented in Annexes . Overall, despite some discrepancies between observations and simulations, the simulation results reproduce well the observations of key water variables in the three reservoirs during 2019-2020. The RMSE and bias, which indicate the deviation and the over-/underestimations between observations and simulations in the three reservoirs, respectively, show values well in the range, except for the high values of PO4 3-and NH4 + concentrations (Table 6-2 (RMSE) and bias for Chl-a (chlorophyll a, mg C L - 1 ), nitrate (NO3 -, mg N L -1 ), PO4 3-(orthophosphates, mg P L -1 ), DO (dissolved oxygen, mg O2 L -1 ), DSi (dissolved silica, mg Si L -1 ), NH4 + (ammonium, mg N L -1 ), TA (total alkalinity, μmol L -1 ), pH (-), DIC (dissolved inorganic carbon, mg C L -1 ), and CO2 (carbon dioxide, mg C L -1 ). n = number of data for the calculations. Primary production and respiration rates showed synchronized variations in the three reservoirs, gradually increasing from January to July, while decreasing from July to December (Figure 6-3 for Marne Reservoirs; the others refer to Figure 6-18 in Annexes). The highest rates of primary production (i.e., phytoplankton uptake) were found during June-July, from 23 tons C d -1 in Aube-Amance to 115 tons C d -1 in Marne, which is the largest reservoir with twice the surface area of the former reservoirs. The highest respiration rates were very close to the phytoplankton uptake rates. In terms of the NEP (net ecosystem primary production, i.e., photosynthesis minus respiration), the three reservoirs were generally autotrophic ecosystems, with average NEP values from 0.16 to 0.79 tons C d -1 (ranging from 57 [Aube-Temple] to 288

[Marne] tons C yr -1 during one annual hydrological cycle). In the model, respiration represents 6. Unravelling nutrient fates and CO2 dynamics in the reservoirs 137 the sum of bacteria (respBact), zooplankton (respZoo), and benthic respiration (respBent). The results revealed that respBact and respBent were the dominant components of total respiration, while respZoo made only a small contribution to this total in the three reservoirs. Indeed, respBact represented more than 75% of the total respiration during March-October, which corresponded to the period with high primary production, and a high respBent rate was found during November-February (of the following year) in the three reservoirs. 6. Unravelling nutrient fates and CO2 dynamics in the reservoirs

Nutrient budgets during one hydrological cycle

In the three reservoirs, the N budgets (including NO3 -and NH4 + ), P (TIP), Si (DSi and BSi), and C (including total organic carbon and inorganic carbon) during one annual hydrological cycle were calculated according to the multiple processes considered by the BarMan model. Here, we show schematic diagrams of nutrient transformation and transport in the example of the Marne Reservoir (Figure 6-5); details on the nutrient fate of the three reservoirs are provided in Table 6-5 (in Annexes). All three reservoirs affected a high NO3 - retention, ranging from 36% (Aube-Amance) to 51% (Marne). The intensity of phytoplankton uptake (71-312 tons N yr -1 ) and benthic denitrification (178-1102 tons N yr -1 ) in NO3 -removal is clearly illustrated in Figure 6-5 and Table 6-5 (in Annexes). Ammonification (459-1789 tons N yr -1 ) and phytoplankton uptake (520-2048 tons N yr -1 ) were the main processes driving NH4 + transformations compared with NH4 + oxidation (48-213 tons N yr -1 ) and benthic flux (80-349 tons N yr -1 ). The three reservoirs showed high retention of DSi ranging from 49% (Aube-Temple) to 69% (Marne), and phytoplankton uptake (172-940 tons Si yr -1 ) was the dominant process responsible for the DSi removal, sinking as BSi with diatom biomass, the three reservoirs also showed high BSi retention rates ranging from 38% (Aube-Temple) to 89% (Marne). In addition, 64%-79% of TIP was retained in the three reservoirs, with phytoplankton uptake of PO4 3-being the dominant process retaining TIP in these reservoirs: from 98 (Aube-Temple) to 391 (Marne) tons P yr -1 . In terms of DIC, the three reservoirs showed retention rates ranging from 25% (Aube-Amance) to 65% (Aube-Temple). The CaCO3 precipitation (913-4875 tons C yr -1 ) and CO2 emission (859-5773 tons C yr -1 ) were the most significant processes for DIC removal in the water column. Additionally, the annual net burial of TOC (total organic carbon) in sediments of the three reservoirs ranged from 61 (Aube-Temple) to 458 (Marne) tons C yr -1 . 6-5).

Scenario analysis in Marne Reservoir

In order to understand the response of reservoir biogeochemical functions to external changes, three scenarios (different trophic state, hydrological management strategies, and morphological characteristics) were explored taking the Marne Reservoir as an example.

Assessing the impact of different trophic states

Primary production, respiration, and NEP all increased with TIP concentration in the inflowing river water, and their increasing rates were higher according to the range of TIP concentrations of 1-50 μg P L -1 . The gradual increases of NEP also indicated an increased autotrophy with increasing TIP concentrations (Figure 6-6a). In addition, the trophic state of the reservoir significantly impacted the retention of NO3 -and DSi. The retention rate of NO3 - showed an increase from 38% (1 μg P L -1 ) to 63% (100 μg P L -1 ), but the NO3 -retention rates were the highest (from 38% to 51%) in the lower range of the TIP concentrations explored (1--25 μg P L -1 ) (Figure 6-6b). The retention rate of DSi was greater in response to the increasing TIP concentrations of 1-25 μg P L -1 (from 29% to 68%), with a slight decrease from 70% to 54% as the TIP loads continued to increase from 50 to 100 μg P L -1 (Figure 6-6b). 

Changes in hydrological management strategies

Without significantly affecting the primary function of the Marne Reservoir (i.e., to prevent flooding and support water flow), the changes in hydrological management strategies involve advancing or delaying for 1 month the emptying period in the reservoir (Figure 67).

Compared with the reference scenario, primary production and respiration showed similar patterns with values, respectively, of only 1.6% and 1.7% higher in the delayed hydrological scenario and of -3.8% and -3.9%, i.e., lower, in the advanced scenario (Figure 6-7b, c).

Regarding retention rate, those of NO3 -decreased only slightly by 2% (Advanced) and increased by 1% (Delayed) (Figure 6-7d). Similarly, the DSi retention did not change (Delayed)

or did so by only -2% (Advanced) (Figure 6-7e). Overall, the ecosystem metabolism and nutrient retentions did not change significantly under these possible modifications of the hydrological management strategies for the Marne Reservoir. 

Different morphological characteristics in Marne Reservoir

Changes in morphological parameters (maximum depth and maximum surface) that were used to define the idealized spherical shape of the reservoir logically had strong impacts on the mean depths of the water column calculated daily according to hydrological conditions (Figure 678). The ecosystem metabolism changed only slightly. Compared with the reference situation, primary production and respiration decreased, respectively, by 5.8 and 5.6% for the large-shallow scenario; similarly, lower percentages of both primary production and respiration were obtained for the small-deep scenario (-8% and -8.3%, respectively) relative to the reference (Figure 6-8b, c). For the nutrient retention rates, the large-shallow reservoir showed an increased NO3 -retention rate (from 51% -Ref.

-to 53%) and a decreased rate (from 51 -Ref.

to 47%) for the small-deep scenario (Figure 6-8d). However, the low DSi retention rate was significantly lowered in the large-shallow reservoir (from 69% -Ref.-to 38%), while it only increased marginally (from 69% -Ref.

-to 73%) for the small-deep reservoir (Figure 6-8e). In addition, we further found that the benthic denitrification (1140 tons N yr -1 ) and benthic flux of DSi (390 tons Si yr -1 ) in the large-shallow reservoir were 1.12 and 1.64 times higher than the small-deep reservoir, respectively (Figure 6-22 in Annexes). Although primary production in the large-shallow scenario was slightly higher than in the small-deep scenario, the DSi assimilation was, nevertheless, 1.2 times lower than in the latter. In the three reservoirs, the peak value of Chl-a was generally observed during the end of the emptying period when water levels are relatively low, which may enhance the nutrient exchange from the sediment to the water column, increase light availability, and thereby stimulate the development of phytoplankton in reservoirs (see [START_REF] Yan | Reservoirs change pCO2 and water quality of downstream rivers: Evidence from three reservoirs in the Seine Basin[END_REF]. For NO3 -concentrations, the lowest values were also observed with low water depth, which were not fully captured by the model. A possible explanation is that the resuspension process that increases SPM concentrations in the water column when water levels are low was not considered in the model, while the concentration of SPM has been shown to significantly influence the denitrification process in aquatic ecosystems (e.g., [START_REF] Jia | Effect of particle size and composition of suspended sediment on denitrification in river water[END_REF][START_REF] Xia | Enhanced nitrogen loss from rivers through coupled nitrification-denitrification caused by suspended sediment[END_REF]. Moreover, although stratification could occasionally occur during summer when temperature and water level were high in these reservoirs, the zero-dimension BarMan model in fact does not consider such stratification but assumes that the three reservoirs are well-mixed systems. The model, which needs fewer input data and less running time than multi-dimension models (e.g., Delft3D and CE-QUAL-W2 models), fails to reproduce possible low oxygen concentrations in bottom waters, suitable for denitrification processes. Nevertheless, the BarMan model captured fairly well the dynamics of NO3 -and other variables (e.g., nutrients) in the water column, which shows its usefulness in simulating biogeochemical processes in these reservoirs.

For the simulation of CO2 dynamics, the gas transfer coefficient (k600) that was calculated based on wind speed plays an important role in the CO2 dynamics of the three reservoirs (e.g., in Marne Reservoir, Figure 6-23 in Annexes). In this study, the daily wind speed was not available, and we used monthly average wind speed in a single location and selected a k600 constant value of 0.08 m h -1 (median value calculated from six different methods, see Text S5 in Annexes). Given the importance of gas transfer velocity (k) for modeling the CO2 dynamics, we believe that the high-resolution measurement of k is needed in future studies.

Additionally, we have only estimated the precipitation and dissolution rates of CaCO3 (see Text S4 in Annexes) based on seven dates in the three reservoirs during 2020. Despite the satisfactory simulation results of TA and DIC found in the Marne, Seine, and Aube (Lake Temple) reservoirs, specific research efforts are still required focusing on the precipitation and dissolution rates of CaCO3 in these reservoirs with a more process-based approach.

Nutrients in reservoirs: budgets and transformations

Nutrient budgets in the three reservoirs were estimated using a mass balance method based on the uneven temporal frequency measurements (bimonthly, monthly, and seasonal) during 1993-1995 [START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF]) and 1998-2018(Yan et al., 2021b), which indicated that reservoirs play an important role in nutrient retention, whatever the measurement strategy.

In this study, the biogeochemical processes responsible for the nutrient transformations were analyzed with the BarMan model, and the nutrient retention rates were thus calculated based on simulations at a daily time step. Our results are consistent with previous findings, demonstrating that reservoirs exhibit a strong capacity for retention of C and nutrients (N, P, Si) [START_REF] Akbarzadeh | Effects of Damming on River Nitrogen Fluxes: A Global Analysis[END_REF][START_REF] Maavara | Global perturbation of organic carbon cycling by river damming[END_REF]Maavara et al., , 2015b[START_REF] Maavara | Worldwide retention of nutrient silicon by river damming: From sparse data set to global estimate[END_REF][START_REF] Mendonça | Organic carbon burial in global lakes and reservoirs[END_REF], and they are also close to our previous long-term assessments using monthly or seasonal measurements during 1998-2018 (Yan et al., 2021b). Uneven and low-frequency measurements may not capture the seasonal patterns of nutrient concentrations in water, and thereby lead to uncertainty in evaluating the nutrient budget [START_REF] Kong | High frequency data provide new insights into evaluating and modeling nitrogen retention in reservoirs[END_REF]. However, the different data series gathered from these reservoirs showed similar retention rates. High-frequency measurements are well adapted for NEP determination, but probe availability for establishing the nutrient budgets of interest is still limited, and the maintenance of probes for frequent or continuous measurements is costly. Although several statistical models have been used for nutrient retention rates in lakes and reservoirs, including N [START_REF] Alexander | Estimating the sources and transport of nutrients in the Waikato River Basin, New Zealand[END_REF][START_REF] Harrison | The regional and global significance of nitrogen removal in lakes and reservoirs[END_REF][START_REF] Seitzinger | Nitrogen retention in rivers: model development and application to watersheds in the northeastern U[END_REF] and Si [START_REF] Maavara | Worldwide retention of nutrient silicon by river damming: From sparse data set to global estimate[END_REF], the underlying mechanisms could not be fully described. Based on the process-based BarMan model, we could explicitly unravel the fate of nutrients and the importance of both physical and biogeochemical processes in the three reservoirs (see 6.3.2.3).

Therefore, our results should provide a highly valuable reference for the management of water quality in reservoirs, in order to ultimately minimize the impact of the reservoirs on their downstream rivers.

Effects of external phosphorus management on reservoir ecological function

Taking the Marne Reservoir as an example, the response of the ecosystem metabolism to the external P loads clearly revealed the importance of P concentrations in the primary production, respiration, and NEP. It is well known that primary production combines the biogeochemical cycles of multiple nutrients (C, N, P, and Si) in aquatic ecosystems [START_REF] Bernhardt | Cleaner Lakes Are Dirtier Lakes[END_REF]. Interestingly, our results indicated that the retention efficiency of NO3 -and DSi varied with the external P loads. For NO3 -retention, denitrification (dominantly in the sediment) was

shown to be the main process responsible for NO3 -elimination in the three reservoirs (see 6.3.2.2). In addition to the levels of DO and NO3 -, the availability of biodegradable organic matter is one of the factors controlling denitrification rates [START_REF] Seitzinger | Denitrification across landscapes and waterscapers: A synthesis[END_REF]. Therefore, at low P concentration, low phytoplankton biomass was supported and less organic matter fell to the sediment, thus ultimately limiting the denitrification rate and thereby lowering the NO3 - retention rate in the reservoirs [START_REF] Bernhardt | Cleaner Lakes Are Dirtier Lakes[END_REF][START_REF] Finlay | Human influences on nitrogen removal in lakes[END_REF].

Similarly, the elimination of DSi was mainly induced by diatom uptake, which was significantly affected by P concentrations in the reservoirs. Increasing P concentrations in the range of 1-25 μg P L -1 stimulates the development of diatoms in the Marne Reservoir, and thus DSi uptake. Without other limitations, the growth of diatoms would increase with P concentrations; however, other groups of phytoplankton show a greater competitive advantage than diatoms in freshwaters with high P concentrations [START_REF] Burson | Competition for nutrients and light: testing advances in resource competition with a natural phytoplankton community[END_REF], which may further impact the uptake and retention rate of DSi in reservoirs. For instance, the biomass of diatoms, as calculated by the model, was essentially constant for P loads ranging from 25 to 50 μg P L -1 and leveled off or decreased instead when P loads exceeded 50 μg P L -1 (see Text S6 and Figure.

6-24 in Annexes), which resulted in a reduced DSi retention efficiency when the TIP concentration exceeded 50 μg P L -1 .

This result confirms that changes in P concentrations clearly affect biogeochemical processes. On the one hand, denitrification (and NO3 -retention) may be reduced at low P concentrations, without playing a positive role in removing NO3 -for downstream rivers. On the other hand, increasing P may lead to an undesirable shift in phytoplankton composition, i.e., non-diatoms, which is often unpalatable for zooplankton or is even toxic. Overall, the response of the biogeochemical processes (e.g., metabolism) and ecological functions (e.g., nutrient retention) to external P loads explored here provided new insight into the impact of the reservoir on downstream nutrient concentrations, a topic of great interest, especially for the Seine River water quality, which is mainly used to produce drinking water for the 12 M inhabitants of the Paris conurbation.

Implications of hydrological management strategies and morphological characteristics to release water quality

The fluctuation in water levels induced by the hydrological management strategies is one of the typical features of reservoirs, and has been recognized to impact biogeochemical processes [START_REF] Geraldes | Seasonal water level fluctuations: Implications for reservoir limnology and management[END_REF]. In this study, advancing the emptying period by 1 month (i.e., in June) could support downstream low water flows earlier at the end of spring, whereas delaying the water release would maintain high water levels in the reservoirs for recreational activities in summer. We found that changing hydrological management strategies only slightly impacts the ecosystem metabolism and the retention of NO3 --N and DSi in the Marne Reservoir, due to the fact that the concentrations of NO3 --N and DSi were already low in June. Several studies have explored the impact of hydrological management strategies on downstream water quality, such as water temperature, DO, and nutrient concentrations, which, however, mainly focused on optimizing the withdrawal depth of the dam (e.g., Calamita et al., 2021;[START_REF] Sadeghian | Lake Diefenbaker temperature model[END_REF]. In contrast to most large reservoirs in the world, the three reservoirs of the Seine River system are diverted from their related rivers and connected with them by artificial canals, rather than being constructed by damming a river. We assumed that their impact on the water temperature and DO of the downstream river should be low due to the heat exchange and re-aeration in the output canals.

Interestingly, we found that modifying the mean depth of a reservoir without modifying the hydrological management strategy can play a role in the nutrient retention efficiency. Indeed, a shallower reservoir showed a 6% higher NO3 -retention rate than a deeper reservoir, but a significantly lower (35%) DSi retention rate (Figure 678). With the same volume, the shallow reservoir has a higher area of sediment interacting with the overlying thinner water column, which has been considered as the critical attribute regulating in-lake nutrient biogeochemical cycles [START_REF] Qin | Water Depth Underpins the Relative Roles and Fates of Nitrogen and Phosphorus in Lakes[END_REF]. Denitrification is the dominant process resulting in NO3 -elimination in the reservoir, which is determined by the availabilities of NO3 -, biodegradable organic matter, and anaerobic/aerobic conditions [START_REF] Seitzinger | Denitrification across landscapes and waterscapers: A synthesis[END_REF]. In this study, although primary production in the shallow scenario was 5.8% lower than the reference scenario, benthic denitrification was higher than the latter (Figure 678). DSi retention in the reservoir is the net result of the interactions between several biogeochemical processes, including external input of Si, in-reservoir formation of BSi, and dissolution and burial of BSi [START_REF] Lauerwald | Retention of dissolved silica within the fluvial system of the conterminous USA[END_REF]Maavara et al., 2015a;[START_REF] Teodoru | Biogenic silica accumulation in the sediments of Iron Gate I Reservoir on the Danube River[END_REF]. Here, we found that a shallower-shaped reservoir favored a high DSi flux from benthic release to the water column and relatively lower uptake in the water column (Figure 6-22 in Annexes), which led to low DSi retention efficiency. Thus, combing the benthic fluxes of NO3 -and DSi, reservoir with lower mean depth potentially enhance nutrient exchanges at the water and sediment interface, and further impact the nutrient retention efficiencies.

Conclusion

The BarMan model was successfully applied to the three reservoirs of the Seine Basin, demonstrating its ability to reproduce the seasonal variations both of the nutrients and the CO2.

The biogeochemical processes and nutrient fate were systematically analyzed and quantified for each of the three reservoirs. Out results suggest that the three reservoirs are autotrophic ecosystems, with annual NEP ranging from 153 to 678 tons C yr -1 , and show significant retention rates of NO3 -(36%-51%), DSi (49%-69%), DIC (25%-42%), and TIP (64%-79%).

Based on the BarMan model simulation results, we found that: (i) benthic denitrification is the most significant process accounting for NO3 -elimination, amounting to 178-1102 tons N yr -1 ;

(ii) diatom uptake is the key process for DSi elimination, with a value of 172-940 tons Si yr -1 ;

(iii) precipitation and dissolution of CaCO3 and CO2 emissions are dominant drivers for the decrease in DIC, with an annual removal of 913-4875 tons C yr -1 (in total); and (iv) the assimilation of PO4 3-by phytoplankton uptake represents the main source of retention of TIP, amounting to 98-391 tons P yr -1 .

Furthermore, assessment of theoretical scenarios in the Marne Reservoir indicated that the trophic state (TIP concentration) significantly affects the ecosystem metabolism and nutrient retentions, while alterations in the hydrological management has smaller impacts. Low external TIP concentrations lead to reduced retention efficiencies of NO3 -and especially of DSi in the Marne Reservoir. Exploring the impact of morphological characteristics of a reservoir on its biogeochemical function, showed that the reservoir with lower mean depth slightly favored NO3 -removal but significantly lower DSi retention efficiency, in contrast to the deeper reservoir.

Overall, this study unravels the fate of carbon (C) and nutrients (N, P, and Si) in the three reservoirs based on the BarMan model, and the results of scenario analyses provide useful references for the management of water quality in reservoirs and the potential impact on downstream rivers.

Annexes

The Marne contains two lakes, the relative shallow Lake Champaubert and the deep Lake Der; the water flows from the former to the latter, but we consider them as one entity because they are connected naturally. Unlike the Marne Reservoir, the two lakes (Amance and Temple) in the Aube Reservoir are connected by artificial canals, with water flowing from the former to the latter; therefore, we run the model separately for the two lakes in the Aube Reservoir. that for other purposes, sites in the rivers downstream of the reservoirs were also sampled [START_REF] Yan | Reservoirs change pCO2 and water quality of downstream rivers: Evidence from three reservoirs in the Seine Basin[END_REF], Water Research, doi.org/10.1016/j.watres.2022.118158).

6.6.1. Text S1. Schematic representation of BarMan model.

Morphological characteristics and hydrological balance

In the BarMan model, we idealized two kinds of morphologies to describe the theoretical shape of any reservoir: semi-spherical and parabolic. In the three reservoirs studied here, we assumed that the reservoir lakes can be assessed better using spherical morphology (parabolic shapes being specific to on-river dam-reservoir).

The radius of the sphere can be calculated by maximum volume (Vmax) and depth (Dmax)

or by maximum surface area (Smax) and Dmax:

𝑅 = 𝑉 𝑚𝑎𝑥 𝐷 𝑚𝑎𝑥 2 ×𝜋 + 𝐷 𝑚𝑎𝑥 3 [S1-1] 𝑅 = 𝐷 𝑚𝑎𝑥 2 + 𝑆 𝑚𝑎𝑥 2𝜋×𝐷 𝑚𝑎𝑥 [S1-2]
In this study, we used Dmax and Smax to calculate R, and then the volume (V) and surface area (S) of the reservoir were calculated according to R and sea level altitude (z) of the reservoir:

𝑉(𝑧) = 𝜋 3 × (3𝑅 × (𝑧 -𝑧 0 ) 2 -(𝑧 -𝑧 0 ) 3 ) [S1-3] 𝑆(𝑧) = 𝜋 × (2𝑅 × (𝑧 -𝑧 0 ) -(𝑧 -𝑧 0 ) 2 ) [S1-4]
where z0 is altitude (in meters above sea level) of the reservoir for null volume.

The mean depth (Dmean) can then be calculated at any time according to the hydrological budget, providing values for V and S:

𝐷 𝑚𝑒𝑎𝑛 (𝑧) = 𝑉(𝑧) 𝑆(𝑧) [S1-5]
In the three reservoirs, we used the Latin hypercube sampling method combing the NSE (Nash-Sutcliffe efficiency coefficient) evaluation between the observed volume and the calculated volume to identify the best group of z0 For example, the relationship between the observed volume and calculated volume (based on morphological parameters in Table S1) in the Marne Reservoir is shown in Figure 6-10. 

Description of the RIVE model

Briefly, the RIVE model considers three groups of phytoplankton (diatoms, Chlorophyceae, and Cyanobacteria), two types of zooplankton (rotifers and microcrustaceans), two types of heterotrophic bacteria (small autochthonous and large allochthonous bacteria), and two types of nitrifying bacteria (ammonium-oxidizing bacteria and nitrite-oxidizing bacteria).

In addition, the model classified the organic matter (dissolved and particulate) into three classes according to their biodegradability. In the benthic phase, the biogeochemical processes and nutrient exchanges were described by a simplified algorithm method (see [START_REF] Billen | A simplified algorithm for calculating benthic nutrient fluxes in river systems[END_REF].

Moreover, an inorganic carbon module was added to the RIVE model and has been applied to simulate the inorganic carbon dynamics in the Seine River [START_REF] Marescaux | Modeling inorganic carbon dynamics in the seine river continuum in France[END_REF]. Therefore, the current version of the RIVE model enables us to simulate the main biogeochemical processes and resulting nutrient transformations and CO2 dynamics in a well-mixed aquatic ecosystem. In this study, we assumed that the BarMan model is applicable to the three reservoirs of the Seine Basin because stratification hardly occurs, except occasionally during summer when the temperature is high [START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF]. The RIVE parameters used in the BarMan model are presented in In the three reservoirs, the dynamics of Ca 2+ (calcium, mg L -1 ) were measured seven times during 2020, and showed obvious precipitation and dissolution patterns in all three reservoirs . The mean Ca 2+ in the upstream rivers during the filling period is 60 mg Ca L -1 and generally higher than that in the reservoirs. In addition to precipitation and dissolution, the water entering the reservoir also impacts Ca 2+ dynamics (especially for the period 1-150 days, water flow into reservoir). Therefore, we assumed that the precipitation rates of CaCO3 over 1-150 days are constant and were calculated according to the Ca 2+ declines over 147-203 days, with the value of 0.33 mg Ca 2+ L -1 d -1 . During the period 150-330 days (the period without the impact of water entering the reservoir), we estimated the Ca 2+ dynamics in the reservoirs by the poly-regression equation ( 𝐶𝑎 2+ concentration = 6.072 × 10 -6 × 𝑑𝑎𝑦 3 -2.578 × 10 -3 × 𝑑𝑎𝑦 2 + 0.1446 × 𝑑𝑎𝑦 + 59.80, AdjR 2 = 0.66, p < 0.0001), and the precipitation and dissolution rates of CaCO3 were expressed by a function of (CaPrecip = 1.78 × 10 -5 × 𝑑𝑎𝑦 2 + 0.0052 × 𝑑𝑎𝑦 -0.1472 , CaPrecip unit is mg L -1 d -1 ), with the 

General conclusion and perspectives

In summary, corresponding to our initial objectives, this thesis deals with the effects of reservoirs on greenhouse gas emissions (GHG, including CH4: methane, CO2: carbon dioxide, and N2O: nitrous oxide) and nutrient retention. First, we sorted out the spatial differences in global reservoir GHG emissions and also analysed their long-term. We then focused on the main reservoirs in the Seine River basin and analysed the long-term nutrient retentions of these relatively small reservoirs based on historical data. We identified the influence of reservoir hydrological characteristics and biogeochemical processes on nutrient and GHG dynamics through field sampling, and further demonstrated the influence of reservoirs on downstream nutrient and CO2 concentrations in the context of reservoir hydrological management strategies.

Finally, we applied the upgraded BarMan model to investigate the nutrients fates and CO2 dynamics in the Seine reservoirs, and explored the impact of different scenarios on reservoir biogeochemical processes and nutrient concentrations.

Long-term evolution of GHG emissions from global reservoirs

A classification method based on the hydrobelt concept was newly applied to the dataset According to the GranD database, the changes in reservoir numbers and surface areas were presented since the 1950s, and we found that a high increase rate occurred during 1950-1980s and followed by a slowdown. In terms of the cumulative reservoir numbers in different hydrobelts, 62% of the current global reservoir count was found in the NML (north mid-latitude) hydrobelt. For the total surface area, reservoirs located in NML and BOR (boreal) hydrobelts occupied 66% of the total cumulative global reservoirs surface. Based on the current mean GHG fluxes and the dynamics of the reservoir construction and surface area from 1950 to 2017, the first long-term evolution of GHG emissions from global reservoirs were provided. We found that reservoirs located in the BOR and NML hydrobelts contribute more to GHG emissions (in CO2 equivalent) due to their high total surface area. Although the total surface area in EQT and SST (south subtropical) hydrobelts is relatively small, attention should be paid to their relatively higher GHG emission rates, especially of CH4 and CO2. Moreover, the potential impact of reservoir eutrophication on GHG emissions was also considered in this long-term evaluation, and we estimated that GHG emissions could increase by 1.4-fold assuming enhanced eutrophication, i.e. a doubling of TP (total phosphorus) concentrations, that we explored.

General conclusion and perspectives

Reservoirs change downstream river water quality and CO2 concentrations

In addition to clarifying the contribution of these reservoirs to GHG emissions, another objective of this thesis was to identify the biogeochemical impact of these reservoirs on their downstream rivers. First, we assessed the nutrient (including DIN: dissolved inorganic nitrogen; (from July to November) periods, the results revealed that the downstream nutrient (DIN, PO4 3-, and DSi) concentrations were significantly lower than the upstream during the emptying period.

This indicates that the three diverted reservoirs lowered downstream nutrient concentrations during their emptying periods, a result supported by the nutrient mass-balance approach which indeed showed that the four reservoirs play important roles in the retentions of nutrient and SM, with the mean values of 16-53%, 26-48%, 22-40%, and 36-76% for DIN, PO4 3-, DSi, and SM, respectively. Specifically, we found that the DIN retention rate was significantly and positively correlated to the residence time in these reservoirs.

To demonstrate the complexity of the combined hydrological and biogeochemical processes, we calculated from the monthly campaigns, the changes of Chl-a (chlorophyll a), DSi, DOC (dissolved organic matter), and BDOC (biodegradable DOC) concentrations in these reservoirs resulting from the only mixing with water and nutrient fluxes entering the reservoirs during filling periods (here after called mixing values). Differences between the mixing values and their observed concentrations reveal the impact of biogeochemical processes in altering nutrient concentrations in the reservoirs. These calculations helped filling the lack of data on the reservoir biogeochemical processes. Again, the carbon and nutrient concentrations were impacted by the mixing effect of entering water during the filling period and the biogeochemical processes that drive nutrient transformations, all over the year but mostly during the emptying period in summer and autumn.

We found that phytoplankton biomass was at its maximum during autumn (October-December), while the mixing effect of inflowing water, combined with other processes (e.g., sedimentation, mortality, and grazing) gradually declined the Chl-a winter concentrations in these reservoirs. During this autumn period, organic matter degradation, which lowered oxygen and increased CO2 concentrations, also included dissolution of BSi (biogenic silica) as shown by the gradually increase in DSi concentrations. The mixing effect dominantly impacted the concentrations of DSi, DOC, and BDOC during winter as shown by the synchronous variations between their mixing values and observations. Diatoms uptake lowered the DSi concentrations during spring (April-June), and concomitantly observed concentrations of DOC and BDOC were higher than their mixing values during April-June, indicating that spring was a favourable period of production (diatom biomass, and associate DOC and BDOC, e.g. from grazing and excretion). Further, the reservoirs (Marne and Aube) respectively increased by 20% and 23% of annual fluxes of DOC and BDOC, while decreased 33% of annual DSi fluxes in their downstream rivers.

Regarding CO2 dynamics in the three reservoirs and their upstream and downstream rivers, they significantly decreased downstream CO2 concentrations and increased k600 (gas transfer coefficient) of CO2 by 1.3 times in downstream rivers during their emptying periods.

The CO2 flux in downstream rivers were more related to pCO2 than k600, and thus the increase in k600 was offset by the significantly decrease in pCO2.

Nutrient fates and CO2 dynamics in the reservoirs using the BarMan model

According to the analysis of water quality data from the field measurements, we have qualitatively clarified the importance of hydrological characteristics and biogeochemical processes in the alteration of water quality in the Seine reservoirs. However, the different biogeochemical processes involved in nutrient transformations are closely linked and coupled in the reservoirs. The quantitative assessment of the processes cannot be achieved using field water quality measurements and even not processes only, but required an additional contribution of process-based biogeochemical models. Therefore, we applied the Barman Based on BarMan, we analysed the reservoir ecosystem metabolism in depth and found that the three reservoirs are autotrophic ecosystems, with the annual NEP (net primary production) ranged from 57 to 288 tons C yr -1 . We then explicitly and quantitatively analysing the importance of corresponding biogeochemical processes to the transformations of C, N, P, and Si during one annual hydrological cycle (from December 2019 to November 2020). Results revealed that phytoplankton assimilation (71-312 tons N yr -1 ) and benthic denitrification (178-1102 tons N yr -1 ) are two main processes resulting in NO3 -depletion. Ammonification (459-1789 tons N yr -1 ) and phytoplankton uptake (520-2048 tons N yr -1 ) are the key processes driving the internal cycling of NH4 + . The phytoplankton uptake is the dominant process leading to the removal of PO4 3-(98-391 tons P yr -1 ) and DSi (172-940 tons Si yr -1 ). For DIC dynamics, we found that primary production (3932-15629 tons C yr -1 ) and respiration (3875-15341 tons C yr -1 ) are the two processes dominantly driving its internal carbon cycling, while the CaCO3 precipitation and CO2 emission are the main processes resulting in the removal of DIC in these reservoirs. Moreover, these three reservoirs showed a net burial of TOC (total organic carbon) in the benthic sediment, with losses ranging from 61 to 458 tons C yr -1 .

In addition, we analyzed three theoretical scenarios for the Marne Reservoir, as an example, including trophic states (different external TIP concentrations), hydrological management strategy alterations (advancing and delaying the emptying period for one month), and morphological characteristics (increase and decrease the mean depth). Results revealed that increasing TIP concentrations, especially in the range of 1-50 μg P L -1 , led to increase primary production, respiration and NEP. Furthermore, reservoir trophic states would significantly impact the retention efficiencies of NO3 -and DSi. The retention rate of NO3 -increases from 38% to 63% with the TIP concentrations increasing from 1 to 100 μg P L -1 while DSi retention rate first significantly increased from 29% to 68% for TIP concentrations between 1 and 25 μg P L -1 due to the enhanced development of diatoms, while slightly decreased above 50 μg P L - 1 , due to the fact that the excess of P stimulates the development of non-diatom phytoplankton (e.g., green algae). Regarding hydrological management strategy, without significant changes in water management objectives (to prevent flooding and support water flow), postponing the emptying period by one month, showed a slight effect on ecosystem metabolism and nutrient retentions in the Marne Reservoir. In addition, we also found that changes in morphological characteristics affecting the reservoir mean depth can further affect the retention efficiency of NO3 -and DSi by enhancing their exchanges at the sediment and water interface, e.g. higher NO3 -fluxes from the water column to benthic zone increasing retention efficiency, and on the contrary, higher DSi fluxes from benthic to water column lowing retention rate.

Limitations and perspectives

Our global analysis of GHG emissions from reservoirs provides the first long-term evolution of GHG emissions from 1950 to 2017 by assuming the constant GHG fluxes according to the collected dataset. GHG fluxes have changed with reservoirs characteristics (e.g., trophic status, hydrology alterations, and land-use changes in the catchment), however, clarifying these effects on GHG fluxes is complex and challenging at the global scale.

Therefore, we suggest that future studies of GHG fluxes and concentrations in reservoirs will be accompanied by the measurements of the underlying water quality parameters (especially the one used to evaluate the trophic status of reservoirs) and the hydrological characteristics of the reservoirs. Moreover, in this global analysis, we emphasized that updating the number of GHG measurements and the surface area of all impounded reservoirs, including small reservoirs not documented in the database and all those being planned, would help anticipating future GHG emissions from reservoirs.

The work performed on the main reservoirs of the Seine Basin has enabled to clarify the temporal variations of GHG concentrations in the three reservoirs. However, the spatial heterogeneities of GHG concentrations within individual reservoirs (despite their relatively small size) is another important concern (e.g., [START_REF] Linkhorst | Spatially Resolved Measurements in Tropical Reservoirs Reveal Elevated Methane Ebullition at River Inflows and at High Productivity[END_REF][START_REF] Paranaíba | Spatially Resolved Measurements of CO2 and CH4 Concentration and Gas-Exchange Velocity Highly Influence Carbon-Emission Estimates of Reservoirs[END_REF][START_REF] Shi | Carbon Emission from Cascade Reservoirs: Spatial Heterogeneity and Mechanisms[END_REF]. Therefore, future works could explore both spatial and temporal variations of the GHG concentrations in the Seine reservoirs. Additionally, direct measurements of GHG fluxes by floating chamber and the dissolved GHG concentrations in water would be helpful to identify the gas transfer coefficient in these reservoirs and to reduce the uncertainty in calculating GHG fluxes.

Based on the one-site measurement, we found that these three reservoirs were small GHG sources from surface water to the atmosphere. However, GHG emissions from reservoirs are characterized by multiple pathways, including diffusive flux, ebullition flux, degassing, downstream emissions, and GHG emissions from drawdown areas (e.g., [START_REF] Barros | Carbon emission from hydroelectric reservoirs linked to reservoir age and latitude[END_REF]Calamita et al., 2021;[START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF][START_REF] Keller | Global carbon budget of reservoirs is overturned by the quantification of drawdown areas[END_REF]. Thus, future research efforts Xingcheng Yan | Thèse de Doctorat -2022 could focus on the vertical patterns of GHG in these reservoirs, the dynamics of GHG concentrations along the release canals (for reservoirs diverted from their river), and the GHG emission from the drawdown area of these reservoirs, especially during the end of the emptying period, to have a more complete assessment of the contributions of the three reservoirs on GHG emissions. In addition, the in-depth exploration of the denitrification process by the means of microbial ecology would clarify the reason why these reservoirs have low N2O concentrations (equilibrium with its atmospheric concentration) concomitant high removal of NO3 -.

The updated BarMan model showed overall satisfactory simulation results of dynamics of water quality variables and CO2 concentrations, however, several points could be improved in the nearby future. On the one hand, the similar dynamics of Ca 2+ in the three reservoirs indicate obvious precipitation and dissolution of CaCO3, which further importantly affect the simulation of TA and DIC, and thus CO2 dynamics. However, we only estimated the precipitation and dissolution rates based on the Ca 2+ dynamics in these reservoirs, this may limit the genericity of BarMan for applications in other reservoirs with different lithological characteristics. For example, in Pannecière Reservoir (Morvan Region, France), we found a very low Ca 2+ concentration (approximately 3 mg Ca L -1 , and were 20-30 times lower than the Marne, Aube, and Seine reservoirs) due to its granite lithology characteristic. Therefore, the precipitation and dissolution rates of CaCO3 should be explicitly simulated, e.g., considering

the Ca 2+ and CaCO3 as new state variables in the RIVE model. On the other hand, the most important outcome of this model work on reservoirs is that it provides the possibility to explore the biogeochemical impact of these reservoirs along their downstream rivers by coupling the BarMan simulation with the pyNuts-Riverstrahler model. According to the work by [START_REF] Marescaux | Modeling inorganic carbon dynamics in the seine river continuum in France[END_REF], it's clear that the reservoirs in the Seine Basin not only impact downstream hydrology but also water quality. Elucidating the ecological functions and ecological values of reservoirs at the watershed scale by coupling the BarMan and pyNuts-Riverstrahler models, thus contributing to the required assessment of the environmental effects of damming and reservoir construction, will help to meet the future challenges of water resource availability and hydropower production in a changing climate.

  2.4. Discussion ................................................................................................................................... 35 2.4.1. Uncertainties and challenges in estimating total GHG emissions from reservoirs ................................................................................................................................. 36 2.4.2. Influencing factors of GHG emissions from reservoirs ................................ 37 2.4.3. Long-term GHG emissions from reservoirs ..................................................... 38 2.5. Conclusion .................................................................................................................................. 39 2.6. Annexes ....................................................................................................................................... 40 3. Greenhouse gas emissions from three main reservoirs in the Seine Basin (France) .. 41 3.1. Introduction ................................................................................................................................ 43 3.2. Materials and methods ............................................................................................................ 45 3.2.1. Study sites ................................................................................................................... 45 3.2.2. Field sampling and laboratory measurements .................................................. 46 3.2.3. Calculations of gas saturations and fluxes ........................................................ 47 3.2.3.1. Saturations of GHG and dissolved O2 ............................................... 47 3.2.3.2. GHG fluxes ............................................................................................... 48 3.2.4. Statistical analysis .................................................................................................... 49 3.3. Results .......................................................................................................................................... 49 3.3.1. Annual hydrological characteristics of the three reservoirs ......................... 49 3.3.2. Key water quality variables in the three reservoirs ........................................ 50 3.3.3. Seasonal patterns of GHG concentrations in reservoirs ................................ 51 3.3.4. GHG fluxes in reservoirs........................................................................................ 54 3.3.5. Correlations between water parameters and GHG concentrations............. 55 3.4. Discussion ................................................................................................................................... 55 3.5. Conclusion .................................................................................................................................. 59 3.6. Annexes ....................................................................................................................................... 61 4. Long-term assessment of nutrient budgets for the four reservoirs of the Seine Basin (France) ............................................................................................................................................................. 65 4.1. Introduction ................................................................................................................................ 67 摘要 xvi 4.2. Methods ....................................................................................................................................... 4.2.1. Site description .......................................................................................................... 4.2.2. Data acquisition ........................................................................................................ 4.2.3. Budget, retention rate, and residence time calculations ................................ 4.2.4. Statistical analysis .................................................................................................... 4.3. Results .......................................................................................................................................... 4.3.1. Hydrological characteristics of the rivers and reservoirs .............................. 4.3.2. Temporal variations of nutrients and SM concentrations in rivers ............ 4.3.2.1. Long-term variations of nutrients and SM concentrations in the upstream rivers ........................................................................................................ 4.3.2.2. Seasonal patterns of nutrients and SM concentrations in upstream rivers ........................................................................................................ 4.3.3. Comparisons of nutrients and SM concentrations in the upstream and downstream rivers between the filling and emptying periods ................................. 4.3.4. Annual fluxes and retention rates of nutrients and SM in the reservoirs . 4.3.5. Impact of hydrological characteristics on DIN retention rates in the four reservoirs ................................................................................................................................. 4.4. Discussion ................................................................................................................................... 4.4.1. Strengths and weaknesses of the study .............................................................. 4.4.2. Long-term and seasonal variations of nutrient and SM concentrations in the four upstream rivers ...................................................................................................... 4.4.3. Nutrient/SM retention rates in the four reservoirs .......................................... 4.4.4. Implications for management ............................................................................... 4.5. Conclusion .................................................................................................................................. 4.6. Annexes ....................................................................................................................................... 4.6.1. Upstream rivers annual mean water flows (1998-2018) ............................... 4.6.2. Example of water management in the Seine River and Reservoir in two periods: 1998-1999 and 2017-2018 ............................................................................... 4.6.3. Seasonal variations of Chl-a and nutrients in the Marne Reservoir .......... 4.6.4. Vertical profiles of dissolved oxygen in the four reservoirs ........................ 4.6.5. DIN:PO4 3--P:Si ratios .............................................................................................. 5. Reservoirs change pCO2 and water quality of downstream rivers: evidence from three reservoirs in the Seine Basin ......................................................................................................... Table of contents xvii 5.1. Introduction ................................................................................................................................ 99 5.2. Materials and methods .......................................................................................................... 100 5.2.1. Study sites ................................................................................................................. 100 5.2.2. Sampling strategy and measurements............................................................... 101 5.2.3. Calculations .............................................................................................................. 102 5.2.3.1. Calculations of CO2 flux and DO saturation ................................. 102 5.2.3.2. Quantifying the impact of reservoirs on downstream rivers ..... 104 5.2.4. Statistical analysis .................................................................................................. 105 5.3. Results ........................................................................................................................................ 105 5.3.1. Water quality in the reservoirs ............................................................................ 105 5.3.2. Seasonal dynamics of pCO2 and CO2 fluxes .................................................. 109 5.3.3. Impact of reservoirs on their downstream rivers ........................................... 110 5.4. Discussion ................................................................................................................................. 113 5.4.1. Temporal changes of water parameters in the reservoirs ............................ 113 5.4.2. Hydrological-biogeochemical-meteorological effects on pCO2 dynamics ............................................................................................................................................................................ 114 5.4.3. CO2 fluxes in three reservoirs and up-and downstream rivers ................. 115 5.4.4. Overall impacts of the reservoirs on the downstream rivers ...................... 117 5.5. Conclusion ................................................................................................................................ 118 5.6. Annexes ..................................................................................................................................... 119 6. Unravelling nutrient fate and CO2 dynamics in the reservoirs of the Seine Basin using a modelling approach .................................................................................................................... 125 6.1. Introduction .............................................................................................................................. 127 6.2. Material and methods ............................................................................................................ 129 6.2.1. The Marne, Aube, and Seine reservoirs ........................................................... 129 6.2.2. The BarMan model ................................................................................................ 130 6.2.3. Data collection and model evaluation .............................................................. 131 6.2.4. Scenario setup .......................................................................................................... 132 6.3. Results ........................................................................................................................................ 133 6.3.1. Model performance ................................................................................................ 133 6.3.1.1. Validation of the dynamics in water quality variables ............... 133 6.3.1.2. Validation of the CO2 simulation ..................................................... 135 摘要 xviii 6.3.2. The biogeochemical processes and nutrient fate in the three reservoirs 6.3.2.1. The ecosystem metabolism ................................................................. 6.3.2.2. Nutrient fate and corresponding biogeochemical processes ..... 6.3.2.3. Nutrient budgets during one hydrological cycle .......................... 6.3.3. Scenario analysis in Marne Reservoir .............................................................. 6.3.3.1. Assessing the impact of different trophic states ........................... 6.3.3.2. Changes in hydrological management strategies ......................... 6.3.3.3. Different morphological characteristics in Marne Reservoir ... 6.4. Discussion ................................................................................................................................. 6.4.1. Evaluation of the model: performance and limitation ................................. 6.4.2. Nutrients in reservoirs: budgets and transformations .................................. 6.4.3. Effects of external phosphorus management on reservoir ecological function .................................................................................................................................. 6.4.4. Implications of hydrological management strategies and morphological characteristics to release water quality ......................................................................... 6.5. Conclusion ................................................................................................................................ 6.6. Annexes ..................................................................................................................................... 6.6.1. Text S1. Schematic representation of BarMan model. ................................ 6.6.2. Text S2. The precipitation and dissolution of CaCO3 (calcium carbonate) in the reservoir. ................................................................................................................... 6.6.3. Text S3. Calculations of H + and CO2 in the BarMan model...................... 6.6.4. Text S4. Importance of the precipitation and dissolution of CaCO3 on TA and DIC in the three reservoirs ....................................................................................... 6.6.5. Text S5. Impact of k600 on CO2 simulations in the Marne Reservoir as an example ................................................................................................................................. 6.6.6. Text S6. The development of diatoms for a range of different external TIP concentrations .............................................................................................................

Figure 1 Figure 1 - 2 . 5 Figure 1

 11251 Figure 1-1. Simplified view of the role of inland water ecosystems in global C balance from (a) neutral pipe to (b) active pipe, reproduced from Cole et al., 2007 (unite is Pg C yr -1 , 1 Pg = 10 3 Tg = 10 15 g) ..................... 3

  Figure 1-6. (a) Land use (Copernicus, 2018) and (b) lithology characteristics of the Seine Basin. ...................... 14

Figure 1

 1 Figure1-9. Representation of RIVE model that characterises the main biological processes in freshwater ecosystems. A simplified model was now used in the benthic phase (see[START_REF] Billen | A simplified algorithm for calculating benthic nutrient fluxes in river systems[END_REF]. All

Figure 2 - 2 .Figure 5 - 2 .Figure 5 - 5 .Figure 6 - 5 .

 22525565 Figure 2-1. Distribution of reservoirs analyzed for GHG emissions and related parameters. The hydrobelt classification was referenced from Meybeck et al. (2013). ..................................................................... 27

  Figure 6-10. Calculated volume and observed volume response to water level in the Marne Reservoir (here expressed as sea level altitude in meters). ............................................................................................. 153

  1. Global estimation of GHG emissions from freshwater ecosystems. .....................................................32 Table 2-2. Dataset of GHG emission and general information of collected reservoirs at the global scale. ...........40 Table 2-3. The impact of trophic state on GHG emissions. ...................................................................................40Table3-1. Surface water qualities in the three reservoirs during April 2019 and November 2020. The water quality variables contained pH, EC (μs cm -1 ), T (°C), DO (mg O2 L -1 ), NO3 -(mg N L -1 ), NO2 -(mg N L - 1 ), NH4 + (mg N L -1 ), DSi (mg Si L -1 ), TA (mmol L -1 ), POC (mg C L -1 ), DOC (mg C L -1 ), BDOC (mg C L -1 ), PO4 3-(mg P L -1 ), and Chl-a (μg L -1 ). ..............................................................................................61 Table 3-2. Comparison between GHG concentrations in the Aube, including upstream and downstream rivers, Amance and Temple lakes, and release water during the emptying period in 2020. ................................63 Table 4-1. Main characteristics of the four reservoirs. The Marne, Aube, and Seine reservoirs are diverted; Pannecière is an on-river reservoir. ..........................................................................................................71 Table 4-2. Mean retention rates of nutrient and SM in the four reservoirs of the Seine Basin during 1998-2018 period. Range in parentheses. ...................................................................................................................83 Table 4-3. DIN:PO4 3--P:Si ratios (mg:mg) in the upstream and release parts of the four reservoirs from 1998 to 2018. .........................................................................................................................................................95 Table 4-4. Annual nutrient budgets in four reservoirs. Please refer to the online version of this paper: https://doi.org/10.1016/j.scitotenv.2021.146412. .....................................................................................95 Table 5-1. Comparison of the annual fluxes of Chl-a, DOC, BDOC, and DSi in downstream river with and without the impact of reservoir. ..............................................................................................................112 Table 5-2. Location of the stations in field campaigns during 2019-2020. .........................................................119 Table 5-3. Differences in pCO2 in the surface water, release canal, and upstream of the Aube reservoir. ..........123 Table 6-1. Summary of the main input water variables of BarMan model during the filling period during 2019-2020. .......................................................................................................................................................132

Figure 1

 1 Figure 1-1. Simplified view of the role of inland water ecosystems in global C balance from (a) neutral pipe to (b) active pipe, reproduced from Cole et al., 2007 (unite is Pg C yr -1 ,

Figure 1 - 2 .

 12 Figure 1-2. Evolution of (a) the numbers and (b) the surface of reservoirs in the world from 1900 to 2017 (data was provided by Global Reservoir and Dam Database, GranD v. 1.3).

Figure 1

 1 Figure 1-3. A diagram of nutrient cycling and main biogeochemical processes in the typical three zones of reservoirs adapted from[START_REF] Van Cappellen | Rivers in the Anthropocene: Global scale modifications of riverine nutrient fluxes by damming[END_REF] 

  -4b), the flooded terrestrial Xingcheng Yan | Thèse de Doctorat -2022 organic matter, the imported organic matter, and the internal production in the reservoir are important sources of GHG (see International Hydropower Association (IHA), 2010).

Figure 1

 1 Figure 1-4. Diagram of the impact of a dammed reservoir on GHG emissions (adapted from Prairie et al., 2018). a. Pre-impoundment, b. Post-impoundment.

Figure 1

 1 Figure 1-6. (a) Land use (Copernicus, 2018) and (b) lithology characteristics of the Seine Basin.

Figure 1 -

 1 Figure 1-6a). Moreover, the lithological characteristics in Marne, Aube, and Seine reservoirs are mainly clay, unlike the Pannecière Reservoir that is granites (Figure 1-6b).

Figure 1

 1 Figure 1-7. Geographical locations of the four reservoirs in the Seine Basin (Marne, Aube, Seine, and Pannecière reservoirs).

Figure 1

 1 Figure 1-8. The long-term record of water discharges in the Pont d'Austerlitz (Paris, more than 150 km downstream of the four reservoirs) (Flipo et al., 2020). (a) Maximum annual discharge, and (b) VCN30, defined as the annual minimum of a 30-day running average of daily discharge. The blue dashed lines indicate the construction of the four reservoirs in their related rivers, including Yonne River (Pannecière Reservoir), upstream Seine River (Seine Reservoir), Marne River (Marne Reservoir), and Aube River (Aube Reservoir).

  added the inorganic carbon submodule in the RIVE model, enabling the current version of RIVE model to simulate the CO2 concentrations in the inland freshwaters. Recently recoded in python, the RIVE model (https://gitlab.in2p3.fr/rive/pyrive) has been published under GNU general public license.

1

  What is the long-term evolution of reservoir constructions (e.g., number and surface area) and their contributions to GHG emissions at the global scale?  What are the seasonal variations of GHG (CH4, CO2, and N2O) in these relatively small reservoirs of the Seine Basin and their contributions to GHG emissions at the catchment scale?Have the capability of the Seine reservoirs to retain nutrients changed over a long-term? Beyond their effect on nutrient concentrations, what is the impact of these reservoirs on downstream CO2 concentrations?  Does the application of the BarMan model make it possible to simulate the dynamics of nutrient and CO2 in these reservoirs? How reservoir biogeochemical processes and functions respond to possible scenarios (e.g., trophic states, hydrological and morphological characteristics) Besides this introduction (Chapter 1), the aforementioned objectives and questions are achieved in the following chapters 2 through 6. The following chapters represent individual manuscripts, which have been accepted or submitted to international and peer-reviewed journals. Chapter 2 reviews the long-term evolution of reservoir construction and GHG emission at the global scale based on the concept of hydrobelts[START_REF] Meybeck | Global hydrobelts and hydroregions: improved reporting scale for water-related issues?[END_REF], well adapted for our study. Chapter 3 presents the GHG dynamics in the Marne, Aube, and Seine reservoirs, and their contributions to GHG emissions at the catchment scale. Chapter 4 assesses the long-term budget of nutrients in the four reservoirs and their impact on downstream nutrient concentrations based on the exiting Grands Lacs de Seine data from 1998 to 2018. The following Chapter 5 dedicates to evaluating the impact of these reservoirs on downstream CO2 concentrations based on field measurements during 2019 and 2020. Chapter 6 attempts to simulate the biogeochemical processes in these reservoirs and resulting dynamics in water quality (including nutrient and CO2 concentrations) using the BarMan model. The final Chapter 7 presents the general conclusions and perspectives of this work.This chapter has been published and referenced as: Yan, X., Thieu, V., & Garnier, J.(2021
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 2 Figure 2-1. Distribution of reservoirs analyzed for GHG emissions and related parameters. The hydrobelt classification was referenced from Meybeck et al. (2013).
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 22  Relationship between total CH4 flux (diffusive and ebullitive) and diffusive flux. This relationship was derived on the basis of the dataset ofDelsontro et al. (2018), i.e., 96 records, and that ofDeemer et al. (2016), i.e., 50 records. 

  patterns of GHG fluxes in different hydrobelt groups and climatic zones are shown in Figure 2-3. Average CH4 fluxes were high in the EQT and SST_SDR_SML hydrobelt groups (Figure 2-3a), with values (mean ± SE) of 380.3 ± 145.4 mg CH4-C m -2 d -1 and 165.8 ± 48.6 mg CH4-C m -2 d -1 , respectively. The mean CO2 fluxes also showed similar patterns, with the highest value (1257.9 ± 221.1 mg CO2-C m -2 d -1 ) in the EQT hydrobelt (Figure 2-3b). Lower average N2O fluxes were found in the BOR and NML hydrobelts, with values of 0.05 ± 0.01 mg N2O-N m -2 d -1 and 0.16 ± 0.05 mg N2O-N m -2 d -1 , respectively (Figure 2-3c). In terms of the patterns of GHG fluxes in different climatic zones, the highest GHG fluxes were generally found in the tropical zone (Figure 2-3d, e, and f). At the global scale, average fluxes of CH4, CO2, and N2O were 125.7 ± 21.2 mg CH4-C m -2 d -1 , 415.7 ± 36.0 mg CO2-C m -2 d -1 , and 0.28 ± 0.11 mg N2O-N m -2 d -1 , respectively.According to the data collected in our study, all the reservoirs were sources of CH4, with the diffusive flux ranging from 0.07 to 1140.0 mg CH4-C m -2 d -1 (from 31.8 to 3027.3 mg CH4-C m -2 d -1 for the total fluxes calculated). Whereas 86% of the reservoirs were a source of CO2, with emission rates varying from 0.3 to 3800.0 mg CO2-C m -2 d -1 , 14% of the reservoirs were sinks for CO2 (with the flux ranging from -0.3 to -356.0 mg CO2-C m -2 d -1 ). For N2O, 91% of the reservoirs were sources, with fluxes fluctuating from 0.0 to 5.77 mg N2O-N m -2 d -1 .
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 2 Figure 2-3. GHG fluxes from reservoirs for different hydrobelt groups (a, b, and c) and climatic zones (d, e, and f) for CH4, CO2, and N2O (from top to bottom). For the hydrobelt classification, SST_SDR_SML is the combination of GHG fluxes in the SST (south subtropical), SDR (south dry), and SML belts (south mid-latitude); EQT (equatorial belt); NDR_NST (north dry and north subtropical); NML (north mid-latitude) and BOR (boreal belt).
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 2 Figure 2-4. Linear regressions for the relationships between CH4 and CO2, and
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 25 Figure 2-5. Long-term evolution of global reservoir surface area (a), numbers (b), estimated GHG emissions in different hydrobelts (c, black dotted line represents the total CO2 Eq), and GHG emissions calculated from global reservoirs under different TP concentrations (d).

  for CH4 only and Deemer et al. (2016) for the three gases]. Here, we estimated the annual GHG emissions from global reservoirs as 635.4 Tg CO2 Eq based on a new classification method, and our estimations are close to those of Deemer et al. (

Figure 3

 3 Figure 3-1. Geographical locations of three reservoirs in the Seine Basin. (a) Land use in the Seine Basin (Copernicus, 2018); (b) sampling sites in the three reservoirs and in sites upstream and downstream of the reservoirs.
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 32 Figure 3-2. The average wind speed and calculated k600 for the three reservoirs.

  Figure3-3a, b, and d). Therefore, the higher and lower water depths of the three lakes were generally observed in July and at the end of November, respectively. However, in Lake Amance a relatively stable water depth was maintained compared with the other lakes (Figure3-3c).

Figure 3

 3 Figure 3-3. Annual hydrological characteristics in three reservoirs from April 2019 to November 2020. Vratio represents the ratio between the daily volume and the maximum volume of the reservoirs. The hydrological characteristics of the two lakes (Amance and Temple) in the Aube Reservoir are presented separately.

  -4. The three reservoirs (four lakes) showed high SDO during June-July (when water depth was high), while they were relatively low during October-November (when water depth was low). The different variables displayed similar patterns in the three reservoirs (Figure3-4). The values of TA were high during December and January and then declined gradually until September-October. The concentrations of NO2 -in 3. GHG emissions from three reservoirs of the Seine Basin the Der, Orient, and Temple lakes were high during June-August, while they fluctuated more in Lake Amance. The dynamics of the concentrations of NO3 -in the three reservoirs were characterized by a general declining trend from December-January to November. Seasonal variations of POC and DOC were similar in the three reservoirs, with high POC concentrations at the end of the emptying period, and high DOC concentrations during September and November.

Figure 3

 3 Figure 3-4. Key water quality variables in the three reservoirs. (a) SDO (dissolved oxygen saturation), (b) TA (total alkalinity), (c) POC (particulate organic matter), (d) NO2 - (nitrites), (e) NO3 -(nitrates), and (f) DOC (dissolved organic matter).

  respectively. The concentrations of N2O in the reservoirs did not show obvious seasonal patterns, although relatively high values were observed in summer and autumn, and undersaturation was systematically observed in winter. For CO2 concentrations, the three reservoirs showed high values in winter and spring, and low values in summer and autumn, Xingcheng Yan | Thèse de Doctorat -2022 52 which were the opposite of the CH4 seasonal patterns. A comparison of the GHG concentrations
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 35 Figure 3-5. Seasonal patterns of GHG concentrations in the three reservoirs. (a) CH4, (b) N2O, and (c) CO2. The dotted boxes indicated the seasonal average equilibrium GHG concentrations in the surface water.

  -7 and Figure3-9 in annexes). Significant negative relationships were found between CO2 and SDO and temperature (T, in °C) in the three reservoirs (Figure3-7a and c), and CH4 was significantly and positively correlated with SDO and T in these reservoirs (Figure3-7b and e), while no significant correlation was found between N2O and SDO and T (Figure3-7c and f). Moreover, the results revealed that there was a significant correlation between Vratio and multiple water quality variables (Figure3-9 in Annexes), i.e., SDO (r 2 = 0.65, p < 0.05), NO3 -(r 2 = 0.47, p < 0.05), and DSi (r 2 = -0.35, p < 0.05). In addition to SDO and T, we also found that CO2 was significantly correlated with multiple water variables, including EC (r 2 = 0.38, p < 0.05), TA (r 2 = 0.38, p < 0.05), pH (r 2 = -0.34, p < 0.05), and DSi (r 2 = 0.47, p < 0.05).

Figure 3

 3 Figure 3-7. Spearman's rank correlation coefficients between GHG concentrations and SDO and water temperature.

  -6). The average GHG fluxes from the three reservoirs during the period April 2019-November 2020 were much lower than the average fluxes of CH4, CO2, and N2O from the global estimates by[START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF], with values of 120.4 ± 286.6 mg C-CH4 m -2 d -1 , 329.7 ± 477.7 mg C-CO2 m -2 d -1 , and 0.3 ± 0.9 mg N-N2O m -2 d -1 , respectively. Compared to other reservoirs of France, the diffusive CH4 flux from the study reservoirs was close to that of the eutrophic Eguzon Reservoir in the center of France, but the N2O flux was lower than that from the Eguzon Reservoir, with values of 12.5 ± 19.8 mg C-CH4 m -2 d -1 and 0.5 ± 0.5 mg N N2O m -2 d -1

Figure 3

 3 Figure 3-8. Seasonal patterns of GHG concentrations in the related rivers of three reservoirs. (a) CH4, (b) N2O, and (c) CO2. The dotted boxes indicate the seasonal average equilibrium GHG concentrations in the surface water. Bourguignons, Roches, Trannes are the upstream rivers of the Seine, Marne, and Aube reservoirs; Moncetz and Epagne are the downstream rivers of the Marne and Aube reservoirs; and Lusigny is the release canal of the Seine reservoir.

Figure 4

 4 Figure 4-1. Characteristics of the Seine Basin: (a) drainage network and identification of the four rivers, (b) lithology and spatial location of the four reservoirs. Detailed representations of the Marne (c), Aube (d), Seine (e) and Pannecière (f) reservoirs, respectively. "Upstream/Input" indicates the water quality entering the reservoirs (red dots). Water released from the reservoirs is indicated with green dots. In cases of complex releases (multiple canals) in the Marne and Aube reservoirs, additional downstream sites (purple dots) are located on the main downstream rivers. The Release and Downstream sites in the Seine and Pannecière Reservoir are the same.

  dynamics, with the lowest and highest annual average values in 2003 and 2013, respectively (see Figure 4-9 in Annexes). Water discharges in the Yonne River were five to six times lower than in the Marne, Aube, and Seine rivers (Figure 4-2).
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 42 Figure 4-2. Daily water flows in the upstream of the Marne, Aube, Seine, and Yonne rivers (upstream of the reservoirs) during the 1998-2018 period.

Figure 4

 4 Figure 4-4. Long-term variations of the observed nutrient and SM concentrations in the upstream Marne, Aube, Seine, and Yonne rivers during the study period. The black lines were smoothed to reveal the long-term trend of nutrient and SM concentrations based on the Local Weighted Regression method.
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 45 Figure 4-5. Seasonal patterns of nutrient and SM concentrations in the Marne, Aube, Seine, and Yonne rivers, upstream of their reservoirs. The top and bottom of the boxes indicate the 75% and 25% confidence intervals, respectively. The horizontal line within the box is the median value, and the upper and lower whiskers represent the values of the 10th and 90th

Figure 4

 4 Figure 4-6. Comparison of nutrients and SM concentrations in the rivers upstream and downstream of the four reservoirs during the filling (a) and emptying (b) periods. The Wilcoxon test was used to identify significant differences for the nutrient and SM concentrations in the upstream and downstream rivers for each period. * indicates the difference is significant at the p < 0.05 level, while ns indicates that the difference was non-significant.

Figure 4

 4 Figure 4-7. Annual nutrient and SM loads in the Marne, Aube, Seine, and Pannecière reservoirs between 1998 and 2018. Input and Output represent the nutrient and SM loads entering and leaving the reservoirs, respectively (i.e., AFin and AFout, section 2.3). Fluxes are expressed with different orders of magnitude for nutrients and SM. The full data set including detailed fluxes for DIN (NO3 --N, NH4 + -N, and NO2 --N, respectively) is provided in S2.

  PO4 3--P to SM with the work periods for dike testing(Marne: 2003; Aube: 2005; Seine: 2008; 

4

  -8b, p < 0.01, R 2 = 0.22). This further indicates the impact of water release operations on the DIN R% calculation at a time (the filling period) when DIN concentrations were the highest in the reservoir. Consequently, DIN R% appeared to be correlated with both the annual water inflow (involved in the residence time calculation) and the water outflow during the filling period.

Figure 4

 4 Figure 4-8. Correlations between DIN retention rates and (a) the residence time of the Marne, Aube, Seine, and Pannecière reservoirs; (b) the percentage of water released during the filling period.

  ). The three diverted reservoirs located in the Champagne Region, east of the Seine Basin, have a large proportion of their catchments covered by arable land (38-48%, and 40-53% are in the forest, 5-18% being covered by grassland), while the upstream catchment of the Pannecière Reservoir is dominated by forest (66% vs. 5% for agricultural land, most of the remaining land used as grassland, i.e.26%). Taking into account the importance of arable land in the upstream catchments of the Marne, Aube, and Seine reservoirs, NO3 --N sources obviously originated from the non-point source, such as agricultural fertilizer.

  Annual mean water flows in the upstream of the Marne, Aube, Seine, and Yonne rivers from 1998 to 2018. Calculations were performed over a 1-year hydrological cycle, from December to November of the next year (m 3 s -1 ), n = 365 days (Figure4-9).

Figure 4

 4 Figure 4-9. Annual mean water discharges in the upstream portion of the Marne, Aube, and Seine rivers from 1998 to 2018.
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 4 Figure 4-10. Detailed hydrological characteristics in the upstream Seine River and related reservoir for two periods1998-1999 and 2017-2018. 

Figure 4 -

 4 Figure 4-11. Dynamics of chlorophyll a (Chl-a) and nutrient concentrations, taking the Marne Reservoir as an example[START_REF] Garnier | Biogeochemical mass-balances (C, N, P, Si) in three large reservoirs of the Seine Basin (France)[END_REF][START_REF] Garnier | Ecological functioning of the Marne reservoir (upper Seine basin, France)[END_REF].
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 4 Figure 4-12. Examples for the vertical DO concentrations in the reservoirs (19/07/2017 for the Marne, Aube, and Seine reservoirs, 11/09/2017 for the Pannecière Reservoir)

Figure 5 -

 5 Figure 5-1. Geographical locations of the three reservoirs: (a) Seine Basin, (b) sketch map of sampling sites in three reservoirs. Detailed geographical information on the sampling sites is presented in Annexes (Table5-2).

  and Aube reservoirs please refer to Figure5-9 and Figure5-10 in Annexes). Chl-a concentrations in upstream river showed slight variations, with values ranging from 2 μg L -1 to 7 μg L -1 . In the reservoir, high Chl-a concentrations were found when the reservoir volumes were the lowest (during November-December, 
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 52 Figure DSi, DOC, and BDOC concentrations in the Marne upstream river (a, c, e, g) and in the reservoir(b, d, f, h). The shadow marked with light grey represents the changes in reservoir volumes. The blue line (mixing value) is the calculated concentrations (Chl-a, DSi, DOC, and BDOC) in the reservoir assuming they resulted from the mixing with the entering water (see5.2.3.2).

Figure 5 -

 5 Figure 5-3. Seasonal variations of SDO (DO saturation) and water temperature in the three reservoirs.

  terms of average CO2 fluxes, all of three reservoirs were sources of CO2 to the atmosphere during the study period (04/2019-11/2020), with emission rates of 115 ± 134 mg C m -2 d -1 , 95± 124 mg C m -2 d -1 , and 174 ± 305 mg C m -2 d -1 (mean ± SD) in the Marne, Aube, and Seine reservoirs, respectively. In contrast, the mean CO2 fluxes in the upstream of Marne, Aube, and Seine rivers were 2377 ± 536 mg C m -2 d -1 , 2426 ± 589 mg C m -2 d -1 , and 3009 ± 574 mg C m -2 d -1 over the same time period, respectively. High CO2 fluxes were observed in downstream of the Marne (1668 ± 652 mg C m -2 d -1 ) and Aube (1961 ± 757 mg C m -2 d -1 ) rivers in May/June, while relative lower values (40%~50%) were found during the emptying period (Figure 5-4).
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 5 Figure 5-4. Dynamics of pCO2 (a, c, and e) and CO2 fluxes (b, d, and f) in three reservoirs and their upstream and downstream rivers (Marne: a and b; Aube: c and d; Seine: e and f). The CO2 flux in the downstream river of the Seine Reservoir was not calculated due to the lack of slope of river. The shaded light grey areas represent reservoir volume.
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 5 Figure 5-6. The impact of reservoirs on downstream water discharges (a and b) and gas transfer coefficient of CO2 (c and d).

Figure 5 -

 5 Figure 5-7. Gas transfer coefficient (k600) and monthly averaged wind speed of studied reservoirs.

Figure 5 -

 5 Figure 5-8. Revised water discharges in the downstream of Marne and Aube River with and without the impact of reservoirs.

Figure 5 -Figure 5 - 5 .

 555 Figure[5][6][7][8][9] DSi, DOC, and BDOC concentrations in the Seine upstream river (a, c, e, g) and in the reservoir(b, d, f, h). The shadow marked with light grey represents the changes in reservoir volumes. The blue line (mixing value) is the calculated concentrations (Chl-a, DSi, DOC, and BDOC) in the reservoir assuming they resulted from the mixing with the entering water (see5.2.3.2).

  6-10 in Annexes), and RIVE models are presented in Annexes. The parameters used in the RIVE model are shown in Table6-4 (in Annexes).Additionally, we updated the calculations of TA and DIC based on[START_REF] Marescaux | Modeling inorganic carbon dynamics in the seine river continuum in France[END_REF]. In these reservoirs, we found that precipitation and dissolution of CaCO3 (calcium carbonate) are significant (see Text S2 in Annexes), therefore, we considered the effect of CaCO3 precipitation and dissolution on changes in TA and DIC. The equations calculating TA and DIC are as follows:

  ). The model successfully simulated the high and low Chl-a concentrations during December-March and April-August, respectively; however, the model led to a lag in simulating the gradual increase of Chl-a during September-December and did not capture the peak value of Chl-a in December (Figure6-1). The model showed a good simulation of NO3 -dynamics during December-July, but it slightly overestimated the low NO3 -concentrations during September-November (at the end of the emptying period). For DO, the model successfully captured the general trend in the reservoirs, with high and low values during December-March and August-September, respectively. Moreover, the seasonal variations of DSi concentrations in the three reservoirs were successfully simulated by the model during 2019-2020, including the gradual decrease during December-August (of the following year) and the increase during September-November (Figure6-1). In addition, the model also captured most observations of PO4 3-and NH4 + -N, except for some high values (e.g., PO4 3-in May and July of 2020, and NH4 + in November of 2019 and 2020 in the Marne Reservoir).

Figure 6

 6 Figure 6-1. Simulations and observations of the water variables in the Marne Reservoir (2019-2020). (a) Chl-a, (b) NO3 -, (c) PO4 3-, (d) DO, (e) DSi, (f) NH4 + . The blue line is the simulation result, and the black dots are the observations.

  In the carbonate systems, the model successfully simulated the dynamics of TA and DIC in the three reservoirs during2019-2020 (Figure 6-2, Figure 6-15, and Figure 6-16 in Annexes).In addition, we also found that the precipitation and dissolution of CaCO3 play a significant role in regulating the dynamics of TA and DIC in the three reservoirs compared with the effect of the biogeochemical processes (Text. S4 and Figure6-17 in Annexes). Although the observed values of pH in the reservoirs fluctuated, the model still captured the general level of pH; however, discrepancies between simulations and observations still exist during March-July 2020, not adhering well to the trend and with some underestimations of the pH. Nevertheless, the simulations of CO2 were generally consistent with the observations, i.e., the relatively high and low values, and the decrease in CO2 was captured.
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 62 Figure 6-2. Simulations and observations of the CO2 systems in the Marne Reservoir (2019-2020). (a) TA, (b) pH, (c) DIC, and (d) CO2. The blue line is the simulation result, and the black dots are the observations.

Figure 6 2 .

 62 Figure 6-3. Daily ecosystem metabolism in the Marne Reservoir from 2019 to 2020, including (a) primary production (phytoplankton uptake), respiration, and NEP (net ecosystem production = photosynthesis -respiration), the black dashed line indicates the balanced metabolism (primary production equal to respiration); (b) the contribution of bacterial respiration (respBact), zooplankton respiration (respZoo), and benthic respiration (respBent) to total respiration.

Figure 6

 6 Figure 6-4. The main processes involved in the budgets of NO3 -(a, b), TIP (c, d), DSi (e, f), and DIC (g, h) were calculated by the BarMan model. Positive and negative values indicate the increase and decrease of NO3 -, TIP, DSi, and DIC concentrations in the water column, respectively. The dashed red line represents the net change of nutrient concentrations in the water column.
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 65 Figure 6-5. Schematic diagram of the nutrients (a, b, c) and carbon (d) fates during one annual hydrological cycle (from December 2019 to November 2020) in the Marne Reservoir (detailed values are provided for the 3 reservoirs in Table6-5).

Figure 6

 6 Figure 6-6. Impact of the trophic state (increasing TIP concentrations) on the annual ecosystem metabolism, including (a) primary production, respiration, and net ecosystem primary production and (b) retention rate of NO3 -and DSi in the Marne Reservoir. All other boundary conditions are those of the annual hydrological cycle from December 2019 to November 2020. Note that the average TIP concentration flow into the reservoirs was approximately 20 μg P L -1 during 2019-2020.

Figure 6

 6 Figure 6-7. Impact of hydrological alterations on (a) reservoir volume changes in three hydrological scenarios during 2019 and 2020, (b) primary production, (c) respiration, (d) NO3 - retention rate, and (e) DSi retention during one hydrological cycle (from December 2019 to November 2020).

Figure 6

 6 Figure 6-8. Impacts of different morphologic parameters (a, Dmax and Smax) of the Marne Reservoir on (b) calculated water column mean depth, (c) primary production, (d) respiration, (e) NO3 -retention rate, and (f) DSi retention rate during one hydrological cycle (from December 2019 to November 2020).

Figure 6

 6 Figure 6-9. Diagram of the three reservoirs in the Seine Basin. The blue and red dots indicate the sampled sites in the three reservoirs and their upstream rivers, respectively. Note

Figure 6 -

 6 Figure 6-10. Calculated volume and observed volume response to water level in the Marne Reservoir (here expressed as sea level altitude in meters).

  positive and negative values of CaPrecip representing the precipitation and dissolution of CaCO3 in the reservoir, respectively. From day 330 to day 365, water starts entering the reservoir and influences the Ca 2+ concentrations, and thus we disregarded the effect of Ca 2+ precipitation and dissolution in the reservoir at this time.

Figure 6 -

 6 Figure 6-12. Dynamics of Ca 2+ and water flow into reservoirs during 2020. The black represents the poly-regression equation ( y = 6.072 × 10 -6 × 𝑥 3 -2.578 × 10 -3 × 𝑥 2 + 0.1446 × 𝑥 + 59.80) of Ca 2+ dynamics in three reservoirs.
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 6 Figure 6-17. The importance of the precipitation and dissolution of CaCO3 on TA (a) and DIC (b) dynamics in the Marne Reservoir during 2019-2020. Simulations with (blue) and without (gray) considering the precipitation and dissolution processes of CaCO3 in the model.

Figure 6 -

 6 Figure 6-18. Daily ecosystem metabolism in the Seine (a, b), Aube-Amance (c, d), and Aube-Temple (e, f) reservoirs from 2019 to 2020, including the (a, c, and e) primary production, respiration, and NEP (net ecosystem production, which was calculated as the difference between primary production and respiration); the black dashed lines indicate the neutral metabolism (primary production equal to respiration); (b, d, and f) the contribution of bacterial respiration (respBact), zooplankton respiration (respZoo), and benthic respiration (respBent) to total respiration.
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 6 Figure 6-23. CO2 simulations using different k600 (in m h -1 ), the k600 used here is the average value during 2019-2020 based on the monthly average wind speed from Troyes, a place close to the reservoir location, in the Champagne Region of France.

Figure 6 -

 6 Figure 6-24. Response of diatom development to different external TIP concentrations (1, 10, 20, 50, 100 μg P L -1 ).

  of GHG fluxes from reservoirs at the global scale, which we updated. The average fluxes of CH4, CO2, and N2O were 125.7 ± 21.2 mg CH4-C m -2 d -1 , 415.7 ± 36 mg CO2-C m -2 d -1 , and 0.28 ± 0.11 mg N2O-N m -2 d -1 , respectively. The GHG fluxes showed obvious spatial variations, high CH4 and CO2 fluxes were found in the EQT (equatorial) hydrobelt, with the mean values of 380.3 ± 145.4 mg CH4-C m -2 d -1 , and 1257.9 ± 221.1 mg CO2-C m -2 d -1 , respectively. Combining with the global reservoir and dam database (GranD, v. 1.3), we estimated that the annual GHG emissions from the global reservoirs amounted to 12.9 Tg CH4-C, 50.8 Tg CO2-C, and 0.04 Tg N2O-N, and were comparable to the estimations of[START_REF] Deemer | Greenhouse gas emissions from reservoir water surfaces: A new global synthesis[END_REF] using the similar total surface area of global reservoirs.

PO4 3 -

 3 : orthophosphates, and DSi: dissolved silica) and SM (suspended matter) budgets in four reservoirs (the three diverted Marne, Aube, and Seine reservoirs, and the on-river Pannecière Reservoir) of the Seine Basin from 1998 to 2018. The four reservoirs showed similar hydrological characteristics given their main water management objectives: preventing downstream flooding in winter and early spring and supporting downstream low water flows in summer and autumn. Analysing the differences in nutrient concentrations between upstream and downstream rivers during the filling (December to June of the next year) and emptying

  model (which embeds the biogeochemical RIVE model) to unravel carbon and nutrient (N, P, and Si) fates and simulate CO2 dynamics in the three reservoirs (Marne, Aube, and Seine reservoirs) during 2019 to 2020. Overall, the Barman model provided robust simulations for multiple water quality variables, including Chl-a, NO3 -(nitrate), NH4 + (ammonium), PO4 3- (orthophosphate), DSi, DO (dissolved oxygen), pH, TA (total alkalinity), DIC (dissolved inorganic carbon), and CO2. In the three reservoirs, obvious seasonal variations of Ca 2+ concentrations were found, and thus, we considered the effect of the precipitation and dissolution of CaCO3 (calcium carbonate) on the changes in TA and DIC in the updated BarMan model.
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 2 1. Global estimation of GHG emissions from freshwater ecosystems.

	Ecosystem type	Number of	Global surface	C or N emissions (Tg per year)	CO 2	Equivalents (Tg CO	2 Eq per	Reference
		documented	area (× 10 6 km 2 )					year)	
		measurements		CH 4	CO 2	N 2 O	CH 4	CO 2	N 2 O
	Hydroelectric reservoirs	85	0.34	3	48	--	100	176	--		(Barros et al., 2011)
	Hydroelectric reservoirs	154	0.33	7.3	76		243.3	278.7			(Hertwich, 2013)
	All reservoirs	22	1.50	55	270	--	1833.3	990	--		(St. Louis et al., 2000)
	All reservoirs	11	0.50	20	--	--	666.7	--	--		(Bastviken et al., 2011)
	All reservoirs	264	0.31	13.4	36.8	0.03	446.7	134.9	14.0	(Deemer et al., 2016)
	All reservoirs	--	--	--	--	0.04-0.07	--	--	18.7-32.8	(Maavara et al., 2019)
	All reservoirs	289	0.36	12.9	50.8	0.04	431.9	186.5	17.3	This study
	Lakes	--	3.7-4.5	53.7	292	--	1790	1071	--	(Bastviken et al., 2011; Raymond
	Rivers	--	0.4-0.7	1.1	1800	--	37.7	6600	--		et al., 2013)
	Small ponds	--	0.2-0.9	12	571	--	400	2094	--	(Holgerson and Raymond, 2016)
	Note: The CO									

2 equivalents were calculated by multiplying the mass-based flux (in units of Tg CH 4 , CO 2 or N 2 O per year) by the 100-year global warming potential of each gas, 25 for CH 4 and 298 for N 2 O. The global surface area in this table is the total surface area that was referenced by related studies.

Table 2 -

 2 2. Dataset of GHG emission and general information of collected reservoirs atthe global scale.
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 2 

3. The impact of trophic state on GHG emissions.

The above Table

2-2 and Table 2-

3 used in this chapter could be found in the online version of this paper: | https://doi.org/10.3389/fenvs.2021.705477.
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 3 1. Surface water qualities in the three reservoirs during April 2019 and November 2020. The water quality variables contained pH, EC (μs cm -1 ), T (°C),DO (mg O2 
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 3 2. Comparison between GHG concentrations in the Aube, including upstreamand downstream rivers, Amance and Temple lakes, and release water during the emptying period in 2020.

	Reservoir	Date	Sites	CH4 (µg C L-1)	N2O (µg N L-1)	CO2 (µg C L-1)

term assessment of nutrient budgets for the four reservoirs of the Seine Basin (France)

  

3

This chapter has been published and referenced as: Yan, X., Thieu, V., & Garnier, J.

(2021)

. Longterm assessment of nutrient budgets for the four reservoirs of the Seine Basin (France). Science of the Total Environment,

778, 146412. https://doi.org/10.1016/j.scitotenv.2021.146412 
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 4 

		Marne	Aube	Seine	Pannecière
	Date of completed	1974	1990	1966	1949
	construction				
	Surface area (km 2 ) at	48	21	23	5.2
	maximum capacity				
	Storage capacity (10 6 m 3 or	349 (20*)	170 (25*)	208	80
	Mm 3 )				
	Catchment area (km 2 )	2900	1650	2380	220
	Mean depth at the maximum	7.2 (4.5*)	7.6 (3.5 *)	8.9	49
	level (m)				
	Extreme flow in rivers (m 3 s -	20-300	5-100	1-150	0.5-58
	1 )				
	Mean flow in rivers (m 3 s -1 )	40 (Marne)	20 (Aube)	30 (Seine)	5 (Yonne)
	Residence time (d):	201 (152-230)	270 (181-376)	168 (106-273)	102 (43-153)
	mean(range)				
	Population (inhab. km -²)	32.7	13.4	13.0	13.5
	Agriculture land	38.47%	38.25%	48.24%	5.55%
	Grassland	17.92%	6.29%	4.81%	25.56%
	Forest	39.90%	53.72%	45.26%	

1. Main characteristics of the four reservoirs. The Marne, Aube, and Seine reservoirs are diverted; Pannecière is an on-river reservoir.
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	Reservoir	DIN	PO4 3-	Si	SM
	Marne	53% (+29% to +79%)	48% (-18% to +90%)	34% (-137% to +62%)	36% (-231% to +79%)
	Aube	52% (-15% to +85%)	41% (-40% to +79%)	40% (-88% to +81%)	42% (-298% to +86%)
	Seine	39% (-6% to +67%)	38% (-88% to +73%)	22% (-37% to +54%)	76% (-144% to +96%)
	Pannecière	16% (-13% to +38%)	26% (-25% to +66%)	27% (-2% to +76%)	52% (-6% to +86%)

2. Mean retention rates of nutrient and SM in the four reservoirs of the Seine

Basin during 1998-2018 period. Range in parentheses.

Table 4

 4 

			-3. DIN:PO4 3--P:Si ratios (mg:mg) in the upstream and release parts of the four
	reservoirs from 1998 to 2018.				
	Year	Marne Reservoir	Aube Reservoir	Seine Reservoir	Pannecière Reservoir
		Upstream	Release	Upstream	Release	Upstream	Release	Upstream	Release
		68:1:36	114:1:52	126:1:71	165:1:81	80:1:41	119:1:42	
		84:1:31	70:1:27	106:1:55	149:1:53	100:1:51	217:1:103	
		35:1:16	69:1:28	32:1:13	66:1:26	57:1:19	73:1:23	
		29:1:11	28:1:13	20:1:10	35:1:14	34:1:15	36:1:14	
		39:1:9	82:1:18	39:1:9	79:1:15	68:1:20	68:1:23	
		72:1:19	55:1:26	39:1:13	74:1:16	50:1:15	70:1:18	
		38:1:33	59:1:46	39:1:45	52:1:9	45:1:39	87:1:68	
		29:1:10	24:1:11	42:1:18	36:1:36	44:1:20	74:1:21	
		58:1:21	37:1:19	60:1:40	56:1:36	52:1:27	67:1:34	
		79:1:32	38:1:18	96:1:42	101:1:39	110:1:37	112:1:30	
		92:1:74	53:1:38	155:1:114	215:1:189	120:1:83	182:1:94	39:1:184	57:1:203
		72:1:41	216:1:124	141:1:95	202:1:118	118:1:72	256:1:141	42:1:124	58:1:106
		63:1:29	49:1:44	69:1:42	93:1:47	86:1:39	38:1:11	14:1:72	22:1:77
		91:1:36	79:1:44	90:1:55	45:1:28	107:1:43	145:1:64	39:1:202	42:1:128
		59:1:26	40:1:21	85:1:51	60:1:38	117:1:47	69:1:35	23:1:95	25:1:105
		87:1:39	65:1:42		150:1:78	104:1:41	62:1:35	24:1:73	21:1:79
		110:1:51	75:1:61	186:1:115	60:1:157	179:1:70	57:1:32	34:1:139	39:1:100
		60:1:35	135:1:65	43:1:27	87:1:57	93:1:36	48:1:27	25:1:124	21:1:101
		91:1:50	67:1:46	71:1:43	47:1:18	123:1:61	80:1:55	29:1:128	32:1:129
		205:1:88	228:1:207	325:1:165	304:1:125	251:1:124	273:1:143	63:1:273	73:1:258
		108:1:38	135:1:88	161:1:122	238:1:72	111:1:68	157:1:108	23:1:108	44:1:161
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	-4. Annual nutrient budgets in four reservoirs. Please refer to the online version
	of this paper: https://doi.org/10.1016/j.scitotenv.2021.146412.

Reservoirs change pCO 2 and water quality of downstream rivers: evidence from three reservoirs in the Seine Basin
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Table 5 -

 5 1. Comparison of the annual fluxes of Chl-a, DOC, BDOC, and DSi in downstream river with and without the impact of reservoir.

	Site	Without reservoir (hypothetical)	With reservoir (reference situation)
	Water parameter	Chl-a	DOC	BDOC	DSi	Chl-a	DOC	BDOC	DSi
	Unite	t C yr -1	t C yr -1	t C yr -1	t Si yr -1	t C yr -1	t C yr -1	t C yr -1	t Si yr -1
						177	3101	642	1698
	Marne downstream	163	2430	425	2286				
						(+8%) *	(+22%)	(+34%)	(-35%)
						65	1450	282	907
	Aube downstream	61	1180	249	1195				
						(+6%)	(+19%)	(+12%)	(-31%)

Table 5 -

 5 2. Location of the stations in field campaigns during2019-2020. 

	Reservoir	Location	Station name	Latitude	Longitude
		Upstream	Roches	N 48°36'22.6"	E 5°02'24.1"
	Marne R.	Reservoir	Der Lake	N 48°36'05.9"	E 4°42'35.0"
		Downstream	Moncetz	N 48°38'49.0"	E 4°39'12.4"
		Upstream	Trannes	N 48°17'56.1"	E 4°35'03.8"
	Aube R.	Reservoir	Temple Lake	N 48°20'55.0"	E 4°27'18.3"
		Downstream	Epagne	N 48°23'31.3"	E 4°27'39.5"
		Upstream	Bourguignons	N 48°07'44.2"	E 4°21'37.1"
	Seine R.	Reservoir	Orient Lake	N 48°15'48.6"	E 4°17'58.1"
		Downstream	Lusigny	N 48°15'14.8"	E 4°16'23.9"

Table 5

 5 

	-3. Differences in pCO2 in the surface water, release canal, and upstream of the
	Aube reservoir.			
	Date	Temple Lake (μatm)	Release canal (μatm)	Upstream of Aube
	2019-08-13	447	1062	1519
	2019-09-17	415	1182	1500
	2019-10-18	556	507	1670
	2020-07-21	573	2530	2134
	2020-08-25	1002	1486	2181
	2020-09-22	332	602	1850
	2020-10-14	323	424	

Table 6 -

 6 1. Summary of the main input water variables of BarMan model during thefilling period during2019-2020. 

	Input variables	Values (mean ± SD)	Source	Comment
	DO	10.30 ± 1.31 mg O2 L -1		
	NH4 +	0.01 ± 0.01 mg N L -1		Linear interpolation
	NO2 -	0.01 ± 0.01 mg N L -1	In situ measurement	
	DSi	1.57 ± 0.62 mg Si L -1	(06/04/2019-18/11/2020)	
	NO3 -	4.53 ± 1.37 mg N L -1		WRTDS interpolation
	SPM	5.12 ± 4.49 mg L -1		
	TIP	0.02 ± 0.01 mg P L -1	Calculated from in situ measurements of SPM and PO4 3-	TIP = PO 4 3-+ 0.0055 × PO 4 3-SPM × (PO 4 3-+ 0.7)
			(orthophosphates)	(Billen et al., 2007; Némery et al., 2005)
	TA	4450 ± 334 μmol L -1	In situ measurement (06/04/2019-18/11/2020)	Constant value of 4450 μmol L -1 .
	DIC	54.10 ± 3.98 mg C L -1		
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 6 2. Root mean square error

  . Unravelling nutrient fates and CO2 dynamics in the reservoirs Table 6-3. Morphological parameters of the three reservoirs.

	Reservoir	z0 (m)	Dmax (m)	Smax (km 2 )	NSE
	Marne	124.236	17.2793	49.78	0.9986
	Seine	121.414	16.77497	22.38	0.9996
	Aube_Amance	128.791	15.7175	7.16	0.9970
	Aube_Temple	122.391	15.4675	17.77	0.9996

, Dmax, and Smax theoretical parameters within a range of documented values for each reservoir. The highest NSE (close to 1) indicates the best group of z0, Dmax, and Smax. The morphological parameters in the three reservoirs are presented in Table 6-3.

6
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	6. Unravelling nutrient fates and CO2 dynamics in the reservoirs

-4.

Figure. 6-11. Representation of the RIVE model adapted from

[START_REF] Maavara | Nitrous oxide emissions from inland waters: Are IPCC estimates too high?[END_REF] 
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 6 4. Kinetics and parameters of the RIVE model (updated from[START_REF] Garnier | Modelling the transfer and retention of nutrients in the drainage network of the Danube river[END_REF] These parameters depend on temperature according to the relation mentioned.

	Process	Kinetic expression a	Parameters	Meaning

*

. Text S2. The precipitation and dissolution of CaCO3 (calcium carbonate) in the reservoir.
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 6 5. Carbon and Nutrient budgets in the three reservoirs.

	Unite is ton C/N yr-1
	Processes

This chapter has been submitted to Water Research: Yan, X., Thieu, V., Billen, G., Wang, S., & Garnier, J. Unravelling nutrient fate and CO2 dynamics in the reservoirs of the Seine Basin using a modelling approach(Submitted) 

ProcessesUnite is ton C/N yr-1
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3. Greenhouse gas emissions from three main reservoirs in the Seine Basin (France)

This chapter has been submitted to Aquatic Science: Yan, X., Thieu, V., & Garnier, J. Greenhouse gas emission from three main reservoirs in the Seine Basin (France). (Submitted) 

GHG fluxes in reservoirs

The average GHG fluxes were calculated based on the field measurements during April 2019 and November 2020 (Figure 3-6a-c). The three reservoirs were minor sources of CH4, with average values of 12.1 mg C m -2 d -1 , 4.7 mg C m -2 d -1 , 7.8 mg C m -2 d -1 , and 2.7 mg C m - 2 d -1 in the Orient, Der, Amance, and Temple lakes, respectively. For the average N2O fluxes, the Orient and Der lakes were minor sources of N2O, with values of 0.1 mg N m -2 d -1 and 0.01 mg N m -2 d -1 , respectively. Lakes Amance and Temple were neutral or small sinks of N2O. The three reservoirs were sources of CO2, with average values of 210.8 mg C m -2 d -1 , 115.0 mg C m -2 d -1 , 104.8 mg C m -2 d -1 , 95.5 mg C m -2 d -1 in the Orient, Der, Amance, and Temple lakes, respectively. In addition, the GHG emissions from the three reservoirs were also calculated as CO2eq and amounted to 800 mg CO2eq m -2 d -1 ; CO2 and CH4 were the principal contributors (98%), and N2O represented only 2% of GHG emitted to the atmosphere (Figure 3-6d). 

Abstract

Artificial reservoirs represent one of the most significant human disturbances of water flows and associated water quality, including nutrients and SM (suspended matter). However, most of the previous studies were only focused on few years or even single year, and the longterm dynamics of nutrient retention in reservoir are under explored. In this study, we present the long-term (1998-2018) hydrological characteristics and water quality in four reservoirs (Marne, Aube, Seine, and Pannecière reservoirs) and their related rivers (Marne, Aube, Seine, and Yonne rivers) of the Seine Basin, France. Based on the hydrology and water quality data, the long-term budgets of nutrients and SM were evaluated in these reservoirs according to mass balance calculation. The results indicated that the four reservoirs play important roles in the retention/elimination of nutrients and SM, and the retention/elimination rates may be affected by hydrophysical and biogeochemical processes. The mean annual retention rates accounted for 16-53% of the inputs of DIN (dissolved inorganic nitrogen), 26-48% of PO4 3--P (orthophosphates), 22-40% of Si (dissolved silicon), and 36-76% of SM in the four reservoirs during the 1998-2018 period. Further analysis suggested that the annual residence time and the percentage of water released from reservoirs during the filling period significantly correlated with DIN retention rates in the four reservoirs (p < 0.01), which highlights the importance of reservoir water management strategies for the DIN concentrations in the downstream rivers.

Abstract

The global increase in the construction of reservoirs has drawn attention given its documented hydrological and biogeochemical impacts on downstream rivers; however, the impact of reservoirs on downstream pCO2 (partial pressure of carbon dioxide) is still poorly understood. To evaluate these impacts, the interactions between reservoirs and their corresponding upstream and downstream rivers were analyzed for three reservoirs in the Seine Basin based on monthly measurement during two hydrological years. The seasonal variations of water quality in the reservoirs were mainly driven by the entering water and the biogeochemical processes occurring in the reservoirs. Our results unravel the crucial role of reservoir in downstream water quality, which significantly increased DOC (dissolved organic carbon) and BDOC (biodegradable DOC) concentrations, while lowered DSi (dissolved silica) concentrations during emptying period (p < 0.01). Furthermore, the impacts of reservoirs on the annual fluxes of DOC, BDOC, and DSi were quantified and suggested that the three reservoirs respectively increased 20% and 23% of annual fluxes of DOC and BDOC, while decreased 33% of annual DSi fluxes in their downstream rivers. Additionally, the reservoirs significantly decreased downstream riverine pCO2 (p < 0.01), and enhanced the gas transfer coefficient of CO2 in downstream rivers by 1.3 times during the emptying period, which highlights the necessity to consider the potential impact of reservoirs on riverine CO2 emissions.

Overall, our results highlight the importance of combining biogeochemical and hydrological characteristics to understand the impacts of reservoirs on downstream rivers, and emphasize the need of similar studies under the current context of increasing reservoir constructions. Keywords: reservoirs; Seine Basin; downstream river; water quality; partial pressure of CO2 during emptying period (p < 0.01), i.e., increasing DOC and BDOC concentrations, while decreasing DSi concentrations and pCO2 of downstream rivers. 

Abstract

Reservoirs, as one of the important anthropogenic disturbances along the land-to-ocean aquatic continuum, have a significant impact on nutrient retention and thus on downstream water quality. However, our in-depth understanding of nutrient cycling in reservoirs is still limited by the fact that it involves a variety of closely linked and coupled biogeochemical and hydrological processes. Process-based model approaches have shed light on the fate of nutrients and related processes in reservoirs. In this study, the updated BarMan model was applied to three reservoirs of the Seine Basin during 2019-2020, considering carbon dioxide (CO2) dynamics and key water quality variables, including chlorophyll a (Chl-a), nitrate (NO3 -), ammonium (NH4 + ), orthophosphate (PO4 3-), dissolved silica (DSi), dissolved oxygen (DO), pH, total alkalinity (TA), and dissolved inorganic carbon (DIC). The BarMan model simulations captured well the observed seasonal variations of water quality variables, although discrepancies remained for some variables. To unravel the fate of nutrients, the ecosystem metabolism, nutrient transformations, budgets, and related processes were systematically analyzed and quantified with the model. Results revealed that the three reservoirs are autotrophic ecosystems, with net primary production ranging from 57 to 288 tons C yr -1 , and showed significant retention of NO3 -(36%-51%), DSi (49%-69%), DIC (25%-42%), and TIP (total inorganic phosphorus, 64%-79%). Furthermore, we found that phytoplankton assimilation (NO3 -, DSi, and PO4 3-) and benthic denitrification (NO3 -) are dominant processes for nutrient retention. In addition, three scenarios were explored in the Marne Reservoir, including changes in inflowing river TIP concentrations (from 1 to 100 μg P L -1 ), hydrological management strategies (advancing and delaying the emptying period for 1 month), and reservoir morphological characteristics (decreasing and increasing reservoir mean depth).

Results showed that the ecosystem metabolism (primary production and respiration) and NO3 - retention rate increased from 38% to 63% with increasing TIP in inflowing river input. The retention rate of DSi increased significantly from 29% to 68% with TIP concentrations in the range of 1-25 μg P L -1 , while remaining stable or decreasing slightly with higher TIP concentrations from 50 to 100 μg P L -1 . Additionally, we found that morphological characteristics impact the retention rate of NO3 -and DSi, with low mean depth increasing NO3 - removal, while significantly decreasing DSi retention efficiency. Alterations in the hydrological management strategy had only a marginal effect on the ecological function of the Marne Reservoir. Overall, our results provide useful references for reservoir management with respect to downstream water quality. Keywords: Nutrient fates; CO2 dynamics; Modelling approach; Scenario analysis 6. Unravelling nutrient fates and CO2 dynamics in the reservoirs

Text S3. Calculations of H + and CO2 in the BarMan model

For the calculations of H + and CO2 according to [START_REF] Stumm | Aquatic chemistry: chemical equilibria and rates in natural waters[END_REF], the main equations are as follows:

where K1, K2, and Kw are acidity constants and are corrected for temperature (in Kalvin) 

where a0, a1, and a2 are the fraction of total inorganic carbon in CO2, HCO3 -, and CO3 2-, respectively. Thus, equations S3-9-S3-10 can be substituted into equation S3-5: 6. Unravelling nutrient fates and CO2 dynamics in the reservoirs

Contribution of the three main reservoirs to GHG emissions in the Seine Basin

After their long-term analysis, we focused on the main, but relatively small reservoirs (Marne, Aube, and Seine reservoirs) of the Seine River Basin (France) and conducted 19 field campaigns from April 2019 to November 2020 to investigate the GHG dynamics in these reservoirs. We established the seasonal patterns of CH4 and CO2 concentrations, but no clear pattern was observed for N2O in the three reservoirs. Positively related to water temperature and SDO (dissolved oxygen saturation), CH4 concentrations were high in summer and autumn and were low in winter and spring, and hence closely driven by biological activity. Seasonal dynamics of CO2 were different, showing a maximum in winter and spring due to CO2 inputs from the upstream rivers and low primary productivity, and a minimum in summer, with uptake by photosynthesis. In terms of the saturation of GHGs, the three reservoirs were oversaturated with CH4 in all seasons, they were oversaturated with CO2 in winter and spring, while appearing slightly undersaturated in summer and autumn. We have therefore shown that the seasonality observed for CO2 concentrations is both driven by biogeochemical processes, and by water management of inflowing upstream river water that contains high CO2 concentrations, and thus plays a role in sustaining high CO2 concentrations in the reservoirs in winter. N2O Concentrations fluctuated close to the equilibrium with atmospheric concentrations and no significant correlation was found with water temperature and SDO. However, due to its higher trophic state, the Orient Lake (Seine Reservoir) was oversaturated with N2O in summer and autumn.

In addition to concentration measurements, we have also quantified GHG emissions and newly established that the three reservoirs were slight sources of GHGs, with overall average values of 6.6 mg CH4-C m -2 d -1 , 132.7 mg CO2-C m -2 d -1 , and 0.03 mg N2O-N m -2 d -1 . When calculating GHG emissions as CO2 equivalent (CO2eq), we found that CH4 and CO2 were the principal forms, and N2O was the smallest one, amounting respectively 37%, 61%, and 2% of the total GHG emissions (800 mg CO2eq m -2 d -1 ). Overall, the three reservoirs were small GHG sources from surface water compared to the average GHG fluxes from reservoirs at the global scale. The annual GHG emissions from the three reservoirs amounted at 13.4 Gg CO2eq yr -1 , which only represents 0.6% of the GHG emissions from whole Seine hydrological network (2276 Gg CO2eq yr -1 , see Marescaux et al., 2018).
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