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Abstract: The occurrence of metalimnetic hypoxia in deep lakes poses a significant threat to the structural and functional
integrity of lake ecosystems. As a reservoir of nearly 50% of China’s Class I freshwater resources, Lake Fuxian plays a
critical role in national water security. However, the spatiotemporal evolution and key drivers of metalimnetic hypoxia in
Lake Fuxian under ongoing climate warming remain inadequately understood. Based on high-frequency monitoring data from

2021 to 2024 and a process-based hydrodynamic-ecological model (GOTM-WET), this study reconstructed the evolution of
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metalimnetic hypoxia in Lake Fuxian spanning the period from 1945 to 2024. Scenario simulations were further conducted
to elucidate the regulatory roles of key biogeochemical oxygen-consuming processes. Results reveal that metalimnetic
hypoxia has occurred frequently during the stratified season since the 1980s. Relative to 1980, dissolved oxygen (DO)
concentration in the hypoxic zone declined at a rate of 0.20 £+ 0.03 mg/L/10a, while its depth shoaled by 0.45 + 0.21 m/10a
and its thickness increased by 1.07 £ 0.17 m/10a. The volumetric proportion of the hypoxic zone relative to the metalimnion
rose by 6.44 + 0.98 %/10a, and its annual duration extended by 31.20 + 5.08 days/10a. These trends were significantly
correlated with warming-induced intensification of thermal stratification, including increases in Schmidt stability,
metalimnion thickness, and stratification duration. Model simulations indicated that phytoplankton respiration and dissolved
organic matter (DOM) mineralization were the dominant oxygen-consuming processes, accounting for 34.6% and 27.5% of
total oxygen consumption, respectively, followed by particulate organic matter (POM) mineralization (19.7%) and
nitrification (16.7%), with sediment oxygen demand (SOD) contributing minimally (1.5%). Scenario analyses further
identified DOM mineralization and phytoplankton respiration as the primary drivers of hypoxia initiation, whereas POM
mineralization, nitrification, and SOD played important roles in regulating the concentration, persistence, and vertical
distribution of metalimnetic hypoxia. In summary, this study demonstrates that metalimnetic hypoxia in Lake Fuxian under
climate warming is synergistically controlled by physical (thermal stratification) and biogeochemical (oxygen consumption)
processes, offering scientific support for understanding deep-lake ecosystem responses to climate change and informing
management strategies.

Keywords: Metalimnetic hypoxia zone; Lake Fuxian; thermal stratification intensity; oxygen-consumption processes;

climate warming; hydrodynamic-ecological model
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Fig.1 The location of the fixed monitoring buoy and central monitoring point in Lake Fuxian
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Tab.1 Evaluation of the GOTM-WET simulation results for Lake Fuxian
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Tab.2 Evaluation of the simulation results of GOTM-WET for the depth profile of water temperature and DO

KR DO
39
R MRE R?2 RMSE R MRE R? RMSE
2017/01/04 0.89 5% 0.80 0.80 0.58 17% 0.33 1.49
2017/04/20 0.90 2% 0.82 0.33 0.85 26% 0.72 1.75
2018/04/18 0.98 2% 0.97 0.30 0.61 126% 0.37 1.3
2018/07/13 0.99 2% 0.99 0.41 0.71 1% 0.51 121
2018/10/27 0.99 3% 0.99 0.49 0.7 8% 0.49 14
2018/12/13 0.99 4% 0.99 0.63 0.86 14% 0.74 1.14
2019/04/10 0.99 2% 0.98 0.43 0.87 5% 0.76 1.47
2019/07/18 0.99 3% 0.98 1.02 0.82 2% 0.67 1.26
2019/10/19 0.97 3% 0.94 0.47 0.84 16% 0.7 1.33
2019/12/17 0.97 5% 0.94 0.86 0.92 11% 0.85 1.05
2020/04/10 0.92 3% 0.85 0.50 0.87 18% 0.76 1.7
2020/07/22 0.98 4% 0.96 0.94 0.97 19% 0.93 1.33
2020/10/26 0.94 5% 0.88 2.00 0.84 19% 0.71 1.47
2021/01/24 0.77 2% 0.59 0.35 0.98 16% 0.96 1.82
2021/04/27 0.91 4% 0.84 1.00 0.65 17% 0.42 2.42
2021/07/18 0.99 2% 0.99 0.64 0.42 4% 0.17 2.12
2021/10/21 0.99 2% 0.99 0.48 0.67 19% 0.45 1.54
2021/12/16 0.96 3% 0.91 0.46 0.85 22% 0.73 1.42
2022/01/17 0.70 2% 0.49 0.31 0.62 16% 0.39 1.42
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Fig. 2 Comparison between observation values (blue points) and simulation results (red lines) of water temperature and DO
concentrations from 2017 to 2022 at the central monitoring point. The red and blue dashed lines represent the upper and lower
boundaries of the metalimnion and the metalimnetic hypoxia zone, respectively.
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Fig. 3 Observed DO profile in Lake Fuxian. The black lines indicate the upper and lower boundaries of the metalimnion, and the
blue lines represent the upper and lower boundaries of the metalimnetic hypoxia zone.
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Fig. 4 Long-term trends of water temperature and dissolved oxygen (DO) in the water column, along with characteristics of
metalimnetic hypoxia zone in Lake Fuxian ,1945- 2024. (a) Air temperature, (b) Wind speed, (c) Water temperature, (d) Dissolved
oxygen (DO), (¢) Mean DO concentration in the metalimnetic hypoxia zone, (f) Duration of the hypoxia, (g) Volume proportion of
the hypoxia zone relative to the total metalimnion, (h) Depth of the hypoxia zone, (i) Thickness of the hypoxia zone. Trend lines

were fitted using Generalized Additive Models (GAM), with R? indicating the goodness of fit.
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Fig. 5 Correlations between metalimnetic hypoxia zone characteristics, including duration, DO concentration, mean depth,
thickness, and volume proportion, and thermal stratification in the water column of Lake Fuxian.
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Fig. 6 Seasonal variation of oxygen production and consumption processes in the water column of Lake Fuxian. (a) Net oxygen
production rate, (b) Relative contribution of each oxygen consumption process to total oxygen consumption in the metalimnion, (c)
Relative contribution of each oxygen consumption process to total oxygen consumption in the metalimnetic hypoxia zone. Oxygen
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photosynthesis. The black lines indicate the upper and lower boundaries of the metalimnion.
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