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Abstract

:

Water eutrophication has become one of the most serious aquatic environmental problems around the world. More and more research has indicated climate change as a major natural factor that will lead to the acceleration of eutrophication in rivers and lakes. However, understanding the mechanism of climate change’s effect on water eutrophication is difficult due to the uncertainties caused by its complex, non-linear process. There is considerable uncertainty about the magnitude of future temperature changes, and how these will drive eutrophication in water bodies at regional scales under the effect of human activities. This review collects the existing international and domestic literature from the last 10 years, discussing the most sensitive factors of climate change (i.e., temperature, precipitation, wind, and solar radiation) and analyzing their interaction with water eutrophication. Case studies of serious eutrophication and algal bloom problems in China are discussed to further demonstrate the conclusion. Finally, adaptation countermeasures and related implications are proposed in order to foster the development of sustainability strategies for water management in China.
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1. Introduction


Water eutrophication has become a global environmental challenge for the management of rivers, lakes, and reservoirs as well as urban and agricultural areas, especially in the European [1,2,3,4,5] and Chinese [6,7,8,9] contexts. According to the latest annual report, “The Fifth Global Environment Outlook (GEO-5)” by the United Nations Environment Program [10], more than 40% of water bodies all over the world are suffering from moderate or heavy eutrophication. Eutrophication has become of great international and domestic concern because of its economic and ecological consequences, such as frequent outbreaks of algal blooms threatening the reliable supply of drinking water [11,12,13]. Accumulation of excessive nutrients has led to the formation of a hypoxic environment and deterioration of water quality [14], both of which are detrimental to aquatic ecology and the normal functioning of water bodies. High concentrations of phosphorus and nitrogen will directly cause harmful algal blooms (Cyanobacteria) in lakes, rivers, and other ecosystems, together with increased growth of plants and algae [5,15].



Over the past centuries, the dominant academic view was that the nutrient over-enrichment associated with urban, agricultural, and industrial development has accelerated the progress of eutrophication or algal blooms [16]. The increased frequency and intensity of blooms are attributed to anthropogenic changes, principally nutrient over-enrichment and river regulation [17,18]. During recent years, the potential effect of climate change on water eutrophication is attracting more worldwide environmental concern. Some recent case studies indicated that climate change’s effects had led to a rise in toxin-producing cyanobacterial algal blooms in freshwater ecosystems worldwide in the past few decades [18]. It has also been predicted that the occurrence of algae blooms will likely increase in a changing climate with rising levels of atmospheric CO2 [19,20].



Recently, the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) Working Group I (WGI) and the Climate Change 2014 Synthesis Report [21,22] have confirmed the consensus among policy makers and scientists that human-induced global warming is now occurring. The global average surface temperature data (land and ocean combined), which were calculated by a linear trend, show a warming of 0.85 °C [0.65 to 1.06] from 1880 to 2012 based on different datasets (Figure 1). With the rapid economic and industrial development, Greenhouse Gas (GHG) emissions, like CO2, are increasing continuously, leading to global warming. The released anthropogenic CO2 emission was 365 PgC (petagram of Carbon) per year from 1750 to 2011, with an average annual growth rate of 3.2%. Fossil fuel emissions increased by 29% between 2000 and 2008. Climate change’s potentially profound influence on water quality and ecosystem of freshwater environment has been studied worldwide in recent years [1,8,9,15,23,24,25,26]), and specific concerns about the influence of climate change on water eutrophication and algal blooms have been raised.



However, understanding the mechanism of climate change’s effect on water eutrophication is still difficult [2,8]. The relationship between climate change factors and their driving of eutrophication in water bodies at regional scales under the effect of human activities is still not very clear. It is difficult to assess the direct and indirect effects of climate change on eutrophication as it occurs as a result of a complex interaction between nutrient availability, light conditions, temperature, residence time, and flow conditions [16,27]. We must identify the necessary adaptive actions to be taken in order to avoid the unwanted consequences of climate change. Up until now, a wide range of laboratory and field experiments, data analysis, and process-based modeling [26,28,29,30] have been conducted to assess the impacts of climate change, which is still a challenging topic [8].



This review collects the existing international and domestic literature from the last 10 years to gain a comprehensive understanding about how exactly climate change could affect the occurrence of eutrophication in freshwater ecosystem. To achieve this, sensitive factors of climate change are identified and analyzed to find out the interaction between climate change and water eutrophication in terms of the water temperature, precipitation, wind, and solar radiation. Moreover, typical case studies of serious eutrophication and algal bloom problems in China are discussed to further demonstrate the conclusion. Finally, adaptation countermeasures and future prospects are proposed for the management of water quality and ecosystem.




2. Factors of Climate Change and Its Effects on Eutrophication


During the past decade, the effects of climate change on water quantity and hydrology have been increasingly studied [31,32,33]. Normally, eutrophication tends to occur more easily in small and motionless water such as lakes, fishponds, or reservoirs. However, mounting evidence indicates that water eutrophication has occurred in many large and free-flowing water bodies, e.g., rivers and marine systems, with increased risk of water pollution all around the world during recent years. Rising concern about climate change’s effects on water environmental problems has prompted researchers to formulate theories and numerical models to simulate water quality elements [16,34,35]. A consistent number of studies [36,37,38,39] used hydrologic models and climate scenarios to predict the potential effects of climate change on the main causes of water eutrophication in freshwater ecosystems (e.g., run-off of nutrients from the soil, run-off of inorganic fertilizers, discharge of partially treated or untreated sewage). Other studies have also applied ecosystem or eutrophication models in order to assess the magnitude and risk of eutrophication phenomena [2,40]. These studies attempt to understand the interactions between diverse drivers (e.g., human activities, climate change, natural events) and pressures (e.g., pollution, higher temperatures), in order to predict the consequent eutrophication phenomena.



Results of previous studies showed that rising nutrient inputs due to human activities would intensify eutrophication symptoms [16]. Large anthropogenic inputs of phosphorus and nitrogen from a range of societal sectors and arable land [29,39] have been recognized as the primary cause of eutrophication in waters. However, when the nutrient load is reaching a constant level in water bodies, increasing temperature [40,41], precipitation, wind speed, and solar radiation from sunlight are generally expected to increase the risk of water eutrophication [9]. Therefore, climate change, including changes in precipitation, temperature, wind speed, and incoming solar radiation, will directly impact water quality by effecting changes in stream flow and water temperatures.



2.1. Direct and Indirect Effects of Increasing Temperature


The “Climate Change 2014 Synthesis Report” [22] shows that the global mean surface temperature is projected to rise over the next 100 years from 2000 to 2100 under two different emissions scenarios, including RCP 2.6 (low emissions scenario) and RCP 8.5 (high emissions scenario). Figure 2 shows that by the end of the 21st century the surface temperature is expected to increase from 2.6 °C to 4.8 °C under RCP 8.5, and 0.3–1.7 °C under RCP 2.6. Therefore, the measure of uncertainty (shading in the figure) and time series of projections show that the global average surface temperature will certainly increase in the future. Moreover, Figure 3 illustrates projected global warming under the RCP 2.6 and RCP 8.5 scenarios from 2081 to 2100. Especially in China, the color difference indicates that the annual average temperature will increase by approximately 1 °C to 2 °C under RCP 2.6 and 3.5 °C to 6 °C under RCP 8.5 from 2081 to 2100, compared with the mean temperature from 1986 to 2005 (observed), which informs us that China will be facing greater climate-related challenges and warming risks than most countries.



The direct effects of increasing temperature on water eutrophication can be straightforward, since temperature is an important and sensitive environmental factor that influences water ecosystems, including the metabolism, growth, reproduction, and survival of living organisms, as well as interactions among species [41,42]. Climate change factors include changes in absolute value of temperature, range, and characteristics [43]. The most immediate reaction to climate change is expected to be a change in river and lake water temperatures [19,34,35], since temperatures in water are in close equilibrium with air temperature, and freshwater temperatures will rise as the air temperature increases [36]. Under the framework of climate change, increasing air temperature will influence the water temperature, as well as the physical and chemical properties of water including water pH, salinity, solubility, and diffusion rates. Research shows that the growth rates of freshwater eukaryotic phytoplankton generally stabilize or decrease while the growth rates of many cyanobacteria increase, providing a competitive advantage when the temperature is around 20 °C [37,38,39]; once the temperature rises above 25 °C it can directly promote an increasing growth of cyanobacteria compared to other phytoplankton groups, such as green algae and diatoms, in a water body [42,43,44,45]. Similarly, it has been proposed that warmer temperatures could also stimulate earlier and longer periods of potential algal bloom, leading to possible range expansions [39,40,41].



Beyond the direct effects on cyanobacterial growth rates, warmer temperatures will also result in a number of indirect effects [46], including a change in the physical and chemical characteristics of aquatic environments, as well as the nutrient loading from soil and sediment, which could ultimately affect eutrophication in water. The nutrient loading is often divided into internal and external sources [47]. Higher water temperature will reduce the self-purification capacity and degradation coefficients of water, increasing the stratification and enhancing the internal nutrient loading that could likely provide a favorable environment for cyanobacteria [48,49]. A recent study [50] shows that higher temperatures will increase microbial activity in the sediments and soil at the bottom of lakes and rivers, thereby accelerating the release rate of internal Phosphorus (P) loading, which may contribute to a significant portion of the total nutrient load in the water. Therefore, even if the external sources of nutrients are controlled by implementing governance measures, such as the control of waste discharges and non-point pollution [3], under climate change water could still become eutrophic due to the release of nutrient loading from internal sources.



Moreover, warmer temperature will also decrease surface water viscosity and increase nutrient diffusion towards the cell surface, which is an important process when competition for nutrients between species occurs [43,51]. Decreasing viscosity will accelerate the sinking of larger phytoplankton with weak buoyancy, giving cyanobacteria a further advantage in water systems, since many cyanobacteria can regulate buoyancy to offset their sedimentation [52]. A close relationship between temperature and stratification has also been found. For example, increased heat will have an impact on the stratification, and this process usually decreases the availability of nutrients in surface waters, favoring cyanobacteria that regulate buoyancy to obtain nutrients from deeper water [48,49].



Based on the above observations, increasing air temperature tends to accelerate the eutrophication process in water bodies by changing the water temperature (even if the external source of nutrients has become stable). As a result, cyanobacteria will be more likely to dominate phytoplankton assemblages in eutrophic freshwater environments during the warmest periods of the year, particularly in temperate ecosystems [18,20,50].




2.2. Precipitation Effect


Besides the temperature effects, the change of hydrological regimes due to precipitation is also a key factor. While temperature global trends are increasing, changes in precipitation will not be uniform [22]. As shown in Figure 4, based on the multi-model mean projections for 2081–2100 compared to 1986–2005 under the RCP 2.6 (left) and RCP 8.5 (right) scenarios, results indicate that the annual mean precipitation will increase around the equatorial Pacific and some high-latitude areas, especially under the RCP 8.5 scenario. However, mean precipitation is likely to decrease in certain mid-latitude and subtropical dry regions—although in many mid-latitude regions, mean precipitation will likely increase under the same scenario. Therefore, there is still a possibility that extreme precipitation events will become more intense and frequent over most of the mid-latitude land masses and wet tropical regions, where the water would continue to be warm and acidify, and global mean water level will rise under such circumstances.



Precipitation is expected to have far-reaching consequences for hydrological regimes including: hydraulic characteristics, flow rate, water level, inundation pattern, and water cycles. Especially while the hydrological regimes are changing due to intense precipitation, the risk of hydrological extremes such as drought and flooding episodes will increase [9]. The change in rainfall intensity will release higher concentrations of sediment through erosion and re-suspension [16,51]. Larger and more intense precipitation events mobilize nutrients on land by gathering more non-point pollutions and increasing the nutrient enrichment of receiving waters [52,54,55]. Growing storminess will increase the discharge of contaminants such as herbicides, pesticides, and nutrients into rivers and lakes [28], thereby resulting in a degradation of water quality.



On the other hand, less precipitation could result in lower minimum flows, implying less volume for dilution in water. A reduced dilution effect and degradation coefficient will impact the organic pollutant concentrations, with lower concentration of dissolved oxygen (DO) and increased biochemical oxygen demand (BOD) in water systems potentially increasing the risk of eutrophication [16]. Less rainfall could also have the effect of increasing nutrient loads and the risk of deoxygenation [56], especially in shallow lakes and lower river systems, where re-aeration can be limited. When water temperature and nutrients increase, algae growth could be stimulated, leading to water eutrophication and algal blooms. The deterioration of the ecological environment influences vegetation growth in a water basin, thereby aggravating soil erosion and water quality [4,53]. Therefore, under climate change, water bodies are forced to accept more nutrients, with exacerbated occurrence of eutrophication, which consequently leads to the deterioration of water quality. The above evidence shows that climate change may affect water quality and ecosystem through modification of regional patterns of precipitation.




2.3. Wind Effect


While temperature and precipitation are getting all the glory in discussions about climate change, wind as another impact of climate change on large water systems has recently been paid more attention by scientists. Due to the poleward shift and strengthening of the westerly winds, there is evidence for long-term changes in the large-scale atmospheric circulation, and these observed changes will likely to continue in the future [21]. Eichelberger (2008) applied Atmospheric General Circulation Models (GCMs) to predict the wind speed in different regions on a global scale and provided a global map for the percentage of GCM simulations predicting increased annual mean wind speed values in 2050 under the A2 emission scenario (Figure 5) [53]. The dark red and blue areas refer to stronger surface wind speeds and weaker speeds on the earth surface, respectively. Modeling results show that in 2050 stronger surface wind speed will be seen across the boreal regions of the northern hemisphere, including Canada, tropical and subtropical regions, northern Europe, and Central and South America. However, Southern Europe, East and South Asia, and much of the west coast of South America are expected to experience decreasing wind speed.



Generally, the impact of wind on water eutrophication includes direct and indirect effects [44]. The direct effects of wind refer to algae blown in from the lake to the lakeshore, forming algal blooms that will influence the residences along the lake or river. The indirect effect caused by wind is the wind-wave disturbance accelerating the release of nutrients from sediments in water. According to recent studies, higher wind speeds will affect the flow rate and circulation of water, reducing water stability and enhancing the mixture of nutrients [57]. When the air temperature rises, the upper layers of water get warm and mix with the lower layers under wind action. Accordingly, wind acts as a promoter of water movement, recirculating bottom water to the surface [9]. In this regard, wind effect will accelerate the volatilization, migration, and transformation of contaminants; thus the water environment will be influenced due to the additional effects of variation in water hydrology and temperature. Chung et al. (2009) examined three different sediment resuspension models that were used to simulate nutrient distributions in the highly eutrophic and wind-dominated Salton Sea in the United States [37], providing the following results: nsutrients in both particulate and dissolved forms induced by sediment resuspension events are presently the most important factor in the Sea’s nutrient cycling; lower trophic status might be presented if fewer sediment resuspension events occur due to lower wind speeds and reduced fetch length; and higher wind speed tends to cause more sediment resuspension, influencing the circulation pattern of contaminants in the water system. Moreover, Mao et al. (2008) applied a model coupling the biological processes and hydrodynamics to the Taihu Lake (in China) [58], which has suffered from severe eutrophication events over the past two decades. The results show that there meteorological forces had a significant impact on the temporal variations of eutrophication dynamics.



However, certain recent research activities also indicated that a high intensity of wind waves will break up the aggregation of algae, thus weakening the formation of algal blooms [42]. The wind-induced circulation and sediment distribution could also play an important role in the spatial distribution of the algae blooms, but wind intensity will probably restrain the formation of algal blooms [59]. Therefore, wind will have direct and indirect impacts on water eutrophication under such circumstances. Nevertheless, it is not the decisive factor affecting algal blooms’ progress; it usually has a joint effect along with temperature, precipitation and solar radiation.




2.4. Solar Radiation Effect


Solar radiation and global warming are more or less linked [60]. A recent study observed and projected from 1960 to 2100 changes in annual mean UV-B radiation at the Earth’s surface for different latitude bands [61]. Results show that while global temperatures continue to rise in the next 100 years, the radiation at Earth’s surface will vary change significantly at different latitudes, particularly compared to 1980 levels, with a more than 20% increase at 60° to 90° southern latitude, and around a 10% decrease at 60° to 90° northern latitude (Figure 6). However, the overall trend of radiation at the Earth'’ surface is increasing.



Solar radiation as the primary source of energy in most aquatic and terrestrial ecosystems is also an important power source of photosynthesis for the aquatic organism, and the limiting factor for the growth of phytoplankton [19]. A case study showed that solar radiation could have negative impacts on many aquatic species and aquatic ecosystems in lakes, rivers, marshes, oceans, etc. [61]. Temporal and spatial variation in solar radiation determines the efficiency of photosynthesis, which influences the rate of production of plants, and therefore the survival of animals. Under normal circumstances, sufficient sunlight provides good conditions for the growth of algae, leading to an increase in water temperature, thus further influencing the growth of phytoplankton and increasing the risk of water eutrophication [19]. However, there is a maximum growth rate of algae, beyond which further increase of light makes the growth rate of algae decrease. Recent reports have also indicated that there was a direct correlation between the distribution of algae and the intensity of illumination at different depths [61,62]. Radiation penetrates into significant depths of aquatic systems, affecting freshwater systems from major biomass producers (phytoplankton) to consumers (e.g., zooplankton, fish, etc.). Under the absence of light, plants take up oxygen and reduce the DO concentration, forming an anaerobic layer in the lake [63,64].



Besides the above consequences, waste discharge and extreme contamination events due to human activities could cause catastrophic damage to aquatic ecosystems, increasing the risk of water eutrophication. Therefore, it is important to confirm that climate factors will have a significant influence on freshwater eutrophication along with the impact of human activities under the “worst combination” of climate change, which are high water temperature, abnormal changing of precipitation and wind, and sufficient sunlight. Up to now, climate change’s effect on water quality and aquatic ecosystems has obtained more attention from researchers, with a lack of comprehensive studies quantifying the worst combination of climate factors having negative effects on the water environment and differentiating the impact of climate change from that of human activities. In conclusion, the interaction among climate change factors impacting water cycles, water environments, and ecosystems is a complex, nonlinear influence mechanism, which can be finally structured into the scheme shown in Figure 7 and discussed in the following paragraphs.





3. Major Challenges of Climate Change’s Impact on Water Eutrophication in China


China, with its vast landmass (960,000 km2) and large population (approximately 1.4 billion in 2015), is facing a major challenge in the form of water eutrophication due to rapid economic development over the past 30 years. According to the latest Chinese national survey on the 138 lakes (surface > 10 km2) [65], 85.4% of lakes exceed the national standard of eutrophication and 40.1% show heavy eutrophication, with the total eutrophication area reaching more than 9000 km2 [39]. Moreover, China has also faced certain “unexpected changes” in climate conditions over the past century, including a larger statistical trend towards more frequent and intense extreme weather events like floods, droughts, glacier recession, loss of biodiversity, and shortage of water resources. The spatial patterns of precipitation have change significantly even though the total amount has remained stable. A recent report [8] indicated that the total amount of precipitation in western China had increased by 35%, with precipitation in South China increased by 5% to 10%, and that in certain parts of North and East China precipitation decreased by 10% to 30% over the last 50 years [65,66,67,68,69], showing an overall “southern flood and northern drought” trend. Due to these significant changes in climate conditions, serious environmental issues are emerging in China including reduction of wetland areas, more frequent natural disasters (flood and drought), water and soil loss, desertification and destruction of aquatic and terrestrial ecosystems, etc. Global climate change has had a significant impact on human survival and development, especially in China, where water resources are distributed unevenly both temporally and spatially [66,67]. The predicted increase in the frequency and intensity of extreme weather events due to climate change will likely exacerbate this trend. Concerning the impact of climate change on the water eutrophication of lakes and rivers, recently more and more Chinese researchers have started to recognize the importance of this issue.



As indicated in Table 1 [66,67,68,69,70,71,72,73], temperature and precipitation are the most common climate change factors applied in the investigated water eutrophication case studies in China. Wind speed, global radiation, and evaporation have also been considered in certain case studies. Concerning the applied analytical models, the regression approach is widely used, while other statistical methods including Carlson index, grey clustering, principal component analysis, and Artificial Neural Network have been applied in specific case studies.



In the following sections, two representative and severe case studies of water eutrophication in China are discussed. Taihu Lake and Han River belong to different water systems, both with serious eutrophication and algal bloom problems, and have high environmental relevance and impact in China.



3.1. Taihu Lake


Taihu Lake (Figure 8) was mentioned frequently in the last decade as the largest freshwater lake in China with serious eutrophication problems. A drinking water crisis took place in Wuxi City in late May 2007 (Jiangsu, China), due to a massive bloom of the toxin produced by cyanobacteria in Taihu Lake, the main water source; this affected the drinking water supply for around 2 million residents in East China [74,75]. According to the monitoring samples survey, the main issue was the excessive amounts of cyanobacteria (blue algae), with the concentration values of TN (23.4 mg/L), TP (1.05 mg/L), CODmn (53.6 mg/L), and chlorophyll (0.98 mg/L) being 20 times over the national standard level, which indicated that the lake was under highly eutrophic conditions.



Besides the water eutrophication, certain evidence also indicated that the extreme warm weather combined with local wind conditions favored expansion of algae blooms, leading to an unusually early appearance of the algae bloom on the lake [74]. A warm winter before the algal blooms and an early spring with very high temperatures could explain why the 2007 algae bloom in Taihu Lake occurred two months earlier than usual and was characterized by blue algae growth, which is favored under such extremely warm conditions. Qin et al. (2012) analyzed the relationship between the climatic variables and bloom events by utilizing linear correlation analysis and multiple regressions with climate changes factors (i.e., temperature, precipitation, wind speed, global radiation, and sunshine hours) [73], collected from local weather stations from 1987 to 2009, as shown in Figure 9 [67]. According to the results obtained by applying the linear regressions method, bloom events were found to be strongly related to the maximum temperature (Tmax), mean temperature (Tmean), minimum temperature (Tmin), wind speed, and global radiation over the past 23 years at Taihu Lake. Moreover, the results show a significant impact of climate change, in the form of increased water temperature and wind, on water eutrophication and algal blooms for the Taihu Lake case study.




3.2. Han River


Being the largest tributary (approximately 151,000 km2 with length of 1577 km) of the Yangtze River in China (Figure 10), the Han River originates from Ningqiang in Shaanxi Province, representing one of the most important water resources in the Hubei and Shaanxi Province [8,9]. Moreover, the Danjiangkou reservoir, located the upstream of the Han River, is the origin of the central route of China’s national “South-to-north Water Diversion Project,” which is the largest of its kind in the world and aims to channel 44.8 billion cubic meters of fresh water annually from the Yangtze River in southern China to the more arid and industrialized north through three canal systems. This mega-project is providing water to millions of people, and the overall water quality of Han River is crucial to drinking water safety in the north of China.



Generally, most water eutrophication problems tend to occur in motionless water bodies such as lakes, fishponds, and reservoirs [8]. However, when the water body is highly eutrophic, algal bloom will occur even in large river systems. For example, algal blooms have been found more than nine times between 1992 and 2014 in the Han River, and now it has become urgent to find an effective countermeasure to prevent future occurrences. First of all, an important step is to understand the main reason for algal blooms in the Han River in recent years.



The main factors causing algal blooms in the Han River have been studied sufficiently in the past. One of the main reasons is the heavy nutrient loads, such as phosphorus (P) and nitrogen (N) entering into the water system due to human activities, including pollution discharge, agriculture, and industrial activities. A recent study [17] shows an interesting phenomenon: a strong relationship between the appearance of cherry blossoms and the Han River algal bloom. Specifically, algal bloom happens in the years when the flowering of cherry trees occurs earlier due to warmer temperature. This evidence may suggest new possibilities for forecasting the algal bloom in the future. Xia et al. (2010 and 2012) have identified and quantified the contributions of climate change and anthropogenic factors to the occurrence of algal blooms in the Han River by applying statistical models and a dynamic eutrophication model [8,9]. Final results showed that the nutrient load makes the most significant contribution (14.82%) to the water algal bloom, followed by the changes in flow rate (5.56%) and temperature (3.7%), as reported in Figure 11. Moreover, results show that human activities are the main sources of the nutrient load in the river system. Thus, waste discharge control is key for dealing with river algal blooms. However, sometimes nutrient input reduction is hard to control effectively in the short term under current circumstances, and warming processes related to climate change can play a potential role in the acceleration of water eutrophication. In this regard, adaptation countermeasures based on long-term management of water quality and ecosystems under the effects of climate change must be taken into consideration.



In conclusion, it was confirmed that climate change will have a potential effect on water ecosystems, including rivers and lakes, especially when there is high temperature, less precipitation, stable wind, and longtime solar radiation. Accordingly, the risk of water eutrophication and algal bloom will be increased by climate change factors including high air temperature (>25 °C), less precipitation (flowrate < 400 m/s), unstable wind speed (<3.1 m/s), and strong solar radiation, which could directly promote the growth of algae. Therefore, local governments should pay attention if these four indicators worsen. Concerning the response to climate change, some adaptation countermeasures should be proposed in order to avoid the “best combination” of climate indicators, as discussed in the following section.





4. Adaptation Countermeasures in China for Water Quality and Ecosystem Management under Climate Change


According to the Chinese national “12th Five-Year Plan” for Environment Protection Report [65], despite the strong evidence indicating that climate change might promote the acceleration rate of eutrophication in water bodies, it is a fact that the excessive nutrient load caused by human activities is still the main contributor to eutrophication and water blooms. At present, China’s national policy on eutrophication governance focuses on the control of pollution sources, reducing the waste produced by human activities. However, as mentioned in the previous sections, since China is still a developing country with a huge population, massive industries, and a complex geographic environment, the relationship between the environment and economic development is encountering great challenges, and climate factors would promote the risk of water pollution and eutrophication especially when pollution source control and treatment could not achieve good results in a short period. Moreover, even if the external sources of pollution become stable, climate change could also affect the internal nutrient loading of water by changing water temperature, water cycle, wind, and solar radiation, which could ultimately lead to water eutrophication [66,67,68,69,70,71,72,73,74,75]. Therefore, considering the potential climate change effects, China requires urgent adaptation countermeasures for water quality and ecosystem management, to further reduce the contaminant levels of external and internal nutrient loads. Considering China’s current situation, specific adaptation countermeasures (reported in the Chinese national “12th Five-Year Plan” for Environment Protection Report [65]) are discussed in the following paragraphs.



Firstly, water management should focus on sustainable development when defining specific strategies, regulations, and policies related to water quality monitoring protocols, ecosystem management, environmental standards, compliance, and reporting. Pollution reduction strategies should be flexible to ensure that current coping strategies are consistent with future climate change scenarios, enhancing the control of main pollutant sources and restricting industrial wastewater discharge; internal sources of algal blooms such as sediments can be removed from water bodies by using biological or physical methods when external sources are stable. In the future, water management should be shifted from water quantity management to water quality management, and from water supply management to water demand management, further enhancing the efficient utilization of water resources; we must try to decrease the cost of water pollution control, increase wastewater reuse and rainwater utilization, and improve monitoring programs for marine ecosystems.



Secondly, climate change factors should be taken into consideration if short-term pollution sources are under control, in order to avoid the so-called “best combination” of climate factors. Greenhouse gas emissions must be controlled while enhancing climate change mitigation and adaptation strategies; institutional mechanisms and policies should be improved through technological progress and taking advantage of extensive international cooperation. Reduction of carbon dioxide emissions and energy consumption per unit of Gross Domestic Product (GDP), together with an increase in non-fossil energy sources and forest volume, are identified as compulsory targets for adaptation to climate change. Moreover, for certain extreme weather conditions, additional countermeasures could be implemented, such as the application of polymeric shading net above lakes and rivers to reduce the sunlight effect on water temperature during the summer. In addition, it has been learned that climate change is expected to cause more hydrological extremes, with enhanced drought and flooding episodes, which could be critical for certain lower-flow water systems or flooding areas, and could cause serious water eutrophication issues. In such cases, enhancement of joint operation of water quantity and quality management would be recommended to increase or decrease the water flow under different climate change circumstances. By applying hydrodynamic measures, water quantity and pollution capacity could be increased, diluting the concentration of nutrient loads in a water body and thus restraining the growth of algae. Moreover, the addition of fresh water will also increase the water flow rate, providing a change in the water cycle that could help in improving the water oxygenation and degradation of aerobic pollutants.



Thirdly, local governments and water sectors at various levels should promote the application of new technologies for water quality treatment and protection, strengthen monitoring and early warning systems for water pollution source control, coordinate relevant departments to take measures to prevent the occurrence of water eutrophication and depletion, and improve the national ecological safety system and ecological preservation in key regions, especially where natural resources, economic development, and environmental protection show imbalance. Moreover, enterprises and public institutions should establish an environmental protection accountability system to identify the responsibilities of their own staff. Any producers who discharge pollutants should pay pollution fees in accordance with relevant state provisions, and the collected pollution fees should be used exclusively for environmental pollution prevention and control. Meanwhile, it will be necessary to establish a public information system based on local conditions, including environmental quality protection and improvement indicators in the performance evaluation of government officials.




5. Conclusions


This study reviewed how climate change could affect eutrophication in freshwater ecosystems, analyzing the potential effects of changes in climate factors on nutrients, with a special emphasis on China. Important natural factors related to climate change are discussed, including temperature, precipitation, wind, and solar radiation, which will influence the water ecosystem at different levels. From the previous studies, it seems to be clear that the degradation of water quality can be exacerbated by climate change, and it is not too early to consider long-term adaptation countermeasures to address sustainability strategies for water management in China. Although related water eutrophication studies considering climate change’s effects have earned more attention from international and domestic researchers in recent years, more robust scientific work on this issue is expected. From this review, it is clear that there could be significant changes in water environmental quality due to climate change, but the consequences in terms of water quality, eutrophication, and the aquatic ecosystem require further deep study. Three important and difficult questions related to water eutrophication remain: (1) how to identify the sensitive climate change factors affecting freshwater environments and ecosystems; (2) how to completely differentiate the impact of climate change from that of human activities on the water quality and feedback mechanism; and (3) what are the best and most feasible adaptation countermeasures for dealing with climate change’s effects on water eutrophication, based on regional development strategies in different countries. These key scientific issues concerning freshwater eutrophication need to be further addressed by future works. More modeling studies should be conducted by coupling GCMs and dynamic ecological models based on long-time continuous monitoring datasets. For future studies, there is still a great deal of uncertainty concerning the quantification of the impact of climate change on water systems, as well as the differentiation of climate change and anthropogenic effects on marine environments and their feedback mechanisms, particularly the coupling and decoupling of the effects under a complex water system; these issues require more effort in terms of long-time continuous monitoring in different regions, and new operational procedures for water treatment and supply.
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Figure 1. Annual and global average land and ocean combined surface temperature anomalies related to the average over the period 1986 to 2005 with different datasets [22]. 






Figure 1. Annual and global average land and ocean combined surface temperature anomalies related to the average over the period 1986 to 2005 with different datasets [22].



[image: Sustainability 08 00229 g001]







[image: Sustainability 08 00229 g002 1024] 





Figure 2. Global average surface temperature change from 2000 to 2100 [22]. 
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Figure 3. Observed and projected changes in annual average surface temperature [22]. 
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Figure 4. Change in average precipitation from 1986 to 2005 and 2081 to 2100 [53]. 
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Figure 5. Percentage of global climate models showing increased annual mean wind speed values in 2050 [53]. 
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Figure 6. Variation of UV-B radiation at different latitudes from 1960 to 2100 [61]. 
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Figure 7. Structured scheme of the interaction among climate change factors and water eutrophication. 
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Figure 8. Location of Taihu Lake in China [70]. 
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Figure 9. Correlation between climate change indicators and algal blooms in Taihu Lake, China [67]. 
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Figure 10. Location of Han River in China [9]. 






Figure 10. Location of Han River in China [9].



[image: Sustainability 08 00229 g010]







[image: Sustainability 08 00229 g011 1024] 





Figure 11. Contribution of climate change indicators (in percentage) to the algal blooms in the Han River, China [9]. 






Figure 11. Contribution of climate change indicators (in percentage) to the algal blooms in the Han River, China [9].



[image: Sustainability 08 00229 g011]







[image: Table] 





Table 1. Representative case studies investigating climate change’s impact on eutrophication in China.
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Case Study

	
Region

	
Key Issue

	
Assessment Period

	
Driver

	
Models and Methods

	
Reference






	
Lakes

	

	

	

	

	

	




	
Taihu

	
Jiangsu

	
Eutrophication,

Blue algae

TP, TN

	
1987–2009

	
T, P, WS, GR, SH

	
Regressions

	
[66]




	
Taihu

	
Jiangsu

	
Eutrophication,

Blue algae

TP, TN

	
2007

	
WS

	
WRFV2

	
[67]




	
Taihu

	
Jiangsu

	
Eutrophication,

Blue algae

TP, TN

	
1961–1900

	
T

	
SDSM

	
[68]




	
Poyang

	
Jiangxi

	
Water Quality Degradation,

TP, TN

	
1981–2008

	
T

	
Carlson index, grey clustering

	
[69]




	
Hulun

	
Inner Mongolia

	
Water Quality Degradation

TN

	
1961–2005

	
T, P, E

	
Regressions

	
[70]




	
Baiyang-dian

	
Hebei

	
Wetland degradation,

TP

	
1960–2000

	
T, P, E

	
Regressions

	
[71]




	
Wuding

	
Shanxi

	
Ecological,

Vulnerability

TP

	
1970–2000

	
T, P

	
GCMs

	
[72]




	
Dianchi

	
Yunnan

	
Eutrophication,

Blue algae

TP, TN

	
1988–1996

	
T, WS

	
Carlson index

	
[73]




	
Rivers

	

	

	

	

	

	




	
Han

	
Hubei

	
Eutrophication,

Diatom algae

TP, TN

	
1992–2000

	
T, P

	
Regressions Artificial Neural Network

	
[9]




	
Huaihe

	
Henan

	
Water quality degradation;

TP, TN

	
1990–2006

	
T, P

	
Regressions

	
[8]








Abbreviations: Temperature (T); Precipitation (P); Wind Speed (WS); Evaporation (E); Global Radiation (GA); Sunshine Hours (SH); Total phosphorous (TP); Total nitrogen (TN).
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