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Abstract

:

Significantly increased sedimentation rates (SRs) in lakes worldwide in recent decades due to higher inputs of silt and eutrophication have led to significant environmental problems such as lake size diminishment and degraded water quality. Many lakes in the middle and lower reaches of the Yangtze River basin (MLYB) have followed this pattern. For effective lake management, it is essential to understand the pattern and drivers of SRs in these lakes. Fourteen typical lakes in the MLYB were chosen to examine the spatiotemporal patterns of SRs and identify the drivers over different time periods. Since 1900, SRs increased from <0.2 to 0.3–0.6 g·cm−2·year−1, particularly notable during 1930–1990. Combined with climatic factors, SR correlated negatively with lake (catchment) size and abundance of aquatic vegetation, whereas other lake features including nutrient status did not contribute significantly to the variation in SRs, due to the fast decomposition processes of organic matter in shallow lakes. Detrimental land use practices especially reclamation for croplands and rapid urbanization was revealed to elevate SRs pronouncedly. We propose various management strategies aiming to maintain SR reference condition at ~0.16 ± 0.08 g·cm−2·year−1, which is analogous to the SR value between 1850 and 1900.
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1. Introduction


Shallow lakes are vitally important ecosystems with great heritage, ecological and aesthetic values [1,2]. However, over the past decades, the water quality and ecological function of shallow lakes in many regions of the world have experienced major degradation due to intense human disturbance and climate change [3,4,5,6]. Environmental problems such as loss of biodiversity, eutrophication, acidification and food web alterations, affecting the water quality and ecology of the lakes, have been addressed by many studies [7,8,9]. Less focus has been directed toward the problem of siltation of lakes and its ecological consequences. A sharp increase in sediment deposition has occurred in many lakes worldwide over the past ca. 100 years [10,11,12]. Large-scale surveys of European lakes, for example, have shown a general acceleration of sedimentation during the second half of the 20th century [12,13], and investigations conducted in lakes in western Canada (>100 lake catchments) have also demonstrated a trend towards increasing sedimentation since the 1950s [14]. Similarly, the lakes in the Yangtze River floodplain (Southeast of China)—one of the largest floodplains in the world—are undergoing enhanced swamping and silting, which poses a great threat to ecological and social security [15,16].



Both the geographic features of the lake and various external factors can exert influence on lake sedimentation processes, and hence, its sedimentation rates (SRs). Geomorphic features, such as the size of the lake and/or catchment, latitude, altitude and maximum water depth, are important as they affect the biogeochemical cycles, water circulation as well as the main sediment source into lakes [10,11,12,17,18]. Climate is also regarded as an important factor as the change in rainfall and temperature can alter runoff, soil erosion and biogeochemical processes with impacts on lake sedimentation [4,10,19]. Furthermore, human activities have been recognized as a key driver of sedimentation processes in the past century due to sewage input, land use changes and hydrological regulation [4,14,20]. Combined with natural environmental changes, human impacts pose a greater threat to the functioning of lake ecosystems by creating unfavorable lake environments such as increased sedimentation, reduced storage capacity, widespread flooding, often accompanied by enhanced nutrient levels and metal pollution [12,16,21,22,23,24,25,26].



The middle and lower reaches of the Yangtze River basin (MLYB), one of the most developed areas in China, are rich in shallow lakes. Many of these lakes are important sources of drinking water or aquaculture activities but have undergone serious deterioration in water quality and ecological degradation [15]. The sedimentation processes and patterns of these lakes are regulated by both natural variability (e.g., climate and frequent flooding) and human disturbances (land reclamation and deforestation). In recent decades, the sedimentation rates in some of the MLYB lakes have increased, coinciding with increased ecological degradation [27,28,29]. The mechanisms behind this increase differ among lakes. Xiang et al. [28] found higher sedimentation rates in lakes situated in areas with soil erosion, are likely triggered by land reclamation for agricultural purposes. Accordingly, in the Jianghan Plain and Dongting lake area, Du et al. [16] concluded that land reclamation had led to increased sediment deposition, further reducing lake size and thereby affecting flood control, with consequent negative ecological impacts since 1950. By contrast, Wu et al. [27] found that the building of water conservancy facilities (e.g., sluice gates) affected sedimentation rates by controlling the outflow/inflow of sediments or changing the hydrodynamic force (due to the changes in water flow rates) for particle deposition. Yao and Xue [30] pointed out that the sediment accumulation rates in the large-sized lakes in MLYB generally do not reflect the catchment erosion history but that relatively small lakes are sensitive to catchment disturbance [29]. In most situations, land use intensity and fresh water use, which may affect sedimentation rates, are decisive for the water quality and ecological functioning of lakes in MLYB, and significant changes in eutrophication and unsustainable land use practices have become a widespread problem, in particular since the reform and opening-up policy era, i.e., 1980s [8,31,32,33]. Consequently, the time window “1980s–2000s”, have always been focused on, with the aim to examine changes in different types of land use and their effects on lake sedimentation rates to guide lake managers. Such studies have highlighted the effects of sedimentation rates on the MLYB lakes produced by recent land use change at catchment scale; however, a comprehensive analysis of the pattern and drivers at various spatiotemporal scales is still not available.



Enhanced knowledge of the lake sedimentation process driven by multiple stressors would provide important information for lake managers. In recent years, the concept “catchment management” has been adapted by many lake managers and local governments and the concept of “reference conditions” is becoming increasingly relevant for lake managers [34,35,36]. Reference conditions are defined by the European Union [37] as the environmental state existing before major human modifications; and the current state can be evaluated relative to these conditions before implementing restorative actions. In Europe, most studies show the first clear evidence of effects by human activities on sediments from 1850 onwards, meaning that the state pre-1850 can be used as reference condition [12,38]. In China, although there is a long history (>6000 year) of agricultural cultivation in MLYB, the massive human disturbance (i.e., industrialization) gradually increased only after the 1900s [39]. Thus, in this paper, the state pre-1900 is used as the reference condition for sedimentation rates in MLYB. Identification of reference conditions will undoubtedly benefit the management programs of lakes in the Yangtze River basin.



To gain better knowledge of the spatiotemporal pattern of sedimentation rates in MLYB lakes, we collected sediment from 14 representative lakes (Figure 1). All of the lakes are shallow but vary greatly relative to their geographic characteristics and catchment background (i.e., lake area, lake morphology, social-economic development level, vegetation coverage, and land use type) and thus represent most of the lake types occurring in MLYB. In this paper, we attempt to: (1) reveal the spatial (within and among lakes) and temporal (since the 1850s and since the 1980s) pattern of sedimentation rates for various shallow lakes; (2) explore the controlling factors of the sedimentation rate patterns in this region, with special reference given to the effect of land use change from 1980 to 2000 (an important period of local economic development and urbanisation), and to the effect of climate change over the past 150 years; and (3) define reference conditions for the MLYB lakes to assist local as well as regional lake management. A comprehensive understanding of the processes of sedimentation will undoubtedly provide better guidance for aquatic ecosystem assessment and restoration in the region and elsewhere.




2. Materials and Methods


2.1. Study Region


The MLYB is an area of low relief, with elevations ranging from 3 to 5 m above mean sea level. It contains more than 600 lakes with an area over 1 km2. The average depth of the MLYB is about 2 m, covering a total area of 18,400 km2 [1]. Located in a region affected by the East Asian monsoon, with a mean annual temperature of 14–18 °C and annual precipitation of 1000–1600 mm per year, the area is characterized by cold and dry winters and hot and wet summers, rendering it a prone to flooding zone. Traditional land uses are agriculture, forestry, paddies and urban settlements. The past 100 years, particularly the recent 30 years, have seen rapid growth of the local population and fast economic development in the study region; the consequent expansion of material and recreational needs has changed the land use, causing increased soil erosion in the catchment [16,30,40]. At the same time, the construction of water conservation facilities has altered the original connectivity of the Yangtze River, creating a sharp rise in sediment accumulation rates and loss of water volume in lakes [41]. A total of 14 studied lakes (Figure 1) covering major gradients in lake geographic features and land use types were selected in MLYB [1]. The selected lakes were shallow (average depth 1.2 to 4.2 m) but varied widely in area (11.8–2425 km2), catchment size (232–36,500 km2), volume (0.03–5.14 × 109 m3), distance to Yangtze River (0.44–125.58 km), vegetation abundance (1–5 classes) (Table 1) and socioeconomic condition (data source: Lake-Watershed Science Data Center, Data Sharing Infrastructure of Earth System Science, National Science & Technology Infrastructure of China [42]).




2.2. Field and Laboratory Methods


One to three sediment cores were collected from the deepest part of each lake using a Kajak gravity corer. All cores were sectioned at 0.5 cm intervals in the field from the top to 50 cm depth, and 1 cm below. The subsamples were preserved below 4 °C for subsequent analyses. 210Pb, 137Cs and 226Ra were determined for all the sediment samples from all the cores using EG & G Ortec Gamma Spectrometer at the Nanjing Institute of Geography and Limnology Chinese Academy of Sciences, China. The 137Cs measurement was undertaken at 662 keV, while 210Pb was determined via gamma emission at 46.5 keV and 226Ra at 295 and 352 ke γ-rays emitted by its daughter isotope 214Pb, following three weeks of storage in sealed containers to allow radioactive equilibration. Due to the significant disturbance in the catchment, constant rate of supply (CRS) of the 210Pb model were used for chronology analysis [43,44]. In the Yangtze River basin, considering the complex influence of varied sediment flux, the chronologies were verified using anthropogenic 137Cs activity profiles [45]. Dating sediment cores from shallow lakes using 210Pb can be problematic and we therefore focused on lakes with low dating errors [46].



Sedimentation rate (SR; g·cm−2·year−1) in each core were derived from 210Pb/137Cs dating:


SR = DM/(A × Y)








where DM (g) is the dry mass of each sample; A (cm2) is the Aperture area of the piston corer; and Y (year) is the corresponding time interval for each sample deposited. All sedimentation rates, except the ones in Donghu, Xijiu and Wanghu Lake, were based on our own work, while data on sedimentation rates in Donghu [26], Xijiu [47], Wanghu [48], Longgan Lake (for the cores LGL and LS1, see [49]) and Taihu (for the core DLS, see Shen et al. [50]), were collected from published literature.




2.3. Data Analyses


Data on current lake features for the period from 1990 to 2010 were collected, including: (1) surface area (SA); (2) catchment area (CA); (3) average depth (AD); (4) volume (VL); (5) average length (AL); (6) average width (AW); (7) catchment area: surface area ratio (CA/SA); (8) average length: average width ratio (AL/AW); (9) distance to the Yangtze River (DYR); (10) abundance of aquatic vegetation (AV), ranging from 1 to 5 with “1” (no aquatic plants) to “5” (full coverage of aquatic plants); and (11) trophic status (including annual average total phosphorus, total nitrogen and chlorophyll-a in the water column in the 1990s) (Table 1). The feature data (above data 1–8) were derived from the Scientific Data Sharing Platform of Lake and Watershed [42]; distance to the Yangtze River (above data 9) was measured according to the river channel from the lake to the main stream of Yangtze River by ArcGIS measure tools (ArcGIS 10.2, Esri, Redlands, CA, USA); and the remaining data (above data 10–11) were analyzed with standard methods [51].



Land use data in the catchments for each lake covering the period 1980–2000 were collected from the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (1 km grid) [52], and “digital watershed data” for lakes were derived from HydroSHEDS based on DEM data (90 m resolution) [53]. By using ArcGIS 10.2, all data were reclassified into six categories: cropland, forest, grassland, waters, urbanized land and unutilized land (Figure 1); and the quantity (relative area) and change percentage of each category over two periods (1980–1990 and 1990–2000) were also calculated. The change of land use data were calculate d according to the function of 1990s–1980s.



Long-term climatic data, winter, summer and annual average rainfall and temperature over the past 150 years for Longgan Lake and Chaohu Lake were retrieved based on results from the global atmosphere–ocean coupled climate model (ECHO-G) [54]. The 5-Year average climatic data were used here to eliminate the error in climate model calculation and also the results of chronology to compare with the relevant ones of sedimentation rates.



To reveal the factors associated with sedimentation rates, correlation analyses were conducted between various parameters (lake geographic feature, land use change and climatic factors) and corresponding SR variability of each lake (median values, the percentage change and 5-year average SR respectively) in R 3.2 (corrplot package).




2.4. Reference Conditions for Sediment Accumulation Rates


Reference conditions are characterized by minimal disturbance that do not have a significant effect on the ecosystem. Defining the time of the “reference condition” of an ecosystem is subjective according to different management objectives [37]. In this paper, we tried to reveal the ecological reference condition for Yangtze lakes using diatom records derived from previous study [39] and define the state pre-1900 as the reference condition for sedimentation rates in MLYB. By frequency distribution analysis of sedimentation rates (by SPSS, Version 20, IBM Corporation, Armonk, NY, USA) in 14 lakes before 1900, the highest frequency value (expressed as mean and standard deviation) is defined as the reference condition of the sediment accumulation rate in the MLYB lakes.





3. Results


3.1. Dating Results


Generally, most of the cores from the 14 lakes had a relatively simple 210Pb profile spanning the past 150 years (Supplementary Materials, Figure S1). Unsupported 210Pb activity varied greatly among the lakes, ranging from 810 Bq/kg (Chihu Lake) to 230 Bq/kg (Dianshan Lake) at the top layers of the cores. The unsupported 210Pb activity in the cores from Taihu, Zhangdu Lake and Dianshan Lake showed abrupt decreasing trends at 5 cm, 23 cm and 11 cm depths, respectively, while, in other cores, the decay followed a relatively exponential pattern along with depth. Clear spatial variance was observed in the 210Pb activity among cores from the same lake, for instance Taibai Lake, Chaohu Lake, Taihu Lake and Longgan Lake (e.g., unsupported 210Pb activity was less than ~300 Bq/kg in the C20 core taken in 2009 from Chaohu Lake relative to ~800 Bq/kg in the 2007 core). In all the lakes, 137Cs activity versus depth profile exhibited a well-resolved peak corresponding to the 1963 with the occurrence of maximum fallout from the atmospheric weapons testing. However, the activity was relatively weak (less than 20 Bq/kg) in all cores. Sedimentation rates were high (~0.3–1.2 cm/year) in most cores in the recent 50 years and the dating error is therefore low (error increasing with date, typically less than six years in 1950s). The relatively good chronology for sediment cores with high sediment accumulation rates in shallow lakes ensures comparability of sedimentation rates among lakes, although the dating error was higher in the bottom of the core (generally 1 standard deviation of ~20 years in the 1850s).




3.2. Spatiotemporal Pattern of Sedimentation Rates Among Lakes


Sedimentation rates in the fourteen lakes since 1850 are shown in Figure 2a–n, depicting median values in different time periods (Figure 2o). Despite highly variable sedimentation patterns over time, some general trends can be traced. Before 1900, sedimentation rates were relatively low (average ~0.01–0.20 g·cm−2·year−1; “low-value” years) followed by different rates of increase. During 1900–1930, sedimentation rates show a slight increase in all lakes. During 1930–1960, sedimentation rates increased even further, with a small peak in most lakes (e.g., Xijiu, Shitang, Donghu, Zhangdu, Chihu, Dianshan, Longgan and Chaohu Lake), on average ranging from ~0.2 to 0.5 g·cm−2·year−1. In 1960–1990 except for five lakes (Wushan, Taibai, Zhangdu, Longgan and Chaohu Lake), sedimentation rates rose dramatically (“high-value” period), being on average ~0.3 to 0.6 g·cm−2·year−1. After the 1990s, sedimentation rates remained high, with a slightly decreasing trend in some of the lakes (Cehu, Wushan, Chihu, Dianshan, Longgan and Chaohu Lakes). From “1850–1900” to ”1900–1950” and then to “1950–2000”, an increasing trend for median sedimentation rates of each lake is obvious, and the recent sedimentation rates are much higher than in the “low-value” years (Figure 2o).



Sedimentation rates differed among the lakes depending on lake features and local factors. There are decreasing trends for median sedimentation rates in each lake with lake size in the above periods (Figure 2o). Small lakes, such as Cehu, Xijiu, Shitang and Donghu Lake, generally exhibited relatively high sedimentation rates, ranging from ~0.2 to 1.0 g·cm−2·year−1, while large lakes, such as Liangzi, Longgan, Chaohu and Taihu Lake, had sedimentation rates as low as ~0.02–0.2 g·cm−2·year−1. The sedimentation rates in Xijiu, Wushan, Taibai, Liangzi and Longgan Lake, tended to be lower than the general trend, while the sedimentation rates in Donghu Lake was usually higher. The extent of variation in these lakes is not synchronous over time. A sudden decrease in sedimentation rates occurred in Wushan, Taibai, Wanghu, Zhangdu, Longgan and Chaohu Lake in the ~1950s and 1960s (Figure 2c,e,h,l,m).




3.3. Sedimentation Rates in Multicores of an Individual Lake


Multicore results on sedimentation rates and median values for Taibai, Longgan, Chaohu and Taihu Lake are illustrated in Figure 3. Cores TB and TN were taken separately from the southern and northern parts of Taibai Lake, which exhibit similar patterns in sedimentation rates with a slight deviation in the time of peak value. Cores LL4, LS1 and LGL were taken from the northern, western and eastern part of Longgan Lake, respectively. Although the amplitude and the timing of the peak for the three cores differ, a pattern of “increase first and decrease in recent years” is identified. As for Chaohu Lake, a similar pattern appeared in the CH1 and C2007 cores (taken from the western part of the lake), but, for C20, an inner-center core, the sedimentation rates showed a high peak in the 1960s and the 1990s, which differ greatly from the other two cores. MS and DLS were northern and southern cores in western Taihu Lake, and the results showed that the sedimentation rates in MS continued to increase over time, while those in DLS exhibited many fluctuations.




3.4. Factors Controlling Sedimentation Rates Variability


The median SR for the past 20 years (SR-Median) exhibited a significantly negative relationship with lake surface area, catchment area, abundance of aquatic vegetation and lake volume, the latter correlating positively with surface area (Figure 4a). There were no statistically significant relationships between SR-Median and other variables such as average length, average width, distance to Yangtze River and lake nutrient status (TN,TP and Chl-a).



Land use change (six types) in the catchments of the 14 study lakes was analyzed from GIS data covering the period 1980–2000. Cropland and forest are the main land use type in the 1980s, accounting for ~50–70% and ~15–30% of the total land cover respectively (Figure 1); however, marked land use changes occurred in cropland, forest, grassland and urbanized land in recent 30 years, where numerous croplands were transformed into urbanized lands and most forests were turned into grasslands (Table 2). A negative relationship can be found between the change of cropland and urbanized land (1990s vs. 1980s), and also between the one of forest and grasslands (1990s vs. 1980s). However, a positive relationship was only found between the change of sedimentation rates and the ones in croplands and urbanized lands (median in 1990s vs. median in the 1980s). There was no statistically significant relationship between the other types of land use change and the change in sedimentation rates (Figure 4b).



Correlation analysis between ECHO-G simulated climatic data (five-year average) since 1850 vs. their corresponding sedimentation rates in Chaohu and Longgan Lake are shown in Figure 4c,d. Although their correlations are low, positive relationships can be found between the change of annual temperature and sedimentation rates. However, there is no significant relationship between sedimentation rates and annual/summer/winter precipitation over time.




3.5. Reference Conditions for Sedimentation Rates


The sedimentation rates in the 14 study lakes in 1850–1900 follow a normal distribution as shown in the frequency distribution analysis and its mean value represents the sedimentation rates of the 14 lakes for this period (Figure 5a). Mostly, sedimentation rates prior to the 1900s were low, with average values ~0.16 g·cm−2·year−1: four lakes, Cehu, Shitang Lake, Donghu and Chihu, which are urban lakes or suburb lakes had higher sedimentation rates (average value >0.25 g·cm−2·year−1); the largest variation was observed in Wushan Lake (Figure 5b). The SR reference condition for the MLYB lakes was calculated to ~0.16 ± 0.08 g·cm−2·year−1.





4. Discussion


4.1. Spatiotemporal Pattern in Sedimentation Rates in MLYB Lakes


The sedimentation rates in most (12 of 14 lakes) of our MLYB study lakes showed a clear increasing trend over time, especially since the mid-20th century (Figure 2). Despite a high variability in temporal resolution, data quality and reconstructed sedimentation rates, which complicates inter-catchment comparisons, it has long been established that human impacts (i.e., land use change, sewage input, and hydrological regulation) combined with climate change have significantly affected the sedimentation process, causing pronounced alterations in SR [10,12,14]. Prior to 1900, the limited human impacts result in low sedimentation rates in all lakes. The period “1850–1900” corresponds with the late Qing Dynasty in Chinese history, a primitive farming era in absence of industrial development, science and technology. Weaker human impacts (due to small scale cultivation and lower population density) [4,47] in the catchments of Wushan, Taibai and Longgan Lake imply that their Median-sedimentation rates are lower here than the other sites at that time. However, as for Donghu Lake, located in Wuhan city (long history of high population density [55]), human impacts have always been more significant, which is also reflected by the higher background values of sedimentation rates. The period 1900–1960 is characterized by the early society and economy development in the Republic of China and new China era, when sedimentation rates increased considerably in most lakes. Severe floods and droughts occurring in the MLYB during this period caused more runoff by precipitation and enhanced soil erosion due to intensified farming. At the same time, the foundation of New China in 1949 promoted social development, including gradual construction of water conservation facilities. In MLYB, the most developed area in which the most important cereal production zones of China are located, multiple dams and reservoirs were built to avoid frequent flooding and drought [4,56,57]. As a result, changes occurred in hydrodynamic forces and sediment resources, with consequent increases in sedimentation rates in most lakes. After 1960, the new China and its reform and opening-up policy promoted the development of society and the economy even further, thus augmenting human impacts. This, combined with climate change, has led to so far the most dramatic increase in human impacts, including land use change (i.e., reclamation of land for agricultural purposes, expansion of cities, deforestation) (i.e., Table 2) and thereby significantly elevated sedimentation rates, towards the “high-value” period. Since the 1990s, the degraded environment has given rise to public concern, resulting in the implementation of many restoration programmes [32,57,58]. Successful lake management measures adopted by local governments have been targeted at reducing the adverse effects of intense human impacts in order to slow down the sharp sedimentation rates increment. Overall, our results are in line with those from investigations of shallow lakes elsewhere in the world (e.g., Europe and western Canada), suggesting that the rise in global sedimentation rates relative to lake type and major human impacts combined with climate change is typically 2–10-fold higher under disturbed compared with undisturbed conditions; actually, they may be even higher depending on local environmental conditions and the intensity of impact [11,12,14].



Although the “one lake one core approach” is mainly used in paleolimnology [46,59], the within lake spatial variability in sedimentation rates must not be ignored. In MLYB, sedimentation rates varied in multicores from the same lake (Figure 3) relative to the topography of the lake basin, the types of aquatic plants present and the human activities in the watershed. In close proximity to the water inlet of Taibai Lake, the TB core exhibited slightly higher sedimentation rates than the TN core due to stronger sedimentation effects with mostly external source inputs (see below Section 4.3). Similar spatial variation also prevails for Longgan and Chaohu Lakes. LL4/LS1/LGL in Longgan lake [27] and CH1/C20/C2007 in Chaohu Lake [46,56] receive material from different sub-catchments, leading to varied sedimentation rates in each core. In Taihu Lake, human impacts (industrial development and high population density) were stronger in the north-west Taihu catchment than those in the south-west region, rendering higher sedimentation rates in the MS core (north-west core). Although there is spatial variability in sedimentation rates in multicores of an individual lake, which illustrates the sediment patterns of large shallow floodplain lakes, the differences are relatively small (~20–50% change rate) compared with the among-lake differences (~1–900% change rate). Consequently, the sediment pattern extracted from a single core in each lake in this study is still representative and useful for comparative purpose.




4.2. Factors Controlling Sedimentation Rate Variability


Lake size and catchment area were revealed to be key factors determining the variability in sedimentation rates in MLYB lakes, small lakes with small catchments having higher sedimentation rates (Figure 2). The reason for this is probably that small lakes with small catchments have limited sediment storage space that weakens the hydrodynamic force. Furthermore, although erodible areas may be smaller in small-sized catchments, the sediment yield ratio typically increases due to less on-slope deposition and conveyance system deposition [60]. At global scale, the size of the lake basin (water area and catchment area) is always found to correlate negatively with sediment yield and accumulation rates, and there is sharp decline in sediment yield and accumulation rates with the decreasing size. As a result, smaller lake basins tend to be more susceptible to regional impacts than larger ones, as large lakes have lower sediment transfer efficiency and slow reaction times [11,60,61,62]. Another important factor regulating sedimentation rates is the presence of aquatic plants. In most of the MLYB lakes, the majority of sediment mass originates from land due to the strong soil erosion in the catchment, and aquatic macrophyte vegetation (both emergent and submerged plants) can always restrict sediment transportation from the lake edge to the center [49,63]. Lakes such as Liangzi and Longgan have abundant emergent macrophytes and low primary production compared with their external source inputs which may reduce sedimentation rates, tending to have lower median sedimentation rates than other lakes with similar features (Figure 2o). The same applies to Xijiu, Wushan and Taibai Lake, which had lower median sedimentation rates before 1900. As all these three lakes contained high density of aquatic macrophytes prior to 1900. Because of intense aquaculture activities and water pollution, today, only Zhangdu, Liangzi and Longgan Lake exhibit high abundance of aquatic plants, with lower median sedimentation rates than other similar lakes. The amount of nutrient inputs showed by TP, TN and Chl-a, was found to have limited effects on sedimentation in our 14 MLYB study lakes. Although there was high nutrient load and primary production in most MLYB lakes, the decomposition of organic matter was very fast as it occurs in many shallow lakes (e.g., up to 80% in hyper eutrophic lakes—Taihu [64]). Consequently, the contribution of shallow lakes to the sedimentation rates is difficult to discern. Similar studies in other lakes of the MLYB region, suggest that disturbances in catchments (e.g., soil erosion) may be the main cause of SR variation in MLYB [30].



In MLYB, land use change (especially reclamation for croplands and rapid urbanization) contributed significantly to SR variation. It has long been recognized that land use change can accelerate soil erosion by impairing soil stability in the catchment and increasing the runoff to surface areas, initiating erosion of road surfaces and enhancing the sediments transfer to watercourses [14,61]. The pronounced reduction in croplands restrained soil erosion, and in a way increased urbanized lands weakened erosion of road surfaces by soil fixing, resulting in lower sedimentation rates in 1990s than in 1980s. Other land use change (e.g., transformation of forests into grasslands) may be argued to have affected sedimentation rates; however, this is not the case as they are always one to two orders of magnitude lower than in cropland and urbanized land [61,65,66]. Significant correlation between the change of sedimentation rates and the proportion of cropland and urban land suggests that land use change has been one of the most important controlling factors for elevated sedimentation rates (Figure 4b).



Local factors such as construction of water storage facilities may have significant effects on the sedimentation processes via weakened hydrodynamic effects and decreased/increased inflow/outflow flux from upstream/downstream areas [67,68]. The construction of numerous dams and reservoirs has disrupted the connection of lakes with the Yangtze River or other rivers in the upper reaches [69]. This has led to the occurrence of sudden and marked changes in sedimentation rates with reduced inflow/outflow flux and suspended sediment solids. The construction of the upstream reservoirs Jinxing and Meichuan in 1958 in Wushan Lake and the upstream reservoirs Jingzhu, Kaotian and Xianrenba in 1958–1963 in Taibai Lake led to significantly lower sedimentation rates in the ~1960s, with lower median sedimentation rates (Figure 2e). Meanwhile, the construction of the Diaoyutai reservoir in Longgan lake [27], the Wagou sluice in 1954 in Zhangdu Lake [57], the Longhekou reservoir in 1962 as well as the Chaohu dam in 1962 in Chaohu Lake [31] led to disruption of the connection between lakes and the Yangtze River. In turn, the reduction of outflow or the backward flood flow has occurred affecting sedimentation rates. This explains the sudden SR reduction in the above lakes in the 1950s and 1960s (Figure 2c,e,h,l,m).



It appears that increased temperature may also have played a small role to contribute to the variations in sedimentation rates observed in MLYB lakes. To some extent, this is attributable that the increased temperature can promote lake productivity by indirectly mobilizing the nutrient dynamics within lakes. For example, increased lake water temperature can enhance the decomposition rates of organic matter in the lake consequently supporting the higher primary productivity [70]. However, flooding with increased runoff and, as well as elevated soil erosion, are always confounded by various catchment variables, making it difficult to discern the impacts of climate related variables including the temperature and precipitation on SR [14].




4.3. Implications for Lake Management


Our study revealed that combination of catchment and land use change parameters together with climate change are the controlling factors of the observed increase in sedimentation rates in MLYB. Small lakes had higher sedimentation rates, consequently with increased risk of siltation. Detrimental land use practices such as reclamation for croplands and rapid urbanization should preferably be avoided or mitigated. Hence, proper management with sustainable land use in the catchment may alleviate degradation of the lake environment, such as to develop eco-agricultural mode and reasonable city planning. Meanwhile, in response to the high nutrient input, lately the establishment of buffer zones along the lakeshore and surrounding rivers has been found to be an effective and widely employed management tool in China [71,72].



Paleolimnological investigations help establish reference conditions for lakes, i.e., the “pristine” state when the lake was unaffected or only negligibly impacted by human disturbance. According to this, the current extent of environmental degradation can be defined and knowledge of this may be of great value for lake managers [12,34,39,73]. However, reference conditions may be difficult to establish as this has to be restored back to the far past. Furthermore, many irreversible changes of lake systems (e.g., infilling) may render a historically defined recovery target impossible or difficult to reach [34]. In MLYB, many substantial human-made changes of lakes have taken place, such as damming and land reclamation, rendering it impossible for managers to restore the lakes to a true reference condition. Nevertheless, establishment of reference conditions is essential to assess the deviation of the system from its natural background. We propose that the period 1850–1900 can be used as the reference state because human activities in MLYB gradually increased in the period of the Republic of China (~1900s) with early industrial revolution. The SR reference condition for MLYB lakes was then calculated to ~ 0.16 ± 0.08 g·cm−2·year−1, comparable with values from European lakes, being 0.15 to 0.25 g·cm−2·year−1 for large, lowland shallow lakes [12]. Furthermore, since 2002, efforts by local governments and environmental protection agencies have aimed to restore lakes to an early state, which was thought to be better than the current one with higher biodiversity and water quality before the launch of large scale of reclamation and dam building programs. By re-linking lakes (i.e., Zhangdu Lake) [74] to Yangtze, returning arable land to the lake, rendering our reference conditions more adaptive [69].
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Figure 1. GIS maps showing the geographical distribution and land use for the 14 studied lakes from the Yangtze River basin (MLYB). 
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Figure 2. Sediment accumulation rates since 1850s in CE, XJ, WS, ST, TB, DH, WH, ZD, CI, DS, LZ, LG, CH and TH lake (a–n), respectively, and their median values in different time periods (o). Lakes are presented in order of increasing surface area. For lakes with multiple cores, TB, LL4, CH1 and MS were chosen, respectively, as the representative core in Taibai, Longgan, Chaohu and Taihu Lake (Data in b, f, g modified from [26,47,48], respectively); Lake code refers to Table 1. 
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Figure 3. SRs of different cores within the same lake for Taibai, Longgan, Chaohu and Taihu Lake: (a–g) SR variations with time; and (b–h) corresponding boxplots with all data (Data of LGL core and LS1 core in Longgan Lake, and data of DLS core in Taihu Lake modified from [49,50], respectively). 
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Figure 4. Results of correlation analysis: (a) SR-Median vs. lake features in recent 20 years; (b) SR-Median vs. Land use change in recent 20 years; and (c,d) (five-year average) SR-Average vs. climate change (winter, summer and annual temperature and precipitation) in Chaohu and Longgan Lake since 1850 respectively. The shaded bar represents the correlation coefficient, and each grid with colored background shows significance at 0.95. SA, surface area; CA, catchment area; AD, average depth; VL, water volume; AL, average length; AW, average width; CA/SA, surface area/catchment area; AL/AW, average length/average width; DYR, distance to the Yangtze River; AV, abundance of aquatic vegetation; TN, total nitrogen; TP, total phosphorus; and Chl-a, chlorophyll-a. 
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Figure 5. (a) Frequency distribution curve based on all data on SRs before 1900 in the 14 study lakes; and (b) median sedimentation rates (SRs-Median) of the 14 study lakes for the period 1850–1900. Lake code refers to Table 1. The black dashed line represents the SR reference condition. 






Figure 5. (a) Frequency distribution curve based on all data on SRs before 1900 in the 14 study lakes; and (b) median sedimentation rates (SRs-Median) of the 14 study lakes for the period 1850–1900. Lake code refers to Table 1. The black dashed line represents the SR reference condition.



[image: Water 09 00617 g005]







[image: Table] 





Table 1. Morphological features of the 14 study lakes.
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	Lake Name
	Code
	Location
	SA (km2)
	CA (km2)
	AD (m)
	VL (109 m3)
	AL (km)
	AW (km)
	DYR (km)
	AV
	TN (mg/L)
	TP (mg/L)
	Chl-a (µg/L)
	Core Names in Each Lake





	Cehu
	CE
	N 30°14′–30°16′

E 115°08′–115°10′
	11.8
	232
	2.1
	0.03
	7.1
	1.7
	0.95
	1
	0.77
	0.04
	4.35
	CE



	Xijiu
	XJ
	N 31°22′–31°24′

E 119°42′–119°42′
	12.4
	97
	1.9
	0.04
	20.6
	0.87
	125.58
	1
	2.76
	0.22
	14.26
	XJ



	Wushan
	WS
	N 29°53′–29°57′

E 115°31′–115°37′
	16.1
	469
	2.1
	0.05
	7.4
	2.2
	3.62
	1
	1.14
	0.23
	40.62
	WS



	Shitang
	ST
	N 30°18′–30°39′

E 117°04′–117°07′
	23.3
	364
	1.5
	0.09
	12.0
	5.0
	11.63
	1
	1.00
	0.07
	10.40
	ST



	Taibai
	TB
	N 29°56′–30°01′

E 115°46′–115°50′
	26.0
	960
	2.5
	0.08
	10.8
	2.3
	11.66
	2
	1.43
	0.13
	4.72
	TB,TN



	Donghu
	DH
	N 30°31′–30°36′

E 114°21′–114°28′
	33.7
	650
	2.2
	0.09
	11.8
	2.9
	9.27
	1
	1.53
	0.24
	51.53
	DH



	Wanghu
	WH
	N 29°51′–29°54′

E 115°20′–115°25′
	35.2
	514
	3.6
	0.16
	9.2
	4.6
	4.26
	2
	0.96
	0.04
	24.80
	WH



	Zhangdu
	ZD
	N 30°37′–30°42′

E 114°40′–114°48′
	42.3
	5310
	1.2
	0.04
	9.3
	3.8
	1.81
	3
	0.56
	0.03
	13.35
	ZD



	Chihu
	CI
	N 29°45′–29°48′

E 115°41′–115°44′
	61.2
	360
	2.5
	0.23
	12.0
	6.7
	0.44
	2
	1.54
	0.01
	7.50
	CI



	Dianshan
	DS
	N 31°04′–31°12′

E 120°54′–121°01′
	63.7
	446
	2.1
	0.16
	12.8
	5.0
	84.98
	1
	2.09
	0.16
	31.61
	DS



	Liangzi
	LZ
	N 30°05′–30°18′

E 114°21′–114°39′
	304.3
	3265
	4.2
	1.27
	31.7
	9.6
	47.38
	5
	0.49
	0.04
	3.18
	LZ



	Longgan
	LG
	N 29°52′–30°05′

E 115°19′–116°17′
	316.2
	5511
	3.2
	1.20
	29.5
	10.7
	4.40
	4
	0.77
	0.05
	4.82
	LL4,LS1,LGL



	Chaohu
	CH
	N 31°25′–31°43′

E 117°16′–117°51′
	769.6
	9258
	2.7
	2.07
	61.7
	12.5
	62.40
	1
	1.57
	0.14
	17.58
	CH1,C20,C2007



	Taihu
	TH
	N 30°55′–31°33′

E 119°52–′120°36′
	2425.0
	36,500
	1.9
	5.14
	68.0
	35.7
	88.56
	1
	1.54
	0.06
	9.17
	MS,DLS







Notes: SA, surface area (km2); CA, catchment area (km2); AD, average depth (m); VL, water volume (109 m3); AL, average length (km); AW, average width (km); DYR, distance to the Yangtze River (km); AV, abundance of aquatic vegetation; TN, total nitrogen (mg/L); TP, total phosphorus (mg/L); and Chl-a, chlorophyll-a (µg/L). The numbers 1–5 represent vegetation abundance: 1 = no aquatic plants and 5 = full coverage of aquatic plants.
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Table 2. The extent of land use change (%) (six types) in the 14 lakes from the 1980s to the 1990s based on ArcGIS analysis.






Table 2. The extent of land use change (%) (six types) in the 14 lakes from the 1980s to the 1990s based on ArcGIS analysis.





	Lake
	Code
	Croplands (%)
	Forests (%)
	Grasslands (%)
	Waters (%)
	Urbanized Lands (%)
	Unutilized Lands (%)





	Cehu
	CE
	−1.45
	−18.62
	19.03
	0.93
	0.10
	0.00



	Xijiu
	XJ
	−5.16
	−9.46
	9.40
	0.68
	4.54
	0.00



	Wushan
	WS
	−0.34
	−18.34
	18.34
	0.10
	0.23
	0.00



	Shitang
	ST
	−0.26
	−24.69
	24.60
	−0.01
	0.35
	0.00



	Taibai
	TB
	−0.01
	−23.87
	23.84
	−0.17
	0.20
	0.02



	Donghu
	DH
	−1.57
	−7.51
	7.32
	−0.86
	2.61
	0.00



	Wanghu
	WH
	−0.19
	−29.53
	29.52
	−0.22
	0.26
	0.17



	Zhangdu
	ZD
	−0.54
	−37.14
	37.16
	0.28
	0.21
	0.03



	Liangzi
	LZ
	−0.38
	−11.93
	11.74
	−0.46
	0.18
	0.86



	Chaohu
	CH
	−1.36
	−12.93
	12.92
	0.05
	1.32
	0.00



	Xijiu
	XJ
	−5.16
	−9.46
	9.40
	0.68
	4.54
	0.00



	Wushan
	WS
	−0.34
	−18.34
	18.34
	0.10
	0.23
	0.00



	Shitang
	ST
	−0.26
	−24.69
	24.60
	−0.01
	0.35
	0.00



	Wanghu
	WH
	−0.19
	−29.53
	29.52
	−0.22
	0.26
	0.17











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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