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Disappearing Lakes in Semiarid Northern China: Drivers and Environmental Impact

The widely distributed 241 lakes in the semiarid region of China bordering the Asian Gobi desert provide an irreplaceable environment for the region's human inhabitants, livestock, and wildlife. Using satellite imagery, we tracked the changing areas of lake water and freshwater/salty marshes during the last four decades and correlated observed changes with concurrent temperature and precipitation. On average, most of the lake size groups across different subregions showed a reduction in area from the 1970s to 2000s, particularly from the 1990s to 2000s (P < 0.05); 121 of the 241 lakes became fully desiccated at the end of the 2000s. Our results confirmed the prevalence of drought-induced lake shrinkage and desiccation at a regional scale, which has been sustained since the year 2000, and highlighted an accelerated shrinkage of individual lakes by human water use in the agriculture-dominated regions. Lake waters have become salinized, and freshwater marsh has been replaced by salty marsh, threatening the populations of endangered waterfowl species such as the red-crowned crane as well as the aquatic ecosystem. Although the dry lakebeds are a potential source of dust, the establishment of salty marsh on bare lake beds could have partially reduced dust release due to the increase in vegetation cover.

INTRODUCTION

Lake shrinkage and wetland degradation under climate warming are issues of increasing concern in dryland regions. [START_REF] Sellinger | Recent water level declines in the Lake Michigan-Huron system[END_REF][START_REF] Zwarts | Living on the edge: wetlands and birds in a changing Sahel[END_REF][START_REF] Mayell | Shrinking African Lake offers lesson on finite resources[END_REF] Great effort has been directed at monitoring large lakes, revealing for example that Lake Chad in Africa decreased by about 40% in area from the 1960s to the year 2000; [START_REF] Mayell | Shrinking African Lake offers lesson on finite resources[END_REF] Lake Aksehir in Turkey decreased from 342.9 km 2 in 1975 to 84.9 km 2 in 2006 and finally became desiccated in 2008. [START_REF] Sener | Investigation of Aksehir and Eber Lakes (SW Turkey) coastline change with multitemporal satellite images[END_REF] At a regional scale, 5-9% (by number) or 11-13% (by area) of lakes in southern Siberia vanished between the 1970s and the end of the 1990s, of which most have been considered as permanently drained. [START_REF] Smith | Disappearing Arctic lakes[END_REF] All of the above-mentioned lakes are distributed in the semiarid regions, and climate drying has been regarded as the dominant factor controlling their shrinkage or eventual desiccation. [START_REF] Mayell | Shrinking African Lake offers lesson on finite resources[END_REF][START_REF] Sener | Investigation of Aksehir and Eber Lakes (SW Turkey) coastline change with multitemporal satellite images[END_REF][START_REF] Smith | Disappearing Arctic lakes[END_REF] Inefficient water use by humans, meanwhile, has also led to lake desiccation in drylands: for example, the Aral Sea. [START_REF] Micklin | Desiccation of the Aral Sea: a water management disaster in the Soviet Union[END_REF] Identifying the climatic and anthropogenic drivers of lake desiccation remains a task for regions suffering from both climate change and human disturbance.

The widely distributed lakes in the semiarid region of China that forms part of the Mongolian Gobi have been affected by both climate warming and human influence. [START_REF] Ma | A half-century of changes in China's lakes: Global warming or human influence?[END_REF][START_REF] Cyranoski | Putting China's wetland on the map[END_REF][START_REF] An | China's Natural Wetlands: Past Problems, Current Status, and Future Challenges[END_REF][START_REF] Niu | More protection for China's wetlands[END_REF][START_REF] Qiu | China faces up to 'terrible' state of its ecosystems: Wetlands hardest hit by land reclamation and pollution[END_REF] A comparative study at country level between two periods, 1960s-1980s and 2003-2005, suggested that lake desiccation might have been primarily caused by climate change in northern China and by h u m a na c t i v i t i e si ns o u t h e r nC h i n a . [START_REF] Ma | A half-century of changes in China's lakes: Global warming or human influence?[END_REF] However, targeted regional studies with more detailed data are required to more precisely define the scale of climate-induced lake desiccation. [START_REF] Ma | A half-century of changes in China's lakes: Global warming or human influence?[END_REF][START_REF] Cyranoski | Putting China's wetland on the map[END_REF][START_REF] An | China's Natural Wetlands: Past Problems, Current Status, and Future Challenges[END_REF][START_REF] Niu | More protection for China's wetlands[END_REF][START_REF] Qiu | China faces up to 'terrible' state of its ecosystems: Wetlands hardest hit by land reclamation and pollution[END_REF] As lakes in semiarid regions are inland water bodies recharged mainly by local water sources, we hypothesized that lake water area reflects the spatial and temporal patterns of change in regional climate and human water consumption.

Large-scale lake desiccation in the semiarid regions might have potentially affected wetland ecosystems, causing further negative environmental impacts such as waterfowl decline, dust release, and water salinization. [START_REF] Sellinger | Recent water level declines in the Lake Michigan-Huron system[END_REF][START_REF] Zwarts | Living on the edge: wetlands and birds in a changing Sahel[END_REF][START_REF] Micklin | Desiccation of the Aral Sea: a water management disaster in the Soviet Union[END_REF] These kinds of impacts, however, have been individually assessed in previous works. [START_REF] Reheis | Dust deposition downwind of Owens (dry) Lake, 1991-1994: Preliminary findings[END_REF][START_REF] Williams | Anthropogenic salinisation of inland waters[END_REF] To more accurately assess the environmental impacts caused by lake desiccation, we need to consider changes in the integrated climate, water, soil, flora, and fauna systems, which has been commonly overlooked in previous studies. [START_REF] Sellinger | Recent water level declines in the Lake Michigan-Huron system[END_REF][START_REF] Zwarts | Living on the edge: wetlands and birds in a changing Sahel[END_REF][START_REF] Micklin | Desiccation of the Aral Sea: a water management disaster in the Soviet Union[END_REF][START_REF] Reheis | Dust deposition downwind of Owens (dry) Lake, 1991-1994: Preliminary findings[END_REF][START_REF] Williams | Anthropogenic salinisation of inland waters[END_REF] Therefore, in this study, we aimed at identifying drivers and environmental impacts of large-scale water area reduction and lake desiccation through a systematic assessment of change in lake water area and its association with regional climate, wetland vegetation and soil, and spatial pattern of land use history. Changes in waterfowl population size, dust release, and water salinity were discussed based on data collected in previous studies.

MATERIALS AND METHODS

Study Area. The semiarid steppe region in China occupies an area of about 1.2 million km 2 and contains a human population of about 30 million. The region mostly lies on the Inner Mongolian Plateau, at elevations from ∼900 m to ∼2000 m above sea level (a.s.l.). The mean annual precipitation (MAP) across this region ranged from 200 to 400 mm in the north and reached 600 mm in the south (Figure 1); most of the rain fell between July and September. A temperature gradient is evident, with a mean annual temperature (MAT) less than -3 °C in the northeast, while up to 8.5 °C in the southwest.

The vegetation distribution generally follows the MAP gradient from southeast to northwest, with forests bordering the southeastern edge, desert at the northwestern edge, and steppe in between. [START_REF]Physiogeographical Atlas of China[END_REF] Animal husbandry is the main land use type in the northern part, while a mixture of animal husbandry and agriculture are typical land uses in the south. The eastern part of the study region is part of the agriculture-dominated Northeast Plain, with the lowest elevation being approximately 120 m a.s.l. (Figure 1). [START_REF]Physiogeographical Atlas of China[END_REF] This region is a diversity center for waterfowl, particularly cranes. A regional bird survey during 1998-2002 found 119 bird species belonging to 8 orders and 17 families in the wetland of this region. [START_REF] Zhang | Wetland bird resources and conservation strategies in Inner Mongolia[END_REF] There are six crane species in the semiarid region of China, accounting for 40% of the world's crane species. [START_REF]The IUCN Red List of Threatened Species Website[END_REF] Among these is the red-crowned crane (Grus japoensis), an endangered species according to the IUCN Red List of Threatened Species. [START_REF] Li | Source analysis of Beijing sand dust in 2000[END_REF] Twenty wetland nature reserves have been established in this region. Three large wetland nature reserves, Zhalong, Xianghai, and Momoge, have been listed as important wetlands in the Ramsar Convention (Figure 1, green stars). This region is also recognized as one of the dust source areas for major dust storms. [START_REF] Li | Source analysis of Beijing sand dust in 2000[END_REF] Dust storms originating from or passing through this region were transported to downwind areas of eastern China, even passing over the Pacific Ocean and reaching North America. [START_REF] Li | Source analysis of Beijing sand dust in 2000[END_REF][START_REF] Zhang | Contributions of sandy lands and stony deserts to long-distance dust emission in China and Mongolia during 2000-2006[END_REF] Such vital yet vulnerable background settings of this region made it critical to study lake water dynamics, drivers, and associated environmental impact.

Regional Climatic Change Analysis and Human Disturbance Estimation. Monthly temperature and precipitation data from 1970 to 2009 were collected from 76 meteorological stations in the semiarid region of China, provided by the China Meteorological Administration. The Kriging method was used to interpolate these climate data into spatial resolution of 0.05°. The decadal averaged MAT and MAP for the six subregions were calculated for each subregion and for each lake site to analyze the decadal absolute changes (ΔMAT, ΔMAP).

The most recent estimates of cropland area for each subregion were obtained from the local governments' annual statistical reports (unpublished materials). Percentages of cropland area were calculated for each subregion to indicate the intensity of human activities, since irrigation dominates human water usage in the study area.

Water Surface Area Measurement. Satellite images (Landsat MSS and TM) from 1975 to 2009 were used to measure lake water surface area. We chose the midsummer season, which has the highest rainfall, to avoid seasonal dynamics in lake water volume; cloud contaminants were strictly controlled. The software ERDAS IMAGINE 9.1 was used to retrieve the water surface area for each lake. Lake sizes vary greatly in the study region, with many small highly dynamic water pools and the largest, Hulun Lake, over 2000 km 2 . To limit uncertainty due to resolution of remote sensing data and other stochastic factors, we chose lakes with water surface size larger than 1 km 2 for at least two episodes within the study period. Identified lakes were coded with georeference information. For each lake, annual mean value was calculated from all retrieved areas from available images during each year; it is noted that the area series are not continuous yearly records due to unavailable remote sensing data of high quality in some years.

We further divided the retrieved lakes of the study region into six groups (subregions), according to the spatial distribution of lakes and regional landform differences: from northeast to southwest these were HL, ZL, KEQ, HSDK, BS, and MWS (Figure 1). In subregions KEQ, HSDK, and MWS, the lakes were inland water bodies mainly fed by rainfall and groundwater, situated in landscapes of vegetation-covered sandy dunes; while in subregions HL, ZL, and BS, the lakes generally have inlets. The database of lake area dynamics with at least eight records for each lake was compiled (Table 1, lake size group based on multiyear average size).

The mean value of each individual lakes were calculated for the periods of the 1975-80s (noted as pre-1990s), 1990s, and 2000s. The period 1975-1980 was not calculated separately due to a limited records amount and was instead combined with the 1980s. For each lake, the ratio of area change between two periods was calculated as difference of area between these two periods (a t2 , a t1 ) to their mean value, for example, (a t2a t1 )/[(a t2 + a t1 )/2], thus the ratio -2 indicates total desiccation, whereas ratio 2 indicates water refill after desiccation. [START_REF] Keogh | Segmenting time series: A survey and novel approach[END_REF] Decadal averages of each individual lake were compared by paired t test between 1990s vs pre-1990s, 2000s vs 1990s, and 2000s vs pre-1990s for each subregion and the whole study region to estimate the change trend at a decadal scale.

Statistical Analysis of Correlation between Water Surface Area and Climatic/Anthropogenic Factors. Three types of statistical analysis were conducted to see the relationship between surface water area and climatic factors. Correlation analysis was performed between individual lake water area and corresponding concurrent MAT and MAP series to see the relationships between climate and water surface area at annual time scale. Considering the temporal autocorrelation of lake water area and long-term effect of climate on water area, association between Δarea with ΔMAT and ΔMAP of the individual lakes were further analyzed among the three periods, pre-1990s, 1990s, and 2000s, respectively. To further estimate influence of MAP and MAT changes on lake water area change with respect to subregion type and lake size grade, multilevel/ hierarchical models were employed by using the R software (packages lme4). [START_REF] Gelman | Multilevel (Hierarchical) Modeling: what it can and cannot do[END_REF] Null linear regression model and multilevel regression model were performed and compared. Multiplemodel structures were tested with different structures of fixed and random effects considered, for example, with interception only or with different slopes combinations in the random effect (see the parameter summary of a hierarchical model with both interceptions and slopes in the random effects in Table S1 of the Supporting Information). a From left to right, the sub-regions are located increasingly further south. b Opposite trend/correlation was detected.

Percentages of change in surface water area were correlated with percentages of cropland area for the six subregions to see the relationship between water area change and human water use.

Wetland Vegetation and Soil Survey. A vegetation survey at the shores of 23 lakes of different sizes covering all subregions was carried out in 2009. At each lake shore, five transects were established roughly perpendicular to the lake shore and across different vegetation zones, with the first locating on the dry lake bed or close to the water's edge and subsequent plots within each vegetation zone. From visual inspection of vegetation patterns in the field, four or five plots (size 2 m × 2 m) were selected for each vegetation zone. Plant features, including the cover and height of each species, were recorded for each plot. The top 5 cm of surface soil was sampled from each plot. The grain size composition of each sample was measured with a Mastersize 2000 particle size analyzer (produced by Malvern Instruments Ltd., UK), and total salt content for each sample was measured by an EC200 salinometer (produced by Lovibond Tintometer Ltd., Germany) following a 1:5 dilution in deionized water. ANOVA was performed to test the difference in average herb height between freshwater marsh and salty marsh and the difference in soil grain size and salt content among bare lakebed, salty marsh, and zonal steppe vegetation.

Distributions of freshwater marsh and salty marsh in the four largest lake nature reserves (Zhalong, Xianghai, Hulun, and Dali), which inhabit most of the waterfowl in our study region, were estimated at four periods (1975, 1987, 1999, and 2009) from satellite images. [START_REF] Meine | The cranes: status survey and conservation action plan[END_REF]22 The surface areas covered by water, by freshwater marsh, and by salty marsh were inferred using their distinct summer color and texture in satellite images. Water-covered areas are blue or dark blue in color, freshwater marsh appears as a red, while salty marsh is a white color. [START_REF] Chen | Land degradation monitoring using multitemporal Landsat TM/ETM data in a transition zone between grassland and cropland of northeast China[END_REF] Remote sensing interpretation was ground-validated by field surveys of lake-shore vegetation investigation.

RESULTS

Climate and Water Surface Area Changes. Regional MAT showed an increasing trend in all subregions during the investigated period (1970-2009). This is most strikingly evident from the 1980s to the 1990s (Figure 2). Precipitation showed a different trend to that of temperature, with some increase from the 1980s to the 1990s, while a notable reduction from the 1990s to the 2000s in five of the six subregions (Figure 2).

Satellite images from 1975 to 2009 revealed 241 lakes of different sizes in the study region. On average, each lake has an observation length of 12.8 years to present the three decades in this study (pre-1990s1975-1989, 1990s, and 2000s; Table 1). The observational numbers of individual lakes were not statistically different among size groups (p > 0.4) and were a bit lower in the subregion HL and HSDK (p < 0.05); however, the observational numbers among the three decades are not statistically different (p > 0.2) except for the HL subregion (with higher percentages after 2000, p < 0.05) . In general, between the 1990s and the pre-1990s, the warm (southern) subregions showed a reduction in lake area, whereas the cool (northern) ones showed some increase. After the 1990s, the lake surface water area change shows a general reduction, except for the ZL subregion (Figure 3). In total, 121 of the 241 lakes became fully desiccated at the end of the 2000s, detected by at least two years of no water for the identified water area.

Relationship between Changes in Water Surface Area and Climate Factors. The areas of lakes in the region generally decreased with rising temperature and falling precipitation, except for subregion ZL, although the relationships vary with lake size and subregion (Table 1). Significant correlation between lake area and MAT accounts for 25-68%, while that between lake area and MAP accounts for 13-52% across different regions, with varying percentages in different lake size groups (Table 1). In the warmer part of the study region (with MAT >2 °C), the water area showed a stronger negative correlation with concurrent MAT. On the other hand, in the cooler part (with MAT <2 °C), the water areas showed a positive correlation with concurrent MAP (Table 1). Temperature played a significant role in explaining the observed temporal variability of lakes in the two southern subregions, BS and MWS, where the highest percentage of lakes exhibited a correlation between water area and MAT of the current year (68% in BS and 64% in MWS; Table 1).

For the 241 lakes, all sites have experienced precipitation decrease while all except 14 in HL and 2 in ZL subregions have experienced temperature rising from the pre-1990s to the 2000s. In terms of lake water area, 224 out of 241 lakes have water area reduction with precipitation decrease, while 206 out of 241 lakes have water area reduction with temperature rising during this period (Figure 4). However, the relationship between changes in water area is very complicated from the pre-1990s to 1990s with both precipitation increase and temperature rising for most of the lakes (Figure S1a, Supporting Information). Their relationships for the period from the 1990s to 2000s are quite similar to those for the period from the pre-1990s to the 1990s (Figure S1b, Supporting Information).

Multivariable linear regression model between the lake water area change and ΔMAP, ΔMAT was not significant (Table S1, Supporting Information, P > 0.05, R 2 = 0.0273). The multilevel/hierarchical models considering differences across subregions and lake size groups were not significant as well the climate parameters did not explain the changes in lake water area well at the regional scale (Table S1, Supporting Information). The models with different parameter and multilevel structure are not significantly different, even between the null linear model and the other multilevel models (Table S1, Supporting Information).

Relationship between Change in Water Surface Area and Human Cultivation. Correlation between the cropland area (%) and the rate of surface water area change for small lakes in the six subregions showed no significant relationships (P > 0.05). Human cultivation does not seem to have altered the relationships between climate parameters and water surface area in the semiarid region in China. Out of the 10 biggest lakes, Daihai, Huangqihai, Anguli Nuur, and Chahan Nuur in the BS subregion (with the largest cropland fraction of 31.8%) all dried up at the beginning of this century. Dali Lake and Chagan Nuur in the HSDK subregion (1.8% cropland fraction) also suffered significant water area reduction and even desiccation.

Relationship between Changes in Wetland Vegetation and Soil Features with Water Surface Area. Field vegetation surveys showed that the saline marsh was dominated by seepweed (Suaeda corniculata, S. glauca), acuminate goosefoot (Chenopodium acuminatum), cuspidateleaf kalidium (Kalidium cuspidatum), and tangut nitraria (Nitraria tangutorum), whereas the freshwater marsh was dominated by reed (Phragmites communis) and sedge (Carex spp.). ANOVA indicates that the vegetation cover and mean herb height were both lower in salty marsh than in freshwater marsh (p < 0.05).

Averaged over the 23 lakes investigated, the percentage of particles with sizes of <0.05 mm in the salty marsh was 50.90 ± 24.67, higher than 37.27 ± 19.13 in the zonal steppe vegetation, but lower than 70.69 ± 24.33 in the bare lakebed (p < 0.05), as indicated by ANOVA. The percentage salt content in soil followed a similar pattern: 0.21 ± 0.29 in steppe soil, 1.65 ± 1.40 in salty marsh, and 2.50 ± 2.19 in bare lake bed (P < 0.05).

In each of the four investigated wetland nature reserves (Zhalong, Xianghai, Hulun, and Dali), the areas covered by saline marsh have increased at the cost of the freshwater wetland area over the last four decades, as interpreted from satellite images (Figure 5), although no linear relationship exists between them (P > 0.05). The water area and freshwater wetland area, however, were significantly correlated (r = 0.93, P < 0.01), as indicated by correlation analysis. Saline marsh has increased by 34.4% since the 1970s, when taking the four nature reserves as a whole.

DISCUSSION

Climatic and Anthropogenic Forcings of Lake Desiccation. Our results suggested that the regional-scale lake desiccation in the semiarid region of China was initially caused by climate drying, although lakes might have responded individualistically (Figure 4; Table 1). The individualistic response was also suggested by the insignificant effect of MAP and MAT change on lake area change in each subregion and lake size group in the multilevel/hierarchical models, which might be attributed to factors such as the shape of lake bed. The effect of climate drying on water area reduction might be attributable to both a precipitation decrease and temperature increase. In our study region, a remarkable decline in precipitation from the 1990s to the 2000s in five of the six subregions was observed, which could have directly contributed to water area reduction (Figure 2). Climate warming, on the other hand, was shown to have led to an increase in annual actual evapotranspiration in the semiarid region during 1960-2002 and might therefore have also contributed to the water area reduction. [START_REF] Gao | Trend of estimated actual evapotranspiration over China during 1960-2002[END_REF] Although the role of climate warming on drought has been questioned at a global scale, the shallow water of the flat-bottomed lakes in the semiarid region of China might have aided evaporation under climate warming. [START_REF] Sheffied | Little change in global drought over the past 60 years[END_REF][START_REF] Yin | Vegetation responses to mid-Holocene extreme drought events and subsequent long-term drought on the southeastern Inner Mongolian Plateau, China[END_REF] It is still hard to separate the roles of temperature rise and precipitation decrease in lake desiccation, as both of these two variables yield a significant interannual trend that agreed with the lake area change. Meanwhile, at the decadal scale, the warming trend was notable from the 1980s to the 1990s in all the subregions, which did not match the decadal-scale precipitation changes (Figure 2). These temporal and spatial differences between temperature and precipitation might have accounted for water area changes among the six subregions at decadal scales (Figure 2; Figure 3).

The anthropogenic forcing was also very strong at the local scale, particularly when the climate was suitable for agriculture. All three desiccated lakes (Anguli Nuur, Chahan Nuur, and Huangqihai) are located in the Bashang (BS) subregion with 31.8% of cropland, the second highest percentage in all the six subregions (Table 1), implying human land use and climate change could have interacted to accelerate water area reduction. As human population has grown in the semiarid region of China, and dry years have led to water shortages, more land is being cultivated during the dry years to ensure a continuously increasing harvest capable of sustaining human population growth. [START_REF] Chen | Desertification in north china: background, anthropogenic impacts and failures in combating it[END_REF] In addition, the engineering projects to growing demands for water in regions with fluctuating rainfall has been to develop more and more engineering projects to hold back and/or redirect water. These kinds of engineering projects, however, have been limited to large lakes in the two subregions HL and HSDK with very low cropland fractions. In other subregions, rivers flowing into large lakes are mostly disturbed by human engineering projects that were built during the 1960s to the 1990s. For example, the Zhalong (ZL) subregion was less affected by climate warming, having experienced the lowest rate of lake area decrease (-14.3%) among the regions examined (Table 1). This subregion has even experienced a precipitation increase in the 1990s compared with the 1970s, in contrast to the other five subregions that have been drying, according to climatic records (Figure 2). Despite this regional wetting of climate, the area of the large lake Lianhuanpao (which means "lakes with water exchange" in Chinese) has decreased from 1998 to 2001, mainly due to inefficient human water diversion to neighboring reservoirs. This trend has been reversed only after the implementation of an artificial water diversion from the Nengjiang River in 2003. Although it is hard to identify the exact contribution of anthropogenic impact and climate change respectively, anthropogenic impacts are more site-specific with more tendency to influence large lakes. The decline of lake water area at a regional scale as well as no further rehydration after the termination of water diversion for some desiccated lakes implied the primary role of climate on lake water area, and human impact might have accelerated such a process. [START_REF] Wang | Study on LUCC and the ecological security response of wetlands in western Jilin Province[END_REF] In general, our study shows climate-induced lake desiccation in the huge semiarid region of China, although irrational human water use has been stressed in this and other semiarid regions. [START_REF] Mayell | Shrinking African Lake offers lesson on finite resources[END_REF][START_REF] Sener | Investigation of Aksehir and Eber Lakes (SW Turkey) coastline change with multitemporal satellite images[END_REF] We also stress that there is great spatial heterogeneity in this huge region, which cannot be identified from studies focusing on a single lake. [START_REF] Sellinger | Recent water level declines in the Lake Michigan-Huron system[END_REF][START_REF] Mayell | Shrinking African Lake offers lesson on finite resources[END_REF][START_REF] Sener | Investigation of Aksehir and Eber Lakes (SW Turkey) coastline change with multitemporal satellite images[END_REF][START_REF] Micklin | Desiccation of the Aral Sea: a water management disaster in the Soviet Union[END_REF] Environmental Impact of Lake Desiccation. Lake shrinkage and desiccation can lead to diverse environmental impacts. [START_REF] Micklin | Desiccation of the Aral Sea: a water management disaster in the Soviet Union[END_REF] Here we focus on environmental impacts based on our findings as well as on data collected from previous publications.

Waterfowl and Nature Conservation. Although nature reserves have been created to reduce human disturbance risks in wetlands, habitat loss and degradation remain potential threats to the sustainability of wildlife living on wetlands. [START_REF] Mcmenamina | Climatic change and wetland desiccation cause amphibian decline in Yellowstone National Park[END_REF] In our study region, long-term surveying has been conducted only on a limited selection of lakes; for example, in the Momoge Nature Reserve, whooper swan (Cygnus cygnus), great bustard (Otis tarda), and demoiselle crane (Grus virgo) have all shown exponential decline of their population sizes since 1985, consistent with the decline of water area and freshwater marsh. [START_REF] Wang | Study on LUCC and the ecological security response of wetlands in western Jilin Province[END_REF] Observations of waterfowl population size in this region have been focused on red-crowned crane, one of the endangered species on the IUCN red list. There are three routes for the red-crowned crane migration: western, middle, and eastern, with the west route consisting of nature reserves such as Zhalong, Xianghai, Momoge, and Dali, passing through the semiarid region (Figure 1). [START_REF] Meine | The cranes: status survey and conservation action plan[END_REF][START_REF] Su | Status, threats and conservation needs for the continental population of the Red-crowned Crane[END_REF] A comparative study showed that only in the western route has the population size declined in the red-crowned crane, owing to habitat loss. [START_REF] Su | Status, threats and conservation needs for the continental population of the Red-crowned Crane[END_REF] Most crane species nest and feed in shallow freshwater wetlands and look for these habitats during their journey. [START_REF] Meine | The cranes: status survey and conservation action plan[END_REF][START_REF] Skagen | Migrating Shorebirds and Habitat Dynamics at a Prairie Wetland Complex[END_REF][START_REF] Fujita | Comparing areas of suitable habitats along travelled and possible shortest routes in migration of Whitenaped Cranes Grus vipio in East Asia[END_REF] The less the height and cover offered by saline vegetation, the less suitable the habitat becomes for these birds. [START_REF] Fujita | Comparing areas of suitable habitats along travelled and possible shortest routes in migration of Whitenaped Cranes Grus vipio in East Asia[END_REF] Although we have not calculated changes in the freshwater marsh to salty marsh ratio for each individual lake in each year, the close relationship between water surface area and freshwater marsh area implies that freshwater marsh should also disappear along with lake desiccation (Figure 5). The disappearance of freshwater marsh was also confirmed by our field observations in the desiccated lakes. Habitat loss and human persecution can be covarying. Lake-desiccation has also led to easier access to the nests, increased disturbance, and reduction of safe areas to breed and feed, as has been observed in our study region by previous studies. [START_REF] Guan | Seasonal variation of waterfowl populations in Zhalong wetland[END_REF] Soil Erosion and Dust Release. Desiccated lakes have been widely reported as sources of dust storms. [START_REF] Williams | Anthropogenic salinisation of inland waters[END_REF] For example, dust from the desiccated Owens Lake in California can be transported at least 40 km down-wind. The East Asian dusts were blown off mostly from ancient dry lakes that are vast deserts. [START_REF] Li | Source analysis of Beijing sand dust in 2000[END_REF][START_REF] Zhang | Contributions of sandy lands and stony deserts to long-distance dust emission in China and Mongolia during 2000-2006[END_REF] There are also debates regarding the role of newly desiccated lakes as dust sources, due to the high fraction of fine particles in their sediment; however, at present there has been no quantification of their contribution. [START_REF] Liu | Contributions of different land cover types in Otindag Sandy Land and Bashang area of Hebei Province to the material source of sand stormy weather in Beijing[END_REF] The newly formed salty marsh might partly reduce dust release. Fine particles with sizes of <0.05 mm have been recognized as the main component of airborne dust in China. [START_REF] Liu | Contributions of different land cover types in Otindag Sandy Land and Bashang area of Hebei Province to the material source of sand stormy weather in Beijing[END_REF] This fraction of particles in the salty marsh is significantly lower than that in the zonal steppe and significantly higher than that in the bare lakebed, as indicated in our study. We thus suggest that the salty marsh can reduce the release of these types of particles. The intermediate stages of succession, dominated by Suaeda glauca communities and Achnatherum splendens communities, have been suggested to have played an important role in protecting soil from wind erosion. [START_REF] Zhao | Vegetation succession prevents dry lake beds from becoming dust sources in the semi-arid steppe region of China[END_REF] Water Quality and Water Resources. Lake shrinkage could lead to a shift from freshwater to salty water in drylands. [START_REF] Micklin | Desiccation of the Aral Sea: a water management disaster in the Soviet Union[END_REF] In our study region, water salinity has been observed to rise. Compared with the 777 mg/L salt content in 1962, the salt content in water had doubled by 2003 in Hulun Lake, the largest lake in the study region. [START_REF] Li | Reconstruction of the hydrology series and simulation of salinity in in ungauged Lake Hulun[END_REF] In the Daihai Lake, it had increased from 2250 mg/L in 1962 to 5600 mg/L in 2008, and the rate of increase has accelerated since 1988. [START_REF] Zeng | Lake status of water quality and the changes in Inner Mongolia-Xinjiang Plateau[END_REF] In Hongjian Nuur, salinity increased from 3500 mg/L in 1988 to 5500 mg/ L in 2008. [START_REF] Zhou | Analysis on water salinization process of Daihai Lake in Inner Mongolia[END_REF] Salt can damage the aquatic ecosystem and even fisheries and human health. [START_REF] Micklin | Desiccation of the Aral Sea: a water management disaster in the Soviet Union[END_REF] Calcium carbonate and calcium sulfate have low plant toxicity compared with sodium sulfate and sodium chloride. [START_REF] Micklin | Desiccation of the Aral Sea: a water management disaster in the Soviet Union[END_REF] The transition from carbonate dominance to chloride dominance has been observed in big lakes such as Hongjian Nuur [START_REF] Zeng | Lake status of water quality and the changes in Inner Mongolia-Xinjiang Plateau[END_REF] and Daihai Lake. [START_REF] Zhou | Analysis on water salinization process of Daihai Lake in Inner Mongolia[END_REF] Although damage to human health has not been reported, damage to fish stocks has been reported in Hongjian Nuur and Daihai Lake. [START_REF] Zeng | Lake status of water quality and the changes in Inner Mongolia-Xinjiang Plateau[END_REF][START_REF] Zhou | Analysis on water salinization process of Daihai Lake in Inner Mongolia[END_REF] Lake shrinkage and desiccation have also impacted regional water resources. With the lake water shift from freshwater to salty water, it has been reported that more than 20% people and livestock have been short of water in Inner Mongolia in dry years, for example in 2010. [START_REF] Duan | Causes and effects of drought in China in 2010[END_REF] Lake desiccation, shrinkage, and water quality deterioration enhance the tendency of local people to use groundwater to irrigate crops and feed livestock, further accelerating the lowering down of the groundwater table, as reported from local monitoring. [START_REF] Ding | Climatic and environmental changes in China[END_REF] In summary, our study suggested that negative impacts of lake desiccation on ecosystem components are strongly interactive, different from focusing on a single impact as in previous studies. [START_REF] Reheis | Dust deposition downwind of Owens (dry) Lake, 1991-1994: Preliminary findings[END_REF][START_REF] Williams | Anthropogenic salinisation of inland waters[END_REF] The systematic assessment of changes in climate, water area, soil, wetland vegetation, and waterfowl sheds insight into how ecosystem service will respond to future climate change.

IMPLICATIONS

We found in this study that there has been widely distributed lake shrinkage and even desiccation in the semiarid region of China since 2000. IPCC climate models suggest that the regional soil water availability in northern China will be reduced in the future. [START_REF]IPCC Fourth Assessment Report. United Nations Intergovernmental Panel on Climate Change[END_REF] We can thus project that future climate change will likely extend lake desiccation to the cool (northern) part of the semiarid region and accentuate desiccation in the warm (southern) part. This will threaten the habitat for waterfowl, including the endangered red-crowned crane, and expand the area of dust sources as well as salinized water for aquatic ecosystems. Future climate warming might further prevent rehydration of lakes and lead to long-term desiccation. Actions for sustainable water management are urgently required. where 𝐵 !,!,! is the interception, 𝐵 !,!,! is the slope for ∆MAP and 𝐵 !,!,! is the slope for ∆MAT in estimating Δarea.

Supplymentary Materials



Level-2 grouped model--to estimate group specific coefficients for equation [2]: 𝐵 !,!,! = 𝛾 !,! + 𝛾 !,! ×(REG) ! + 𝛾 !,! ×(SIZE) ! + 𝜇 !,!,! [3],

where i=0,1,2 is in accordance with the three coefficients 𝐵 !,!,! , 𝐵 !,!,! , 𝐵 !,!,! in equation [2], while j=1:6 represents different sub-region groups and k=1:4 represents different lake size groups. 

Figure 1 .

 1 Figure 1. Distribution of lake groups in the semiarid region of northern China. The upper left subplot indicates the position of our study area with dominant biome information of East Asia as the background. The central subplot shows the distribution of the six subregions with gray scale elevation map as the background; lake sizes are of the 1990s; isolines of 2 °C MAT (yellow dashed line) and 200/400 mm MAP (red dashed line) are shown for 1970-2009; the distribution of semiarid steppe region is highlighted; the extent of the six subregions are indicated. The other six subplots show the positions of the 10 biggest lakes with size >40 km 2 identified in true color TM images, in which Lianhuanpo and Xianghai are small lakes that are connected periodically, mainly in summer.

Figure 2 .

 2 Figure 2. Decadal changes (mean ± SD) of averaged MAT and MAP in each subregion, different gray scale indicating the corresponding period (1970-79, 1980-89, 1990-99, and 2000-09).

Figure 3 .

 3 Figure 3. Paired samples t-test results of water area change in each subregion. The left three panels show detailed change for each size group, while the right panel shows the overall change pattern of all lake sizes in the period comparison: a. 1990s vs pre-1990s, b. 2000s vs 1990s, and c. 2000s vs pre-1990s. The color in blue suggests decrease in water area significant at 95% confidence level, light blue suggests decrease at 80% confidence level, orange indicates increase at 95% confidence level, and light pink indicates increase at 80% confidence level; dark gray indicates insignificant trends, and light gray indicates no data. The dot size indicates the change ratio. In each subregion the bars from left to right (I, II, III, IV) indicate lake size groups: <1 km 2 , 1-5k m 2 ,5 -10 km 2 , >10 km 2 .

Figure 4 .

 4 Figure 4. Scatters between changes in MAP/MAT (x) with changes in percentages of water area (y) between the periods of the 2000s and pre-1990s. Six colors represent the six subregions, while the four markers represent the four size-group as indicated in the figure legend.

Figure 5 .

 5 Figure 5. Changes in the area covered by water, freshwater marsh, and saline marsh in the four selected nature reserves during the past four decades: (a) Hulun Lake; (b) Xianghai; (c) Zhalong; (d) Dali Lake, in the semiarid region in northern China.

Fig. S1

 S1 Fig. S1 Scatters between changes in MAP/MAT (x) with changes in percentages of water area (y) for the comparison between period a) 1990s vs. pre1990s and b) 2000s vs. 19S90s. Six colors represent the six sub-regions, while the four markers represent the four size-group as indicated in the figure legend.

Table 1 .

 1 Summary Information of Climate, Percentage of Cropland, And Amount of Lakes in Each Subregion, and Percentage of Lakes with Significant Reduction in Water Area (WA), with Negative Correlations between WA and MAT (p < 0.05) and Positive Correlations between WA and MAP (p < 0.05) for Lakes in the Six Subregions and the Four Size Groups a

		lake size (km 2 )	HL	ZL	KEQ	HSDK	BS	MWS	all
	MAP (mm)		290.47	439.34	393.78	288.83	375.38	343.49	
	MAT (°C)		0.12	3.73	6.69	3.06	4.06	7.67	
	cropland (%)		1.90%	38.10%	19.60%	1.80%	31.80%	3.10%	
	numbers of lakes in each subgroup	<1	12	1	20	21	20	10	84
		1-5	19	3	36	21	20	20	119
		5-1 0	1	2	93	501 9
		>10	3	3	5	3	4	1	19
		sum	35	9	70	48	49	31	241
	summary of observation numbers (valid data in time	<1	9.8 (0.4)	14 (0)	14.3 (1.2)	11.05 (1.1)	16.0 (2.8)	10.9 (1.2)	12.8 (3.1)
	series, with standard deviation in parentheses)	1-5	9.7 (0.4)	14 (0)	13.2 (1.6)	10.6 (0.9)	15.3 (3.4)	13.6 (0.9)	12.6 (2.9)
		5-10	11 (0)	14 (0)	13.1 (1.4)	11.3 (1.0)	17.7 (1.7)		14.0 (2.7)
		>10	9.5 (0.5)	14 (0)	12.6 (1.6)	10.3 (0.5)	12.5 (3.7)	9 (0)	11.8 (2.5)
		total	9.8 (0.4)	14 (0)	13.5 (1.5)	10.8 (1.1)	15.6 (3.4)	12.6 (3.0)	12.8 (3.0)
	% of negative correlation between WA and MAT	<1	24%	0%	35%	39%	37%	43%	35%
	(P < 0.05)	1-5	62%	0%	21%	23%	119%	78%	53%
		5-10	0%	100% b	32%	0%	43%		27%
		>10	0%	33% b	29%	0%	0%	0%	8%
		total	42%	25% b	27%	27%	68%	64%	41%
	% of positive correlation between WA and MAP	<1	0%	0%	30%	47%	26%	16%	27%
	(P < 0.05)	1-5	28%	0%	11%	51%	16%	28%	25%
		5-10	0%	0%	55%	71%	27%		45%
		>10	65%	33% b	76%	71%	34%	142%	56%
		total	21%	13% b	27%	52%	23%	28%	30%

Table S1

 S1 Summary information of linear and multi-level model-Null Linear Regression Model: 𝛥𝑎𝑟𝑒𝑎 = 𝐵 !,!,! + 𝐵 !,!,! ×∆𝑀𝐴𝑃 + 𝐵 !,!,! ×∆𝑀𝐴𝑇 + 𝜀 !"# [2],

		Δarea=γ+ α×∆MAP+β×∆MAT		[1]
		Name	Estimation	Std. Error	t-value	Pr (>|t|)
		(Intercept), 𝛄	0.04	0.26	0.156	0.8764
		ΔMAP, 𝛂	0.005	0.001	0.29	0.7724
		ΔMAT, 𝛃	-0.39	0.16	-2.459	0.014*
		R 2 : 0.027			
	-Multilevel regression model:		
		Level-1 individual model:		
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