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Wetlands are complex and diverse ecosystems, substantially contributing to natural capital. Projected variations in natural and anthropogenic scenarios are likely to alter wetland dynamics by substantially impacting the hydrological and ecosystem functions. This study focuses on monitoring the probable impacts of land use change and El Niño Southern Oscillation (ENSO) variations on wetlands dynamics by analyzing the magnitude and extent of global wetland inundation trends during the study period. A microwave dataset was used to study the trends and interannual variability of surface inundation extent of global lakes, rivers, reservoirs, and wetland classes. Between 1995 and 2015, the average rate of increase in surface inundation extent of global waterbodies and wetlands of 7029.6 km2 per year occurred with the average inundation of 2.9 million km2. Whereas, 1998–2004, 2005–2009, and 2010–2015 have shown significant inter-annual variabilityduring 21 years of study period. The maximum contribution of 3.06 million km2 inundation has been recorded during the strong El Niño year of 2010. Swamps flooded forests and coastal wetlands has shown the most significant increase in surface inundation extent. Our results showed a positive lag correlation between Niño 3.4 sea surface temperature (SST) anomalies and surface inundation of different Global Lakes and Wetland classes. Moreover, lakes, rivers, reservoirs, and wetlands have revealed varying responses to different anthropogenic drivers like cropland (CL), natural vegetation (NV), and urban land (UL). CL, NV and barren land (BL) buffered region has presented strong negative connection with coastal inundation extent. Swamps demonstrated strong positive correlation with urban-land and coastal with shrub/grass land cover type. Through this study the extent of impact projected by climatic oscillations and anthropogenic drivers to water bodies and wetlands can be analyzed for well-informed conflict management and decision-making practices for minimizing the human driven impact on natural water systems.
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INTRODUCTION

Wetlands, the ecosystem known for its natural recycling strength, contributes in controlling and distribution of the nutrient loads, with the extensive ability to support biodiversity greater than that of tropical rainforests (Raisin et al., 1999; Jones et al., 2009; Ramsar Convention on Wetlands, 2015). Wetlands are natural resources which should not only be considered as ecosystems imperative for the biogeochemical cycles but also for contributing to the global social and economic capital (Ozesmi and Bauer, 2002). Open water bodies like lakes alone cannot be considered for defining wetlands rather wetlands are the land features defined with seasonal, sporadic or permanent water saturated soils and are hydrological buffers to global landscape (Agarwal and Garg, 2009; Department of Water, 2009; Junk et al., 2013; Meng et al., 2016). The criterion for defining wetlands rather stays ambiguous but according to most stated sources wetlands are natural or human made geographical landscapes with temporary or permanent presence of marshes, fens, peatlands or water, either in static or flowing state (National Research Council, 1995; Lehner and Doll, 2004; Ramsar Convention on Wetlands, 2013). Although wetlands secure a very small percentage of earth’s surface, still their contributions to sustain the earth processes is critical (Birkett et al., 1998; Erwin, 2009; Kayranli et al., 2010).

Wetlands with larger stocks of mineral and organic matter provides suitable environment for methanogenesis emitting methane as a byproduct (Zhu et al., 2014; Zhang et al., 2017). The significance of this ecosystem is embedded into its unique property of both as carbon source and sink under varying environmental and meteorological conditions (Erwin, 2009). Wetlands signify and distinguish its contribution to ecosystems services by contributing a net total of 12% to the global carbon pool (Saunois et al., 2016). Wetland ecosystems are considered to be both ecologically significant and vulnerable due to the climatic changes observed globally and are considered robust ecosystems because of their contribution to earth’s methane budget (Lee and Yeh, 2009; Mitsch et al., 2013; Zhu et al., 2014). Moreover, the contribution of this ecosystem to climate forcing has been reflected, attributing to the complex biogeochemical processes, highlighting their vital impact on radiative feedback, and forcing (Dlugokencky et al., 2011; Mitsch et al., 2013; Zhu et al., 2014; Hu et al., 2017; Vizza et al., 2017).

The global climate is undergoing variations which is ascribed to natural phenomenon or anthropogenic interferences (Guler and Dural, 2007). The observed changes in the climate systems around the globe has illustrated that the increase of extreme events will project strong impact on different regions of the world through intensified El Niño and La Niña, flooding and drought occurrences (Prigent et al., 2007; Junk et al., 2013). Although, El Niño Southern Oscillations (ENSO) occurs every 2–7 years with followed by warm and cool episodes, El Niño and La Niña, which interchangeably causes drastic variations in global precipitation (Holmgren et al., 2001). These variations in precipitation have shown strong correlation with sea surface temperature (SST) that is associated with ENSO (Mercier et al., 2002).

El Niño Southern Oscillations substantially influences the weather system not just in oceanic atmosphere but also in terrestrial ecosystems through controlling large scale atmospheric circulations (Dai and Wigley, 2000; Trenberth and Caron, 2000). The inter-decadal changes in pacific forcing affects the western and eastern pacific regions and bridges ENSO with climatic variations causing coupling effects of SST and precipitation fields (Chen and Kumar, 2002; Jia and Ge, 2017). The mechanism of radiative control of precipitation can be considered as the basic mechanism behind operating the atmospheric vapor pressure contributing to the rainfall which eventually contributes to the radiative cooling and convective heating, explained by earlier researchers (Trenberth and Caron, 2000). Wetland ecosystems reveal complex terrestrial temporal phasing with ENSO which contributes to the radiative control as higher methane emissions enters the atmosphere followed by excessive precipitation during La Niña periods (Hodson et al., 2011; Pandey et al., 2017; Zhang et al., 2018). The tidal salt marshes and coastal wetlands within a close vicinity of the sea are highly susceptible to sea level rise and coastal cyclones because of global changes (Klemas, 2011).

The human pressure can alter or inhibit ecosystems functioning ability as much as to reduce the biodiversity richness down to 31.7% (Newbold et al., 2015). Inferences from numerous studies have suggested that both the tidal and non-tidal wetland ecosystems will undergo changes due to climatic variations, natural radiative forcing mechanism along with anthropogenic disturbances underlined by lifestyles, livelihoods, structure of economy, and policy (Burkett and Kusler, 2000). The extensive land use practices targeting the global wetland and surrounding areas includes the excessive advancement of agricultural, grazing, and water management for fish farming industry (Verhoeven and Setter, 2010).

Ecosystems that are interlinked through complex pathways like lakes, rivers, reservoirs, and wetlands makes it difficult to comprehend the maximum impact by individual stimuli, natural, or anthropogenic. Hence, the lack of validation exists due to undefined and antecedent conditions like integrated watersheds, synergistic valuation of different hydrologic conditions (hydroperiods) leading to heterogeneity in results (Winter and Rosenberry, 1998). There has been gaps identified in the existing research and studies exhibiting the need to develop techniques that can be used for wetlands baseline inventory, assessment and monitoring at spatio-temporal scales with the global shift in natural oscillations (MacKay et al., 2009). Moreover, the knowledge and research on the global conversion of wetland area to other land use classes has been inadequate and inconsistent (MacKay et al., 2009; van Asselen et al., 2013).

Numerous studies have been conducted based on remote sensing both at regional and global scale to analyze the wetlands changes (Pham-Duc et al., 2017; Aires et al., 2018; Wohlfart et al., 2018; Li et al., 2019; Powell et al., 2019). Microwave datasets have an advantage of not being affected by the cloud cover with higher sensitivity to detect inundation changes (Schroeder et al., 2015). The synthetic aperture radar (SAR) is beneficial for distinguishing between forested wetlands and uplands forests (Klemas, 2011).

This research aims to address the science base behind the interannual variability in global inundation trends over the years. It not only pertains to monitor the changing wetlands globally but digging deep into the reasons of how the changes in natural oscillations like ENSO and anthropogenic drivers like land use change will affect the natural dynamics of wetlands.



MATERIALS AND METHODS


Datasets


Global Lakes and Wetlands Dataset

The database global lakes and wetlands dataset – level 3 (GLWD), considered as a baseline, shows good agreement with the regional and global distribution of global lakes, and wetland extent. It also entails the ground truth data for global wetland sites and encompasses most of the Ramsar sites (Lehner and Doll, 2004). The GLWD has been developed and validated based on 7 different ground inventories, registries as well as analogous and digital maps covering the spatial extent of the water bodies, making it a spatially consistent, and reliable (Lehner and Doll, 2004). It is still widely used by scientists and researchers for global and regional studies (Aires et al., 2018; Ishizawa et al., 2019; Li et al., 2019).

The detailed geographically distribution of GLWD classes has been mapped in Figure 1A. Among the 12 features classes, 50–100% wetlands, and 25–50% wetlands are found in the north western hemisphere (25°N to 80°N). The wetland complex (10°S to 37°N latitude) mainly covers the Tibetan Plateau, north east of Himalayas and South Asia and South–East Asia, and intermittent wetlands are majorly concentrated between 40°S and 60°N. The arbitrary distribution of lakes, rivers, reservoirs, freshwater floodplain, and coastal wetlands is all around the globe. Some of the classes are geographically distributed within specific latitudes. Swamps flooded forests are concentrated around Amazon and Congo Basin of Central Africa (20°S to 10°N brackish wetlands are concentrated around Middle Eastern countries and southeast Australia (40°S to 50°N) and bogs fens and mires are mostly located around Hudson Bay in the north west and Lena and Ob in northeastern Russia (45°N to 75°N).
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FIGURE 1. (A) Spatial distribution of Global Lakes and Wetlands – GLWD 3 (Lehner and Doll, 2004). (B) Average percentage contribution of GLWD classes from Surface Water Microwave Product Series (SWAMPS) data to global surface inundation between 1995 and 2015.




Fractional Surface Water – SWAMPS

The active and passive microwave satellite datasets are considered to be appropriate for the analysis of wetland and surface inundations extent (Schroeder et al., 2015; Poulter et al., 2017) as the sensitivity of microwave datasets is higher for liquid water. Surface water microwave product series (SWAMPS) covering the globe is used in this study which has been obtained from Alaska Satellite Facility Distributed Active Archive Center (ASF DAAC). This fully dynamics mixture dataset was developed by a research team based on the evaluation of spatial and temporal accuracies of fractional surface water (FW) (Schroeder et al., 2015) through comparing and combining different satellite products for this dataset. The product demonstrated good agreement with the independent inventories for global domain. The SWAMPS time series consisted of dataset over 1995–1999 and 2000–2015 with bimonthly and daily temporal resolution, respectively. The SWAMPS time series data is based follows EASE Grid 2.0 Coordinate system, with a spatial resolution of ∼25 km. The new version of the data has been improved through reducing the anomalous retrievals contributed by coastal, arid and semi–arid regions (Schroeder et al., 2015).



Land Use Land Cover Dataset

For the land use change assessment of global lakes and wetlands European Space Agency’s Climate Change Initiative dataset “Land Cover CCI” has been utilized (ESA, 2017) with an annual temporal resolution of 24 years (1992–2015) and spatial resolution of 300 m. This dataset has been compiled by utilizing 5 different observation systems in order to combine their global daily reflectance for the production of this long–term land use cover data (ESA, 2017). Originally this dataset was classified into 6 main classes (agriculture, forest, grassland, wetland, settlement, and others) with further division into sub classes. The maps showed a total number of 37 classifications categories based on United Nations Land Cover Classification System (UNLCCS). The different satellite products time series that have been used in the production of this dataset includes MERIS SR, AVHRR SR, PROBA–V SR, Annual LC, NDVI LS, and waterbody (ESA, 2017).



Niño 3.4 Sea Surface Temperature (SST)

Numerous indices have been developed and utilized by scientists to study the natural oscillations related to ENSO events like Oceanic Niño Index (ONI), Multivariate ENSO Index (MEI), Niño 3, Niño 4, and Niño 3.4 SST. Niño 3.4 region influences the atmospheric vapor pressure hence rendering the global precipitation patterns (Trenberth and Caron, 2000; Trenberth, 2011; Adler et al., 2017). For this study, Niño 3.4 SST has been used to calculate Niño 3.4 sea surface temperature anomaly (SSTA) (NOAA/NWS/CPC, 2005). The Niño 3.4 SST basically provides the SST values for the region (Niño 3 – 4) located between Pacific region marked for maximum perturbations dominated due to the variability caused by Hadley and Walker circulations defining into ENSO events. For this study, utilizing the Niño 3.4 SST values, we have calculated the Niño 3.4 SSTA for the period of 1995 to 2015 based on a 2-month running average. The ENSO episodes were defined by the conspicuous 5 or more continuous months with values ≥+0.5°C and ≤–0.5°C anomalies for El Niño and La Niña, respectively. Based on this, 87, 83, and 82 months out of the 252 months were ranked as El Niño, La Niña and ENSO neutral months.



Data Analysis

The surface water microwave product series time series data was initially procured in the EASE Grid 2.0 Coordinate system which was then adjusted according to the geographic coordinate system in order to achieve consistency in the datasets for accuracy in analysis and results. The mean values of the daily composites were considered to calculate the monthly values from the respective bimonthly and daily time series data for the required analysis. All the analysis has been performed at a global scale to focus on the inter–annual variability in surface inundation extent of different waterbodies and wetlands. We considered the wetland classes as identified by GLWD (Lehner and Doll, 2004). The subset raster files generated from GLWD were later used for plotting the monthly and yearly surface inundation changes and trends observed in individual wetland types. The spatial interannual variability has been plotted through applying the standard deviation function on maximum inundation fraction based on yearly values of 21 years data (1995–2015) from the SWAMPS. The maximum inundation fraction was used for plotting the interannual variability and spatial trend to ignore the seasonal inundation variations at higher latitudes for distinctive global map plots. The standard deviation function has been applied to present interannual variability of inundation. The spatial interannual anomaly trend values have been calculated by using the pixel by pixel linear regression.

A monthly correlation analysis of global inundation variations has been performed with Niño 3.4 SSTA natural oscillations ENSO. The statistical method used to analyze the extent of fluctuations in inundation patterns in different wetland classes affected by ENSO and land use change was computed through Pearson’s correlation coefficient technique. The Pearson’s correlation coefficient is used for the parametric measurement of the linear relationship between two variables in order to show the statistical evidence of any linearity found within the given variables. For the analysis, the starting month considered for Niño 3.4 was December of 1994 for performing 2- and 1-month lag correlation, respectively, against monthly inundations anomaly values for each class. The reason for applying 1- and 2-month lag correlation was due to the delayed response of terrestrial ecosystems to ENSO signal (Chen and Kumar, 2002). A total of 252 monthly anomalies in 21 years (1995–2015) of has been used to compute this correlation.

The statistical method used to analyze the extent of fluctuations between inundation patterns in different wetland classes separately with Niño 3.4 SSTA and land use changes has been computed through Pearson’s correlation. The starting month considered for Niño 3.4 SST was December of 1994 for performing 2- and 1-month lag correlation, respectively, against monthly inundation anomaly values for each GLWD class.

Land use change detection has been performed in order to analyze the land use changes and land conversion rates between each GLWD class and anthropogenic drivers from initial and final year (1995–2015) of study period. The SWAMPS dataset has been utilized to calculate the interannual inundation extent in different GLWD classes whereas, the land use change detection of the global wetland area has been performed using the Wetland Class from the land use land cover (LULC) dataset of ESA-CCI for the 21 years but the global wetland area change detection for 21 years has been done using the Wetland Land Cover class extracted from the ESA-CCI dataset.

After resampling and reclassifying the LULC dataset, 10 km buffered regions were created around each wetland class for quantifying the land use change rate in each year during 21 years (1995–2015). The land use considered for change detection included, NV, cropland (CL), wetlands (WL), Shrubs/grasslands (SL/GL), urban land (UL), and barren land (BL). While the correlation coefficients between NV, CL, SL/GL, UL, and BL interannual area values and surface inundation extent for each of the respective GLWD classes was calculated to analyze the variations in anthropogenic drivers with inundation variations of global lakes, rivers, reservoir, and wetlands.



RESULTS


Temporal Inundation Variations in Global Wetlands

The average input toward the global total of surface water contributed by open waterbodies and wetland classes during the study period of 21 years has been displayed in Figure 1B. The maximum contribution to the surface inundation has been made by global lakes (32%) followed by freshwater floodplains (18.9%), 50–100% wetlands (14.6%), and 25–50% wetlands (12%). These observed values have shown greater extent of deviations when compared with the wetlands class contributions given in the baseline dataset of GLWD.

The 21 years regression coefficient (r2) value of 0.45 (p < 0.001) calculated for total GLWD area (Figure 2) suggests an overall increase in surface inundation trend. Figure 2 illustrates a significant increase in global wetland inundation over the years (slope = 7029.6 km2), along with the cyclic declining trend observed during the 3 episodes conspicuous between 1998 and 2004 (r2 = 0.76, slope = –9247; p < 0.01), 2005 to 2009 (r2 = 0.75, slope = –15013; p < 0.1), and 2010 to 2014 (r2 = 0.49, slope = –28324; p < 0.5) in surface inundation, repeating every 5–7 years. Furthermore, a sharp increase has been observed during 2010, marking it as the highest contributing year to wetland surface inundation during 21 years of study period.
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FIGURE 2. Temporal trends in global surface inundation extent (km2) variability from 1995 to 2015 (black). Three periods of declining trend were identified through 1998–2004 (orange), 2005–2009 (green), and 2010–2015 (blue). The open water bodies like lakes and reservoirs and wetland classes of swamps and coastal wetlands have shown the most significant increase in inundation trend.


The rate of change in surface area inundation of different GLWD classes has been shown in Table 1. Considering the average rate of change for inundation in different wetland classes 50–100% (∼28.9%) and 25–50% wetlands (∼23.3%), in north western hemisphere, have shown high contribution to the surface waters but with a non-significant R2 value. The wetland complex has shown a steep increase after 1999 as illustrated in Figure 3 while rivers, reservoirs, swamps, and coastal wetlands have shown exponential gains in inundated areas. Lakes, pan brackish wetlands, 50–100% and 25–50% wetlands presented minor increases in surface inundation. Whereas, freshwater floodplains and bogs fens and mires had shown no significant changes. The only class that has shown decreasing surface inundation trend is intermittent wetland.


TABLE 1. Rate of 21 years wetland area change in global lake and wetlands.
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FIGURE 3. Temporal interannual trends in global surface inundation variability from 1995 to 2015 illustrating significant increments in global reservoirs, rivers, swamps flooded forests, and coastal wetlands.




Spatial Distribution of Global Inundation Trend

The spatial variability observed during 21 years (1995–2015) of inundation fraction has been mapped in Figure 4. The highest variability has been observed in the small regions of south-west of China, Central Asia, Middle East, and North Africa. The coastal areas have shown a distinct interannual variability in most regions of the globe while moderately high variability is presented over Central Asia, Eastern Europe, parts of Canada and North America, Eastern Australia, Saheli region, and south-western Indian region.
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FIGURE 4. (A) Global distribution of interannual variability during 1995–2015 (fractional percentage) from SWAMPS dataset indicating the extent of deviation (standard deviation of maximum inundation fraction) observed in global inundation patterns. (B) Interannual maximum surface inundation anomaly trend (with the slope values presenting fractional percentage/year) during 1995–2015 from SWAMPS dataset.


From the spatial trend analysis (Figure 4B), the maximum increasing trend (p < 0.05) has been presented by 25–50% wetlands (24.7%), swamps (18%), and freshwater floodplain (18%) while the maximum decreasing trend has also been observed in 25–50% wetlands (34%) and wetland complex (20.5%). The most significant decrease (p < 0.05) in the interannual anomaly inundation values has been revealed by 25–50% wetlands (35%) and wetland complex (21%) conversely 25–50% wetland also contributed to the highest increase (p < 0.05) in inundation anomaly values along with swamps flooded forests and freshwater floodplain.



Impacts of Niño 3.4 SSTA on Inundation Variability

The global inundation variability has shown positive correlations with Niño 3.4 SSTA values for La Niña months; the correlation coefficients computed for the monthly anomalies of global surface inundation extent are ∼0.19 (p < 0.01), ∼0.36 (p < 0.01), and ∼0.40 (p < 0.01) for 0-, 1- and 2-months led by Niño 3.4 SSTA, respectively.

The correlation coefficient of Niño 3.4 SSTA values with ENSO Neutral phase (82 months) and El Niño (87 months) and La – Niña (83 months) for the study period has been presented in Table 2. The maximum value for surface inundation observed has been contributed by the year of 2010 which has also been the year of strong El Niño episode through various ENSO indexes. Based on our results, 9 out of 12 GLWD classes revealed significant positive correlation with La Niña episodes while 2 classes revealed significantly negative correlation with El Niño months. The highest correlation coefficient found for swamps flooded forest and wetland complex was for no lag and 2-month lag with Niño 3.4 SSTA during El Niño episodes, respectively.


TABLE 2. Correlation of Global lakes and wetland classes with monthly Niño3.4 SSTA along with El Niño and La Niña months from 1995 to 2015.

[image: Table 2]The GLWD classes that have shown significant positive correlation coefficients during La Niña months are lakes, reservoirs, rivers, freshwater floodplain among open water bodies and coastal, bog fens mire, 50–100% and 25–50% wetland types with 2-month difference led by Niño 3.4 SSTA. While, intermittent wetland has presented significantly positive correlation with no lag and 1-month lag period during La Niña episodes. Whereas, the pan brackish wetland was the only type to have shown significant positive correlation during ENSO Neutral months with a 2-lag period of Niño 3.4 SSTA conversely showing no significant correlation with El Niño or La Niña episodes.



Land Use Effects on Global Inundation Trends

The land area that underwent conversion from anthropogenic land use to lakes, rivers, reservoirs, and wetlands and vice versa make ∼10,000 km2 of the global total in which round way conversion between wetlands and NV has majorly contributed. Conversion of wetland areas to BL and shrubland/grasslands to wetlands also made substantial contribution.

Figure 5 presents the spatial illustration of land use change from 1995 to 2015. Based upon 21 years of change detection analysis 0.38% of wetland area from LULC has undergone land conversion globally, accounting for 0.14% gain and 0.24% loss observed in the wetland areas. The percentage conversion of wetland area of 0.24% to other land form, in order of maximum to minimum, has been contribution by NV (48.8%), BL (5.4%), shrub/grass lands (4.1%), CL (3.2%), and UL (0.6%); while the gain of 0.14% of global wetland area has been contributed by NV (28.5%), shrub/grass land (4.9%), CL (3.5%), and BL (1%).
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FIGURE 5. Land use land cover change map illustrating the land transformation between 1995 and 2015; CL to WL (Cropland to Wetland), NV to WL (Natural Vegetation to Wetland), SL/GL to WL (Shrubland/Grassland to Wetland), WL to CL (Wetland to Cropland), WL to NV (Wetland to Natural Vegetation), WL to SL/GL (Wetland to Shrubland/Grassland), WL to UL (Wetland to Urban land), WL to BL (Wetland to Barren land), BL to WL (Barren land to Wetland), Wetlands, and UL (Urban Land). Where the conversion of natural vegetation to wetland has been shown in subplot (a) in the catchment area of the Paraná River located in the south-Central America, and subplot (b) of the catchment region of the Northern Dvina River in the Arkhangelsk Oblast region located in the north of European Russia; while the conversion of wetland area to barren land has been shown in subplot (c) shows the some part of Caspian Sea along with the areal coverage of Aral Sea of Central Asia besides each of the three subplots regions are shown through Google earth images from 1995 and 2015 to highlight the land use change as observed through the satellite imagery. Different wetland classes responded differently to the land use change, depending essentially on the deeper ecological and atmospheric connection between the two. Seven of the classes have shown high correlations (positive/negative) with the land use change drivers within the 10 km radius of each class. The significant correlation coefficients have been presented by rivers and reservoirs from open water bodies and swamps, coastal, 50–100% and wetland complex form the wetland classes. The summary of correlation coefficients for all the land use drivers with different wetland types has been presented in Correlation matrix; Table 3.




TABLE 3. Correlation matrix for anthropogenic drivers and global lakes and wetlands (1995–2015).

[image: Table 3]Reservoirs, coastal wetlands, and wetland complex has shown strongly significant negative correlation with shrub/grass land (r < –0.75) and swamps and coastal with NV (r > 0.75); while swamps and coastal wetlands has shown high positive correlation coefficients with UL and swamps with CL (r > 0.75), respectively.



DISCUSSION

The surface inundation extent for the global lakes, reservoirs, rivers and wetlands has been calculated along with the interannual variability observed in this study. Our study results have revealed interannual variability in global surface inundation over time. The maximum value has been observed during 2010 and the minimum during 1995 and 1996, followed by an overall increase in interannual inundation trend from 1995 to 2015. Conspicuously, the inundation extent for the year 1998 contributes the highest in the initial 10 years of the study period (1995–2004). The 1998 inundation peak shows good agreement with previous researches while a decreasing trend in inundation extent was found in the subsequent years till 2001 (Prigent et al., 2007).

Our results, based on the global areal coverage of lakes, reservoirs, rivers and wetlands, provides an average global inundation extent of ∼2.9 million km2. Our results agrees well with the recent documented areal observations of global wetland inundation extent of 1.5 to 15 million km2, from minimum to maximum coverage, respectively (Prigent et al., 2001; Zhu and Gong, 2014; Hu et al., 2017; Poulter et al., 2017; Davidson et al., 2018). Our study presented an increment of 2.77 to 2.9 million km2 from 1995 to 2015, respectively, increasing at a rate of ∼0.24% (∼7029.6 km2) per year. Whereas, a previous study reported a 2.72 to 2.77 million km2 increase from 1980 to 2015 (Pekel et al., 2016).

The increasing rate of surface inundation revealed by 11 out of the 12 water bodies can be attributed to natural or anthropogenic drivers few of which includes land conversion, temperature and precipitation variability, ENSO and sea level rise (SLR) (Prigent et al., 2007; Klemas, 2011; Trenberth, 2011; Junk et al., 2013; Tapia-Armijos et al., 2017). Intermittent wetland is the only class to have shown a non-significant decreasing trend while open waterbodies and wetland types presented a substantial increase in the surface inundation extent during 1995–2015.

Swamps and coastal wetlands, with geographical dominance around tropics and subtropics, have shown a substantial increase in the surface inundation. The inundation around tropics can be linked to the increasing precipitation rates around tropics and amazon due to multidecadal warming (Wang et al., 2018). The coastal wetlands have shown the most significant increasing trend among all the global wetlands which can be ascribed to factors like thermal expansion of sea water, decaying of glaciers, ice caps and ice sheets (IPCC, 2007; Cazenave and Llovel, 2010; Church and White, 2011). Previously, a 1.7 mm/year rise in Global Mean Sea Level (GMSL) reported between 1900 and 2009 with an even higher rate projected during the end of 20th century due to thermal expansion and melting of glaciers and ice sheets agreeing with the increase in coastal inundation (Mimura, 2013). The 50–100% and 25–50% wetland, located in the north-western hemisphere, contributed higher percentages to global inundation but with non-significant increasing trends. North America which accounts for half of the permanently inundated surface has gained 17,000 km2 while Asia has been reported to an increase of 71,000 km2 of permanent inundation in the 30 years between 1984 and 2015 (Pekel et al., 2016). Wetland complex, mostly concentrated around South and East Asia mainly over the Tibetan Plateau, has presented a non-significant increasing trend with an increase in lake area reported due to changing weather and climatic phenomenon (Yang and Lu, 2014; Jiang et al., 2017). The middle and higher latitudes along with coastal wetlands have contributed the most to permanently inundated spaces also much of this average increase has been observed after 1997–1998.

The average increase in surface inundation extent can be attributed to the intensified global precipitation (Huntington, 2006) resulting from atmospheric teleconnections linked to ENSO cycle as an eventuality to Pacific warming (Dai and Wigley, 2000; Cai et al., 2014). The ENSO induced variability in precipitation patterns can inflict flooding or drought, in turn affecting the global wetland extent through the wet and dry hydroperiods (Prigent et al., 2007). Based on our results, swamp flooded forest geographically spread around tropics showed negative correlation with 0- and 1-month lag period with El Niño months. This result agrees with earlier study demonstrating reduced precipitation in amazon basin during El Niño periods (Latif and Keenlyside, 2009). Wetland complex, another low latitude class, revealed significantly negative 2-month lag correlation with El Niño. The drying of swamps and wetland complex as a result to El Niño periods has been reported earlier for different lower latitudinal regions including amazon basin, Indian, and African continent (Mercier et al., 2002; Kumar et al., 2006; Trenberth, 2011). Despite of the reduced precipitation incurred due to the coupling effect of CO2 and water vapors the atmospheric concentrations of the former translates in wetland methane emissions variability eventually contributing as the feedback mechanism to warming climate (Mercier et al., 2002; Kumar et al., 2006; Trenberth, 2011; Paudel et al., 2016). This s in increased vapor pressure and intensified precipitation rates (Pendergrass and Hartmann, 2014) explaining increased inundation around tropics and sub tropics.

The 8 out of 9 GLWD classes that has shown higher correlations with La Niña episodes for 2- month lag period while only intermittent wetland has shown higher correlation value with 0- and 1-month lag period. The 7 classes (lakes, rivers, reservoirs, freshwater floodplains, bogs fens mire, 50–100%, and 25–50% wetland) revealing positive correlation not entirely but are mainly concentrated around mid to high latitudes. The trade winds administering the atmospheric vapor pressure distribution; governed by SST, has influenced global precipitation patterns leading to wetting of higher latitudes (Trenberth, 2011). The global inundation extent for GLWD has shown significant positive 1- and 2-month lagged correlation with Niño 3.4 SSTA for La Niña months. Excessive ENSO variations are reported to cause intensified fluctuations between the pronounced wet and dry periods whereby the dry periods are expected to a twofold while wet periods to a threefold increased occurrences (Yoon et al., 2015). With the increasing SST, the evapotranspiration increases resulting in ENSO induced precipitation of +0.04 mm/day (Adler et al., 2017). A linear relationship between global precipitation and surface temperature has been established (Allen and Ingram, 2002) while others reported a 3.6% increase in global precipitation for every 1 degree increase in SST (Sugi and Yoshimura, 2004).

Our study results have shown an overall increase in inundated surface extent while the LULC change have shown a reduction (0.24% loss) in wetland area between the initial (1995) and final year (2015) Based on our study results of land use change, the land conversion has been most significant in between NV and wetlands that mostly happened in Eurasian and North America regions; while the conversion of wetland to CL has been dominant over American continent. The conversion of wetlands to BL or shrub/grasslands has been dominant in Europe and Asia where the drying of Aral Sea due to irrigational practices remained most noticeable (Edlinger et al., 2012; Micklin, 2016).

The regions undergoing urban sprawl and land use change also attributes to variability in localized vertical wind motion caused by “urban surface expansion induced warming.” This localized process could intensify or reduce regional precipitation in an around areas with exponential urban growth which can be linked to the increased inundation surfaces around urban centers in most of the wetland classes (Zhao and Wu, 2018). An upsurge in water storage areas, for human and economic use, in an around high population zones has been recorded which also explains the inundation increase around urban areas (Sarma et al., 2001; Tian et al., 2015).

Our study results have shown significant positive correlations with shrub/grass lands which can be attributed to the water holding capacity of different wetlands. As reported, playas surrounded by grass and pasture lands responds positively by having longer water holding capacity as compared with those surrounded by CL; making them more susceptible to anthropogenic disturbances rather than climatic variations (Collins et al., 2014). The wetlands connected with aquifers experiences reduced inundation due to either drying of aquifers or excessive withdrawals for agriculture purposes (Smith et al., 2011). Our results presented grasslands and shrublands conversion to other land has shown agreement with the fragmentation and loss as the surface inundation increased over time (Yu et al., 2017) which could also be associated with overgrazing (Sekercioglu et al., 2011; Huang et al., 2012). Although the restoration measures have shown better yields in grassland areas yet the damage endured by soil ecosystem has inhibited the soil recovery inflicted due to overgrazing and excessive precipitation (Huang et al., 2018). Meanwhile, a reduction in grazing practices over European region resulted in abandonment of fens, seems to have contributed to the shifting of wetlands to NV which agrees to our land conversion results (Middleton et al., 2006).

Coastal wetlands have shown positive correlation with shrubland/grassland which may be attributed to the increased tourism facilities and structures (Camacho-Valdez et al., 2014; Ivajnsic and Kaligaric, 2014). Furthermore, salt water intrusion interlinked with SLR can also be considered a reason for declining NV around the coastal wetlands (Ivajnsic and Kaligaric, 2014; Osland et al., 2018) and for increase in BL around the coastal areas.

Different types of wetlands may respond differently to the stressors like climate change or land use practices. Interannual variability caused by natural oscillations has effects on all types of ecosystems. El Niño events deteriorate mangroves health and also cause damages to alpine forbs and boreal forests (Holmgren et al., 2001). Despite the positive lagged correlation found between surface inundation variations in most of the classes during La Niña months with Niño 3.4 SSTA still it is difficult to state the exact effect of ENSO on different waterbodies and wetlands. Since the distribution of majority of the GLWD classes are not consistent geographically and are studied against the variability of Niño 3.4 SSTA which has a coupling effect on different regions hence this study has only revealed one side of the picture. For better understanding of scientific and physical phenomenon, deeper analytical study is required considering other oceanic and atmospheric variables like Indian Ocean Dipole, temperature, precipitation, evapotranspiration, atmospheric pressure, and wind direction.



CONCLUSION

The global lakes and wetlands are intricately connected hydrologic system making it difficult to analyze the combined impact of natural ENSO and anthropogenic drivers on these vital ecosystems. ENSO is a complex internally driven oscillation mechanism which can undergo variations by the interruptions caused by natural forcing hence making it difficult to analyze the impact of this mechanism on the global inundation changes. Likewise, the human settlements pose threats to the waterbodies impairing the sources’ quality and quantity hence the study of impacts of natural and human stressors in altering these sensitive yet indispensable ecosystems are crucial.

The spatial and temporal changes have been observed in order to study extent and distribution along with the effects of natural oscillations and anthropogenic activities on the global lakes, rivers, reservoirs and wetlands. The study revealed a per year increase of 7029.6 km2 with an average global inundation extent of 2.9 km2 from 1995 to 2015. All the classes of GLWD has contributed to this global surface inundation increase except for intermittent wetlands. Through this study we have been able relate the coupling episodes of El Niño and La Niña with the global inundation variations. The study highlights that the La Niña months seems to have stronger link with the inundation trends observed in most of the global lakes and wetland classes except for pan brackish, swamps, intermittent wetlands and wetland complex while the later three have shown stronger connection to El Niño periods. Our study also identifies CL, NV, BL, UL, and shrub/grass land as the most significant land use types and land use changes that have shown varying relationship to global lakes and wetlands surface inundation. This study of land use changes can prove to be helpful in implementing of robust land conservation efforts and monitoring for achieving sustainable water consumption.

The lack of connection related to the complex dynamics of natural oscillations and climatic factors can limit our understanding of global changes and its impacts on global lakes and wetlands. For the future research, the aspect of establishing the link between natural oscillations and other climate variables for an improved understanding of the natural processes involved in contributing to the hydrological variations can be considered.
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GLWD classes Wetland area (km?)

Lakes 929100.7
Reservoir 93496.1
River 60553.8
Freshwater floodplain 549482.7
Swamps, flooded forest 124364.3
Coastal wetlands 66516.8
Pan brackish wetlands 58731.7
Bog, fen mire 128607.5
Intermittent wetlands 58418.2
50-100% wetlands 422738.5
25-50% wetlands 351514.7
Wetland complex (0-25%) 57640.6
Total 2901994.8

Significantly contributing classes are indicated in bold.
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203.2
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2028.4
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R2-value

0.16
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0.28
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0.08
0.17
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Wetland types ENSO-Neutral El Nifo La Nina
0 month 1-month lag 2-month lag 0 month 1-month lag 2-month lag 0 month 1-month lag 2-month lag

Lakes 0.02 0.05 0.05 0.04 —0.07 —-0.13 0.15 0.31** 0.41%*
Reservoir 0.00 —0.05 —0.03 0.03 —0.11 -0.14 0.19 0.38** 0.42**
River 0.05 0.07 0.08 —0.03 —0.14 -0.18 0.22* 0.36** 0.42**
Freshwater floodplain —0.03 0.00 0.03 —0.06 —0.15 —0.20 0.19 0.37** 0.42**
Swamps —0.14 —0.09 0.00 —0.32* —0.30** —0.25* 0.30 0.21 0.08
Coastal wetlands 0.10 0.09 612 —-0.12 —0.23* —-0.27* 0.18 0.21 0.30**
Pan brackish 0.19 0.20 0.30** —0.11 —-0.19 -0.15 0.00 —0.06 —0.05
Bog, fen mire 0.00 0.04 0.038 —0.01 —0.20 -0.19 0.19 0.33** 0.41%*
Intermittent wetlands 0.11 0.03 —0.03 —0.10 —-0.13 —0.08 0.32** 0.33** 0.15
50-100% —0.01 0.00 0.01 0.05 —0.08 -0.12 0.18 0.34** 0.34**
25-50% 0.02 —0.02 —0.01 0.08 —0.05 —0.07 0.18 0.36** 0.34**
Wetland complex 0.07 0.20 0.26* —0.26* —0.32** —0.38™ 0.18 0.13 0.20
GLWD 0.00 0.02 0.038 0.01 —0.11 -0.16 0.19 0.36™* 0.40"*

The correlation coefficient significance in Table 2 has been presented with * as significant with p < 0.05 and ** as strongly significant with p < 0.01.






OPS/images/feart-07-00289-t003.jpg
Wetland classes Cropland Natural vegetation Shrub/Grass land Urban land Barren land

Lakes 0.37 0.26 —-0.35 0.37 —0.28
Reservoir 0.46* 0.59* —0.77* 0.74% —0.29
River 0.52% — 0.66** — 0.60%* 0.76%* —0.77*
Freshwater floodplain —0.15% 0.03 0.06 0.12 —-0.12
Swamps, flooded forest 0.77** —0.77* —0.35 0.81** 0.36
Coastal wetlands —0.88* —0.81* 0.83** 0.59** —0.79*
Pan brackish wetlands 0.54* —0.60** 0.38 0.58* —0.35
Bog, fen mire 0.26 —0.08 0.27 0.15*% 0.11
Intermittent wetlands —0.37 0.12 —0.05 —0.24 0.24
50-100% wetlands 0.54* —0.568* —0.50* 0.32 0.61*
25-50% wetlands 0.40 0.04 —0.30 0.50* 0.45*
Wetland complex (0-25%) 0.28 —0.51* —0.78* 0.49* 0.69™

The correlation coefficient significance in Table 3 has been presented with * as significant with p < 0.05 and ** as strongly significant with p < 0.01.
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