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Abstract:

 Wetlands are highly productive and support a wide variety of ecosystem goods and services. Various forms of global change impose compelling needs for timely and reliable information on the status of wetlands worldwide, but several characteristics of wetlands make them challenging to monitor remotely: they lack a single, unifying land-cover feature; they tend to be highly dynamic and their energy signatures are constantly changing; and steep environmental gradients in and around wetlands produce narrow ecotones that often are below the resolving capacity of remote sensors. These challenges and needs set the context for a special issue focused on wetland remote sensing. Contributed papers responded to one of three overarching questions aimed at improving remote, large-area monitoring of wetlands: (1) What approaches and data products are being developed specifically to support regional to global long-term monitoring of wetland landscapes? (2) What are the promising new technologies and sensor/multisensor approaches for more accurate and consistent detection of wetlands? (3) Are there studies that demonstrate how remote long-term monitoring of wetland landscapes can reveal changes that correspond with changes in land cover and land use and/or changes in climate?
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1. Importance of Wetlands

Wetlands are highly productive [1] and support a host of ecosystem goods and services. At local scales wetlands provide food, fiber, filtering of contaminants, sediment storage, flood control, wildlife habitat, recreation, aesthetics, and other functions [2]. At broader scales wetland-rich landscapes help regulate regional climate (e.g., [3]) and provide critical habitat for continental and intercontinental migratory species (e.g., [4,5]). Despite these important benefits, wetlands have been drained extensively worldwide to increase acreage for cultivation of crops and accommodate expansion of human settlement [6,7]. Wetlands continue to be vulnerable to changes in land use and management, but accelerated rates of climate change have added to the complexity of maintaining functioning wetlands [8,9].

There is a compelling need to monitor the status of wetlands. Field monitoring is highly informative about changes in wetland functioning and the related environmental drivers and consequences of those changes. However, monitoring in situ is expensive, and many wetlands are in remote locations or are otherwise logistically challenging to monitor or have restricted access. Thus, it is only practical to monitor a small subset of the world’s wetlands in situ. Moreover, we need information at broader scales to provide regional, national, and global context to complement what can be learned in situ. Remote monitoring of wetlands is attractive because it is comparatively inexpensive and provides information over a range of broader scales [10,11,12,13], but it has been difficult to map wetlands remotely with levels of accuracy and consistency sufficient to monitor change (e.g., see [14,15,16,17,18,19,20]).



2. Difficulty in Monitoring Wetlands

Why is it so hard to map wetlands from the skies? One main factor is that wetlands are not unified by a common land-cover type or vegetation form in the way that forests are populated with trees, grasslands with grasses, and shrublands with shrubs (Figure 1). Wetlands share a characteristic presence of water, but it can be at the Earth’s surface or below the surface in the rooting zone of plants. This water may be present all the time, seasonally, or only in some years, but is in residence enough to influence the development and condition of the soil and support vegetation adapted to wet conditions [21,22]. The interplay among water, soils, and vegetation results in a wide variety of wetland types and features, as well as processes and functions. Daily tidal actions add further complexity in coastal settings. Wetlands can support submerged, floating-leaved, and emergent herbaceous species, as well as hydrophytic shrub and tree species, and wetland communities can be dominated by a single or few species or be a heterogeneous mixture of multiple species and life forms.

Figure 1. There is no single, unifying landsurface feature common to all wetlands, not even the presence of exposed water. Their variety in surface features, coupled with highly dynamic conditions in moisture availability and vegetation development, make wetlands exceptionally difficult to map remotely with the consistency and accuracy required for monitoring (Photos variously by M. Roth and A. Gallant, U.S. Geological Survey).
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A second factor that makes wetlands so challenging to map remotely is that they are highly dynamic in ways that substantially alter their reflectance and energy backscatter properties [23,24,25,26,27], sometimes within hours or days [28,29]. Individual species can exhibit significant variation in energy responses (spectrally and in terms of backscatter geometry) within a growing season at different stages of their development [11,26]. Density of spatial coverage by vegetation also alters the energy response received by remote sensors [27]; wetland cover can range from open water (devoid of plants) to vegetation-choked surfaces within a growing season as well as across years (e.g., [26]). Water levels impose strong controls in wetlands, and the magnitude of change in water levels influences the relative abundance of species and rate of vegetation succession [30]. Water depths can change rapidly from snowmelt, storm surge, and major precipitation events. Water levels in wetlands with no hydrologic connections to groundwater can be especially responsive to these events. Water depth affects the establishment of different plant species based on their respective tolerances to flooding and altered water chemistry [31]. Climatic oscillatory fluctuations in water levels can be relatively frequent in some regions (e.g., see [30]) and favor the establishment of different species in different years, as fed by the local seed bank stored from past climate cycles [31]. Land cover, use, and management in the contributing watershed further influence amount and quality of wetland water and type of aquatic vegetation [10,32,33,34,35,36]. Runoff from surrounding uplands can alter water clarity or color (e.g., [37,38]) through delivery of sediments or a variety of nutrients and chemicals that affect growth of wetland biota (e.g., [39]). Conversely, drying of wetlands will cause water stress, altering leaf optical properties [11] and, at some point, structural properties that also affect energy backscatter.



A third factor is that steep environmental gradients in and around the edges of wetlands produce narrow ecotones [11] that are often below the spatial resolving capacity of remote sensors. Sharp contrasts in characteristics of energy response at the land-water interface can be exploited to aid mapping in some wetland settings (e.g., [40,41]), though boundaries between vegetation types may be too narrow to distinguish with data from most satellite sensors [11]. In forested landscapes it is not uncommon for smaller wetlands to be completely obscured by the canopies of wetland-adjacent trees.

From a remote sensing perspective wetlands are a “moving target,” representing more of a moisture regime than a cover type. Interrelations among environmental dynamics and potential wetland land covers and conditions result in an ever-changing variety of energy responses that make it highly challenging to train algorithms that can map wetlands with levels of accuracy and consistency sufficient for monitoring. This is evidenced by the myriad ways in which researchers have approached remote mapping of wetlands and the lack of consistency in results.



3. Past Approaches to Remote Sensing of Wetlands

Aerial photography, multispectral and hyperspectral sensors, light detection and ranging (lidar), and synthetic aperture radar (SAR), interferometric SAR (InSAR), and other microwave systems, (e.g., Gravity Recovery and Climate Experiment (GRACE)) all have provided source data used to map and characterize wetlands and related water dynamics [11,13,27,42,43,44,45]. Aerial photography offers the high spatial resolution desirable for detecting many wetland features, but typically involves time- and experience-intensive manual interpretation or manipulation, and repeat acquisitions have historically been limited [43,46,47,48], although certain programs are supporting annual or biennial flyovers in recent years (e.g., U.S. National Agriculture Imagery Program [49]). Data from multispectral sensors have been widely used for classifying land cover, including wetlands. Landsat sensor data have been the traditional choice [42], owing to the wide geographic coverage, temporal depth of the archive, and, since 2008, the availability of the data at no charge to users. Practitioners of wetland mapping also have used multispectral data of higher spatial resolution to map wetlands (e.g., [50,51]). Alternatively, data of high temporal resolution, though low spatial resolution, have enabled better opportunity for cloud-free monitoring of seasonal wetland dynamics across large geographic extents (e.g., [52]).

Generally, more emphasis has been invested in remote sensing research of coastal wetlands than inland wetlands [12,42,43,47,53,54], but the need for long-term monitoring of wetlands in both types of settings is acute because of escalating rates of multiple forms of global change. Land use and management actions already have been responsible for substantial losses and alterations of wetlands [55,56], and anthropogenic activities continue to alter the surface of the Earth across large geographic extents at rapid rates (e.g., [57]). Presence of water and quality of habitat in wetlands can be manipulated through direct actions (e.g., [58]), but wetlands also are heavily influenced by many biotic and abiotic exogenous factors, and drivers of change, especially socioeconomic drivers, may be geographically removed from wetlands (e.g., [59,60]). As the human population continues to increase across the planet, so do concomitant increases in demands for ecosystem services [61]. These demands will be coupled with potentially unprecedented rates of climate change over the next century that will engender a host of environmental changes across the landscape [62]. For all these reasons and more there is an urgent need to improve our capabilities to characterize and monitor the status of wetlands worldwide.



4. Purpose of this Special Issue

The concept for the special issue, Towards Remote Long-Term Monitoring of Wetland Landscapes [63], was to solicit papers that responded to three overarching questions aimed at improving remote, large-area monitoring of wetlands: (1) What approaches and data products are being developed specifically to support regional to global long-term monitoring of wetland landscapes? (2) What are the promising new technologies and sensor/multisensor approaches for more accurate and consistent detection of wetlands? (3) Are there studies that demonstrate how remote long-term monitoring of wetland landscapes can reveal changes that correspond with changes in land cover and land use and/or changes in climate?

In the resulting collection of papers, none centered on long-term studies of wetland landscapes in response to Question #3. However, Moffett and colleagues [64] contributed a paper that considers how long-term remote monitoring could be focused to test ecological theory of wetland dynamics in coastal settings. It is an interesting crossover paper not typical of the remote sensing literature and provides inspiration for applying the tools from one discipline to test the theories of another.

Several of the papers in the collection responded to Question #1 and describe approaches and data products aimed to support consistent, large-area, long-term monitoring of wetlands. These types of efforts typically have been undertaken in response to monitoring missions of large agencies, and that is the case with these contributed papers as well. The National Aeronautics and Space Administration (NASA) has been a strong supporter of the use of satellite measurements to provide consistent science data products to improve understanding of Earth systems. NASA’s MEaSUREs project (Making Earth System Data Records for Use in Research Environments; [65]) has supported the work behind two of the papers in this special issue. The papers reflect two complementary components of NASA’s interests in global monitoring of wetland extent and dynamics [66]. Chapman and colleagues [67] compiled inundation products at 25 km cell resolution to enable analyses of wetland dynamics at continental scales based on space-borne L-band SAR data from the ALOS PALSAR instrument, assisted with digital elevation data from the Shuttle Radar Topography Mission (see [68]). The authors distinguished open water from inundated vegetation and demonstrated results for South America. Clewley and colleagues [69] derived a map of vegetated wetlands in Alaska at 50 m cell resolution with L-band SAR data from ALOS PALSAR and ancillary data on slope, elevation, and location. Data from Chapman et al. [67] and Clewley et al. [69] are served through NASA's Distributed Active Archive Centers (see [70]).

The U.S. Geological Survey (USGS) is another agency with a mission aimed at monitoring the environment and providing science data to a wide user community. The USGS is home to the Landsat archive, containing data from 1972 to present and representing the longest-running civilian satellite series in the world. The standard Landsat products served by the USGS are terrain-corrected data (see [71]), but recently the agency has begun developing and testing higher-level science data products. The paper by Jones [72] describes a candidate algorithm to identify Dynamic Surface Water Extent (DWSE) for mapping ground surface inundation. The DSWE currently is targeted as an on-demand Landsat Science Data Product for the United States and its territories, with the potential to be expanded globally, as inputs to the algorithm—Landsat and digital elevation data—are available globally.

The U.S. Environmental Protection Agency (EPA) has a regulatory mission related to air and water quality and a long history of supporting large-area assessments of resource status, which includes the work described by Bourgeau-Chavez and colleagues [73]. Their efforts support a binational (U.S. and Canada) assessment of coastal wetlands within the basin surrounding the North American Great Lakes. The authors combined three-season Landsat TM and PALSAR data to provide the first comprehensive map of wetland types and adjacent upland land cover and potential wetland stressors for the Great Lakes region, developing a repeatable methodology to support long-term monitoring.

The Centre National D’Etudes Spatiales (France’s government agency responsible for space policy) and NASA jointly supported the work undertaken by Frappart and colleagues [74], who used a multi-satellite approach to develop time-series maps of surface-water storage at approximately 25 km spatial resolution as part of a global project to track intra- and interannual patterns of water storage. The contributed paper includes results for the Orinoco Basin, South America, derived from integrating surface inundation maps from Global Inundation Extent Multi-Satellites (GIEMS) and radar altimetry heights from Envisat to compile water-level maps for the basin. The authors incorporated data from the Gravity Recovery and Climate Experiment (GRACE) to determine the contribution of the surface-water storage they mapped to total water storage across the Orinoco Basin.

The value of all these large-area efforts to develop wetland-related products that are consistent across the landscape is underscored by Amler and colleagues [75], who detailed the difficulties encountered when trying to piece together data from multiple sources to monitor wetlands across East Africa. The authors documented the inconsistencies with which wetlands have been defined and mapped around the world and called for a common lexicon for use by practitioners of wetland mapping.

The majority of papers contributed for this special issue addressed Question #2, describing new techniques or technologies or combinations thereof. Lane and colleagues [76] evaluated the information content of “new” coastal (400–450 nm), yellow (585–625 nm), red-edge (705–745 nm), and near-infrared-2 (860–900 nm) bands offered by the WordView-2 sensor in addition to its four more typical bandwidths for optical sensors (red-, green-, and blue-visible and near-infrared-1 [770–895 nm]). The authors found the new bands contributed a few percent improvement in overall accuracy for mapping wetland vegetation in their study area in southeastern Siberia, Russia, with considerably more improvement in discriminating certain wetland communities. Optical sensor data were also the choice of Luo and colleagues [77] for mapping aquatic vegetation in Taihu Lake in Jiangsu Province, China. They used data from the Charge-Coupled Device sensors on China’s HJ-1A and HJ-1B satellites, which provide spectral bandwidths and spatial resolution comparable with the first four bands of Landsat TM and ETM+ sensors, but offer a combined revisit time of two days. The authors addressed the longstanding challenge of how to train and validate classification algorithms for time-series studies when field data are only available for a portion of the time analyzed; their resultant approach extends classification-tree models across time. Similarly, Blakey and colleagues [78] also applied a method that extended a classifier back in time, prior to years when field data were available. In this case, the optical data were from Landsat-5 and were used to map changes in seagrass extent and density through time along the southern Florida coast, USA. The authors borrowed techniques usually used for terrestrial land-cover mapping and applied them for aquatic mapping, incorporating corrections for water-column properties. Their results achieved levels of accuracy similar to those achieved via the more typical approach of using spectral libraries to map seagrass, but with much less effort. Ceron and colleagues [79] also used optical data, but rather than map wetland vegetation, they used thermal data from MODIS, in conjunction with solar radiation data from weather stations, to generate maps of estimated actual evapotranspiration (AET) for an extensive wetland landscape in southern Florida, USA. Their goal was to provide a way to monitor the condition of wetland vegetation using the surrogate of AET status.

Two papers in the collection describe applications with active optical sensors. Wu and colleagues [80] used lidar-derived elevation data and ancillary high spatial resolution information on land use, land cover, and hydrography to identify locations and boundaries of potential vernal pools in a fine-grained landscape in Massachusetts, USA, that included many woody wetlands. Their approach identified numerous small wetlands that had previously not been included in a statewide database. Medeiros and colleagues [81] incorporated lidar data with data from a passive optical sensor (MODIS) and interferometric SAR to tackle improvements needed for digital elevation models in coastal salt marshes. They adjusted initial bare-earth elevation estimates based on vegetation canopy heights and densities to generate an improved bare-earth elevation layer for their study area in northwestern Florida, USA.

Three papers focused on application of data from SAR systems to map wetland landscapes. White and colleagues [82] summarized a set of techniques relevant for characterizing wetlands with SAR data. The authors variously used data from Radarsat-2 for wetland landscapes in northern Alberta and southern Manitoba in Canada and Hunan Province in China to provide demonstrations of grey-level thresholding to map and monitor surface-water extent, polarimetric decompositions to map flooded vegetation, and two recent methods developed to assist in change detection with multitemporal polarimetric SAR data—a Curvelet-based approach, which operates on whole structures found in the images, and the Wishart-Chernoff Distance, which operates at the pixel level. Chen and colleagues [83] also used polarimetric SAR data. They borrowed object-oriented image characterization and a classification-tree approach from the optical data community and applied them to a wide variety of polarimetric SAR decompositions generated from ALOS PALSAR data for an area along the eastern coast of China in Jiansu Province to map cover types in a coastal wetland landscape. A comparison of land-cover outputs resulting from this approach with several other approaches showed it provided substantial improvement in mapping accuracy. Hong and colleagues [84] also applied an object-oriented analysis for mapping a wetland landscape. They applied it to a new decomposition method they developed for use with polarimetric SAR data, which they obtained from TerraSAR-X for their study area in the Everglades of South Florida, USA. They found the scattering components from their decomposition to be especially advantageous for mapping mangroves along tidal channels.

Two sets of authors focused on the influence that training data selection can have on wetland classification results, a topic not well covered in the literature for applications using the Random Forests [85] classifier. Corcoran and colleagues [86] evaluated the benefits of using points, point-centered windows, and image objects to train the Random Forests decision-tree classifier, then considered the benefits contributed by different variables derived from color-infrared orthoimagery and lidar data to generate classifications for two wetland landscapes in Minnesota, USA. Millard and Richardson [87] used lidar-derived variables to evaluate a suite of effects of different characteristics of training data selection on the Random Forests classifier. They analyzed the benefits of limiting input to uncorrelated variables, tested the influence of the size of the training dataset and the associated distribution of samples across cover types, and assessed the effects of spatial autocorrelation on classification results for a peatland landscape in southern Ontario, Canada.

The contributions in this collection of papers towards addressing the challenges of remote monitoring of wetlands span fine to global scales of mapping and demonstrate new ways to combine data across sensors and techniques. The papers range from describing new wetland-related products generated for the user community to new, borrowed, or enhanced techniques to improve wetland mapping. The studies have used data from new sensors and long-established sensor series, active and passive sensors, and optical and radar systems, sometimes integrated with ground-based data. An opportunity is even offered for readers to step back and consider how remote sensing studies can be framed to test wetland ecological theory, such as in making theories and models spatially explicit and in scaling relations from local to broader landscapes. These contributions are greatly appreciated and will help forward our way towards remote long-term monitoring of wetland landscapes.
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