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Abstract

:

Deriving the proper structure of lotic habitats, namely the structuralization of lotic habitats, is crucial to monitoring and modeling water quality on a large scale. How to structuralize complicated lotic habitats for practical use remains challenging. This study novelly integrates remote sensing, geographic information system (GIS), and computer vision techniques to structuralize complicated lotic habitats. A method based on Sentinel-2 imagery and weighted focal statistic convolution (WFSC) is developed to structuralize the complicated lotic habitats into discrete river links. First, aquatic habitat image objects are delineated from Sentinel-2 imagery using geographic object-based image analysis (GEOBIA). These lotic habitat image objects are then separated from lentic habitat image objects using a hydrologically derived river network as a reference. Second, the binary image of the lotic habitat image objects is converted to a fuzzy magnitude surface using WFSC. The ridgelines on the magnitude surface are traced as the centerlines of river links. Finally, the centerlines of river links are used to split the complicated lotic habitats into discrete river links. Essential planar geometric attributes are then numerically derived from each river link. The proposed method was successfully applied to the braided river network in the Mobile River Basin in the U.S. The results indicate that the proposed method can properly structuralize lotic habitats with high spatial accuracy and correct topological consistency. The proposed method can also derive essential attributes that are difficult to obtain from conventional methods on a large scale. With sufficient measurements, a striking width–abundance pattern has been observed in our study area, indicating a promising logarithmic law in lotic habitat abundance.
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1. Introduction


Inland freshwater aquatic habitats can be classified as lotic and lentic habitats [1,2]. Lotic habitats generally have running water (e.g., creeks, streams, and rivers) and lentic habitats generally have standing water (e.g., lakes, ponds, and reservoirs). In contrast to lentic habitats, lotic habitats have a much shorter residence time of water since the in/out water flux in the lotic habitats is always considerable [3]. These characteristics make lotic habitats a particular and important component in environmental dynamics. Lotic habitats not only transmit a larger volume of water through space, but also have complicated interactions with the local environment. For instance, riverine erosion and deposition continuously contribute to the turbidity dynamics in the water of rivers [4,5] and change the morphology of the river [6,7]. These lotic activities also change the local topographic and hydrologic conditions by forming valleys [8], oxbow lakes [9], and deltas [10]. Moreover, the water quality in lotic habitats is easily impacted by the riverine geo-bio-chemical settings and human activities. Dense agriculture, aquaculture, riverine communities, and riverine industries may lead to an overload of dissolvable nutrients (e.g., phosphorus and nitrogen) and pollutants [11,12]. Together with the water flow, larger amounts of suspended sediments and dissolvable nutrients are transmitted to the downstream freshwater habitats and coastal areas, and they increase the risks of eutrophication and harmful algae bloom (HAB) in the downstream aquatic habitats [13,14,15]. Recent studies include the delineation and classification of (lotic) aquatic habitats [16,17], the distributed monitoring of lotic habitat water quality [18], and the platform-supported large-scale investigation of water quality [19].



The structure of lotic habitats is essential for water quality monitoring and lotic water resource management. A lotic habitat, especially a river network, may have multiple river links. The water in a single river link is impacted by its sub-watershed and it may have a homogeneously distributed water quality. However, the confluence of multiple river links can mix the vastly different water from multiple upstream sub-watersheds, which leads to an abrupt change in water quality in the downstream river link. For instance, the turbidity level, the concentration of dissolvable nutrients, and the concentration of algae all may have abrupt changes at the confluence of rivers. The proper delineation of individual river links in a river network, namely the proper structuralization of the lotic habitats, is crucial for the monitoring and modeling of lotic habitat water quality. The homogeneity of water quality within river links and disparity between river links can be precisely quantified using the proper elementary river links of the lotic habitats. Hydrologic approaches are conventionally employed to delineate the tree-like structure of lotic habitats [20,21,22]. In these methods, potential river links are derived from the upstream accumulation area [23]. A river link may have multiple upstream river links, but it only feeds into a single downstream river link. The confluence of river links repeats from upstream to downstream until it reaches the single outlet, which is the root of the tree-like structure. The stream orders are then derived using the Strahler method [24], the Shreve method [25], or other advanced methods [22]. The hydrologic approaches derive the structure of the lotic habitats using the accumulation of potential surface runoff from terrain analysis. The representation of river links is concise, and they match well with the structure of the lotic aquatic habitats on a larger basin scale. However, the theoretical and over-simplified river links cannot well represent complicated lotic habitats such as the braided river networks in the deltas. In this case, visual interpretation and manual delineation may mitigate the mismatch between the delineated lotic habitat structure and the actual river network. Although more accurate, the tedious and cost-inefficient work may constrain the structuralization of lotic aquatic habitats into only small scopes.



Advanced geographic information systems (GIS), remote sensing, and computer vision techniques promote the detailed investigation of lotic habitats at the large basin scale. Since water has a strong spectral signature [26], it is easy to separate water surface pixels from other pixels with adequate accuracy, no matter whether supervised or unsupervised classification methods are used [17]. Great efforts have also been devoted to categorizing or identifying land cover patches (e.g., aquatic habitats in this case) using remote sensing and GIS approaches. For instance, Liu et al. [16] have developed a scale-free object-oriented method to form discrete aquatic habitat image objects, and they have successfully separated lotic habitat image objects from lentic habitat image objects using a hydrologically derived river network as a reference. This work has become the foundation for structuralizing lotic habitats from remote sensing products. However, the result of lotic habitat delineation from remote sensing and GIS is still far from practical use, and we argue that one more phase of structuralization is still necessary. By integrating computer vision techniques, it is now possible to automatically structuralize lotic habitats at the large basin scale. Multiple methods are available for structuralizing lotic habitats from lotic habitat image objects, though they have not yet fully covered this issue. First, the grayscale morphology uses dilation and erosion operations to extract a linear feature’s skeleton on an image [27,28,29]. The skeletons of the lotic habitat image objects can represent their centerlines and be used to structuralize the lotic habitats. The other available method is the phase-coded convolution using a phase-coded disk (PCD). The PCD converts a binary image into a fuzzy magnitude surface, and the centerlines of linear features on the binary image correspond well to the ridgelines on the magnitude surface [30]. Similar to the skeletons, the ridgelines on the magnitude surface can also represent the centerlines of lotic habitat image objects and be used to structuralize them. The PCD method is generally used to extract straight linear features such as roads [31,32,33]. Liu has novelly integrated the PCD with a Markov chain Monte Carlo (MCMC) approach to structuralize the curvilinear feature like glaciers [34]. These methods provide valuable insights into the structuralization of lotic habitat image objects through computer vision techniques.



Current studies target more on the automatic derivation of river channel attributes from single experimental river links [35,36,37]. However, the morphology of actual lotic habitats may be very complicated (e.g., parallel channels and braided river networks). Simple methods using computer vision techniques may not be adequate to structuralize complicated lotic habitats with adequate accuracy and correct connections on a large spatial scale. Correspondingly, essential attributes of the river links in complicated lotic habitats may be difficult to obtain (e.g., length, surface area, width, sinuosity, and local water quality statistics). These difficulties limit the development of water quality monitoring and hydrological modeling in these complicated lotic habitats. Moreover, few studies are available to strengthen our understanding of this topic, and a robust method to efficiently structuralize the complicated lotic habitats is still in urgent demand to address practical issues.



To fill the research gap, this study has developed a novel and robust approach using weighted focal statistic convolution (WFSC) for the automatic structuralization of image-derived lotic aquatic habitats. Our objectives are: (1) using WFSC to properly structuralize complicated lotic habitats on the river link level; (2) numerically deriving the essential planar geometric attributes for each river link, respectively; and (3) uncovering the hidden abundance pattern of river links in complicated lotic habitats. To articulate this method, the rest of this paper is organized as follows: Section 2 introduces the study area and data sets, and Section 3 presents the proposed method in detail. The results and discussion are provided in Section 4. Finally, Section 5 draws the main conclusions.




2. Materials


2.1. Study Area


The study area for this research is the Mobile River Basin (MRB), which is the sixth-largest river basin in the United States [38]. It has a total area of over 113,960 km2 and it partially covers four states of the U.S., including Alabama, Mississippi, Georgia, and Tennessee. Rugged mountains and plateaus that sit in the northeast of the basin are the southwest edges of the Appalachian Mountains. The rugged mountain areas include the Appalachian Plateaus, the Valley and Ridge, and Piedmont. What is adjacent to the mountainous region is a plain with comparatively flat topography, namely the Coastal Plain. A total of 70% of the basin area is covered by forest, while 26% and 3% of the basin are developed into agricultural land and urbanized land, respectively [38,39]. The population in the MRB was about 8.3 million in 2018 [16], and most of them are residents in large riverine and coastal cities such as Birmingham, Montgomery, Tuscaloosa, and Mobile.



The MRB has complicated lotic habitats consisting of multiple tributaries (Figure 1d) and diverse lotic habitats (Figure 1a–c). Two major rivers go through the basin. On the east side is the Alabama River, which originates from the deep rolling mountains of the Valley and Ridge and Piedmont. The west side is the Tombigbee River, and it originates from the northeast of Mississippi. The confluence of the two major rivers is located in Mobile County in Alabama. The Mobile–Tensaw River Delta is located downstream of the confluence. The flat delta contributes a complicated braided river network, consisting of Mobile, Tensaw, Apalachee, Middle, Blakeley, Spanish rivers, and numerous small tributaries. These rivers finally flow into Mobile Bay which is adjacent to the Gulf of Mexico.



The MRB has a warm and humid climate where precipitation is distributed quite evenly throughout the year [40]; however, slightly more precipitation during the winter and spring forms a wetter season. The streamflow of the MRB ranks fourth in the United States, and it has a mean annual streamflow value of about 1800 m3/s (64,000 ft3/s) [38]. Following the precipitation pattern and evapotranspiration pattern, the river discharge peaks in March and reaches the minimum during the late summer [41]. The streamflow feeds into Mobile Bay and contributes to about 95% of the freshwater flow into the bay. The lotic habitats in the MRB are jointly regulated by the local topography and anthropogenic activities. Reservoirs, dams, and hydroelectric plants are densely distributed along the river channels. Due to these either natural or anthropogenic regulations, the MRB forms complicated and diversified lotic habitats, including parallel river channels (Figure 1a), severely meandering river channels (Figure 1b), and braided river networks (Figure 1c). All of them challenge the conventional approaches to delineate the structure of lotic habitats.




2.2. Data Sets


In this study, three main sources of data were employed for analyses, including the Sentinel-2 imagery from the European Space Agency (ESA), the National Elevation Dataset (NED) from the United States Geological Survey (USGS), and the PlanetScope imagery from Planet Labs, Inc. (Table 1). The Sentinel-2 imagery is used to delineate the discrete lotic and lentic habitats. The NED is used to hydrologically derive the drainage system, which is used as a reference to separate the lotic habitats from the lentic habitats. Finally, the PlanetScope imagery is used to interpret the ground truth of a lotic habitat, which is then used to analyze the accuracy of the Sentinel-2 structuralized lotic habitat.



The Sentinel-2 imagery from the ESA has been found to be sufficient for the delineation of aquatic habitats at the large basin scale [16,42]. It provides global coverage, adequate high spatial resolution, proper multispectral configuration, and high geo-referencing accuracy for the mapping of both discrete lotic and lentic habitats. The multispectral imagery obtained from the Multispectral Instrument (MSI) sensors onboard Sentinel-2A/B satellites contains 13 spectral bands at multiple spatial resolutions. These bands include blue, green, red, and near-infrared (NIR) bands at 10 m spatial resolution; three red-edge bands, a narrow NIR band, and two short-wave infrared (SWIR) bands at 20 m spatial resolution; and a coastal aerosol band, a water vapor band, and a cirrus SWIR band at 60 m spatial resolution [43]. The Sentinel-2 imagery also has a large tile size, a single tile of the Sentinel-2 image covers about 100 km by 100 km area on the earth [44].



Three tiles of Sentinel-2 images were collected from ESA Copernicus Open Access Hub (https://scihub.copernicus.eu/dhus/#/home) at no cost to delineate the lotic habitats, one for a severely meandering river channel (Figure 1b) and the other two for a braided river network (Figure 1c). The capture date of these images is in the wet season of the MRB, and it ensures the delineation of the maximum extent of the lotic habitats. These Sentinel-2 images are complete Level-1C products, which are the Top-Of-Atmosphere (TOA) reflectance. These images are maximally cloud-free, each with a cloud coverage of less than 5%, and no occlusion on lotic habitats. These images have been orthorectified and georeferenced to UTM Zone 16N coordinate system with reference to the WGS84 ellipsoid.



Twenty-three NED tiles were collected from the USGS National Map (https://apps.nationalmap.gov/downloader/#/) at 10 m spatial resolution. These NED tiles are mosaiced as a single digital elevation model (DEM) to fully cover the MRB and to derive the drainage system. The drainage system is then used as a reference to separate the lotic habitats from the lentic habitats.





3. Methods


In this study, we propose a novel method based on WFSC for structuralizing the lotic habitat image objects at the river link level (Figure 2). To be consistent with conventional hydrologic methods, the river link in this study is defined as a single river channel that has a changeless width and connects two adjacent confluence nodes. The centerlines of river links are used to represent them and to structuralize the lotic habitat image objects. The proposed method first convolutes the discrete image objects in the binary raster format with a designated kernel. The convolution produces a magnitude surface of the image objects, and the centerlines of the image objects correspond well to the ridgelines on the magnitude surface. The aspect layer is then derived from the magnitude surface and the ridgeline pixels are defined as the pixels connecting opposite aspects. Finally, the ridgeline pixels are thinned and exported in a vector format to represent the centerlines of the river links. The proposed method is compared with three conventional methods for structuralizing a meandering river channel. The geospatial accuracy and topological consistency of the delineated centerlines were analyzed based on the ground truth derived from PlanetScope images. A multi-level scheme is designed to structuralize the more complicated braided river network, and the width–abundance pattern in the Mobile–Tensaw River Delta is analyzed.



3.1. Lotic Habitat Delineation


The lotic habitat image objects were delineated from Sentinel-2 imagery using Liu’s method [16,42]. The water surface pixels are first identified from Sentinel-2 MSI Level-1C Top-Of-Atmosphere (TOA) reflectance image using the Iterative Self-Organizing Data Analysis Technique (ISODATA) unsupervised classification method [45,46]. For better classification accuracy, the ISODATA classification generates 12 to 15 clusters of spectrally homogeneous pixels. By interpretation, the clusters of water surface pixels are recoded as 1 and other clusters are recoded as 0. The discrete aquatic habitat image objects are then formed using a region-growing algorithm [47] and each image object is assigned a unique ID. On the other hand, the drainage network of the entire MRB is hydrologically derived from the USGS NED using the ArcGIS 10.5 Hydrology toolbox [48]. The drainage network is employed to automatically separate lotic habitat image objects from lentic habitat image objects: the aquatic habitat image objects that spatially intersect with the streamlines in the drainage network are considered lotic habitat image objects. These lotic habitat image objects are kept, while other image objects are considered lentic habitat image objects and removed. Since this section describes the work in Liu’s previous studies, please refer to his papers [16,42] for more details and discussions of algorithm configurations, method design, and other available data sources.



Sentinel-2 images were first merged as a single image and then separately processed for each test site, respectively. The lotic habitat image objects that are within or intersected with the test site boundary were exported for the experiments. The unique ID in Liu’s method is used to index each discrete aquatic habitat image object, especially the lentic habitat image object. The raw lotic habitat image objects have no proper structure information, and their unique IDs are meaningless. The lotic habitat delineation results are first reclassified as binary images, where 1 represents lotic open water surface pixels and 0 represents other pixels. The binary images of the lotic habitat image objects in the raster representation are used as the input data for the river link centerline extraction and lotic habitat structuralization.




3.2. Lotic Habitat Centerline Delineation


We designed a WFSC to convert the binary lotic habitat image to a magnitude surface (Figure 3). The WFSC is a convolution of a binary image with a weighted focal statistic kernel. For practical use, we designed the weighted focal statistic kernel as a disk-form structure on a square matrix and determined the weights in a distance-inverse format. Each cell on the disk is coded with a weight, and the weight is defined in a radius-based square-rooted form as follows:


  d =      (  i − r  )   2  +    (  j − r  )   2    ,  



(1)






  w =   1 −  d r    ,  



(2)




where  w  is the weight on the disk;  d  is the Euclidean distance from the cell    (  i , j  )    to the center    (  r , r  )    of the disk;  i  is the row number on the square matrix; and  j  is the column number. The edge length of the square matrix is   2 r + 1  . The disk has a radius of  r  cells and is centered at    (  r , r  )    on the square matrix. Every cell on the disk is coded with a weight, and other cells are coded with 0. The convolution at    (  p , q  )    on the binary image first extracts an image chip that has the same size as the kernel and is centered at    (  p , q  )    on the image. Then the convolution yields a magnitude value at    (  p , q  )    from:


  m =   ∑   n ∈  N D     f n  ∗  w n  ,  



(3)




where  m  is the magnitude value at    (  p , q  )    on the image;    w n    is the  n -th weight on the kernel; and    f n    is the conjugate  n -th pixel value on the image chip. The set    N D    contains all the locations on the disk that have a weight.



The convolution at every pixel location on the image object produces a magnitude image (Figure 4b). The convolution returns 0 if the kernel hits nothing on the binary image object. In contrast, the convolution returns a small value when the kernel hits the edge of the linear feature, and it returns the local maximal value when the kernel hits the center of the linear feature. Hence, the magnitude image is a fuzzy representation of the binary image objects, and it is similar to a terrain surface. The centerline of the curvilinear lotic habitat image object on the magnitude image is the same as the ridgeline on the terrain surface. The following steps extract the centerline of the lotic habitat image object as a ridgeline on the terrain surface. The ridgeline on the terrain surface is the divider to separate the surface into two adjacent parts, and the two parts have opposite aspects. Reversely, the line between the regions that have opposite aspects is considered a ridgeline.



The aspect layer is derived from the magnitude surface [49], and the continuous aspect values are reclassified as 8 discrete directions (Figure 4c), as shown in Table 2. The discrete aspect image is filtered using a 5-by-5 majority filter to remove noise [50]. The cell is determined as a ridgeline cell on the filtered discrete aspect image if the aspects of the cell’s west-east neighbors are opposite, or the aspects of the cell’s north-south neighbors are opposite. The opposite aspects are defined as a pair of aspect values whose absolute code difference is larger than 3 and smaller than 5. For instance, Code 5 is opposite to Codes 1, 2, and 8, Code 1 is opposite to Codes 4, 5, and 6. All the ridgeline cells are extracted to form the ridgeline in a raster representation (Figure 4d). A thin algorithm is employed to remove redundant ridgeline cells [51] (Figure 4e).



A tracing algorithm is developed to trace the complete centerlines of the lotic habitat image objects. Since the WFSC is sensitive to the variable width of the lotic habitat image object, the extracted centerline (ridgeline) may be fragmentary. Two thresholds are set to connect the fragmentary ridgelines into long and complete centerlines while eliminating short noisy ridgelines. The first is the gap tolerance  g  and the second is the length of centerline  l . The thinned image of ridgeline cells is first scanned to find the end nodes of the centerlines. An end node is defined as a ridgeline cell that connects to only one ridgeline cell within its 8 neighbors. A square window with an edge length of   2 g + 1   is centered on each end node to search for an adjacent end node. If an end node is found within the square window, the spatial gap between these two end nodes is smaller than  g  and they may well be connected on the lotic habitat image object. An imaginary line segment is assigned between the two end nodes and the cells it goes through are designated as ridgeline cells to connect two ridgelines. After filling the gap, the image of the ridgeline cells is scanned again to search for the end nodes. From the first end node, a unique ID is assigned to the ridgeline cell. The tracing starts from the marked ridgeline cell and then marks its adjacent ridgeline cell. The tracing is repeated to reach the other end node of the ridgeline and the total number of ridgeline cells is counted. If the total number of ridgeline cells is larger than the threshold  l , the marked ridgeline cells are exported as a centerline of the lotic habitat image object. The marked ridgeline cells are reassigned as 0 to avoid duplicated tracing. Otherwise, if the total number of ridgeline cells is smaller than the threshold  l , the marked ridgeline cells are directly reassigned as 0 without exporting. The unique ID is then updated for the next end node to trace the next centerline. This tracing procedure is repeated until the last end node. All the exported centerlines are converted into line features in a vector format. The steps of the proposed method are developed as a series of tools using Python 3 in ArcGIS Pro.



Three conventional methods were compared with the proposed WFSC method. The first method is the hydrologic delineation of streamline from a DEM. An NED tile is collected from the USGS to fully cover the test site in Figure 1b and the selected lotic habitat image objects. The NED tile is hydrologically enforced by filling the sinks and pits, then the flow directions are calculated using the D8 algorithm [52]. The flow accumulation is derived from the flow direction layer, and the DEM cells with a flow accumulation area larger than 1000 km2 are marked as stream channel cells [16]. A 100-m outward buffer zone is created from the extent of selected lotic habitat image objects to fully contain the hydrologically delineated streamline. The stream channel cells within the buffer zone are exported together to represent the centerlines of the lotic habitat image objects.



The second method for deriving the centerlines of lotic habitat image objects is the grayscale morphological method. The redundantly repeated erosion algorithm in the grayscale morphology finds the skeleton of a linear target on a binary image [53,54]. The same as the proposed method, the selected lotic habitat image objects are first reclassified as a binary image. A 100-time repeated erosion is then applied to the binary image to find the skeletons of the lotic habitat image objects. Since the morphological method is sensitive to the irregular edge of the target, direct erosion may result in trivial artifactual tributaries. To mitigate the influence from the edge, a 100-m (10 pixels) dilation operation is applied to the image objects before the erosion to smooth the edge. The ultimate skeletons of the smoothed lotic habitat image objects are considered their centerlines.



The last employed method is Liu’s phase-coded convolution method [34]. Similar to the proposed WFSC method, the phase-coded convolution can also yield a magnitude surface of the binary image [31]. The convex cells on the magnitude surface are treated as the elements on the surficial ridgelines, and an MCMC algorithm is employed to trace the ridgelines from the convex cells. Again, the traced ridgelines are exported as the centerlines of selected lotic habitat image objects. All the exported centerlines are converted to line features in the vector format for the accuracy assessment.




3.3. Accuracy Assessment


In our framework, the centerlines of river links are essential for structuralizing lotic habitats. Thus, it is crucial to first evaluate the accuracy of the delineated river centerlines. Regarding structuralization, two types of evaluation are necessary: the first is geospatial accuracy and the other is topological consistency. Geospatial accuracy indicates the locational accuracy of the delineation, while topological consistency indicates if the delineated centerlines can properly represent the structure of the lotic habitat.



Liu’s geospatial assessment has already confirmed the adequate accuracy of aquatic habitat image objects delineated from Sentinel-2 images [16]. The centroid displacement and boundary displacement are both well below the spatial resolution of the Sentinel-2 image (10 m), and the areal accuracy is about 93%. These assessments are based on lentic habitat image objects. They can indicate similar adequate accuracy of lotic habitat image objects, like the small locational displacement and boundary displacement. These assessments are not sufficient to evaluate other essential geospatial properties of the delineated lotic habitat image objects. In this study, the other two indices are employed to further evaluate the geospatial accuracy of delineated lotic habitat centerlines [34]. One is length accuracy:


  l e n g t h   a c c u r a c y =  (  1 −    |  G L − D L  |    G L    )  × 100 % ,  



(4)




where   G L   is the length of the ground truth centerline and   D L   is the length of the delineated centerline. The other is centerline average displacement:


  c e n t e r l i n e   a v e r a g e   d i s p l a c e m e n t =   D A   G L   ,  



(5)




where   D A   is the displacement area between the delineated centerline and its corresponding ground truth. The second crucial assessment is topological consistency, which indicates whether the delineated centerline can properly represent the structure of the lotic habitat image objects. Because of a lack of quantitative approaches for evaluating the topological consistency of the delineated centerlines, this assessment is simply conducted by visual inspection and interpretation. The number of delineated centerlines is compared with the number of ground truth centerlines to discuss the topological consistency.



PlanetScope imagery has a high spatial resolution of 3 m and 4 multispectral bands, including blue, green, red, and NIR bands [55]. The high spatial resolution and proper multispectral configuration make it a good data source for interpreting the ground truth of the lotic habitat. In this study, 5 high-resolution PlanetScope images from Planet Labs, Inc. (Figure 5) are visually interpreted to obtain the ground truth of a severely meandering lotic habitat in Figure 1b. These PlanetScope images were captured on 26 April 2019, the capture date is the same as the collected Sentinel-2 image. These images have four spectral bands with 3 m spatial resolution, covering an area of 300 km2 centered on 86°56′ W, 33°44′ N. Since these images have adequate high spatial resolution and proper configuration of spectral bands, the visually interpreted centerline from these images can be used as the ground truth with high confidence and fidelity. The centerline of the lotic habitat is traced from the PlanetScope images in the vector format of the line feature. The   G L  ,   D L  , and   D A   are derived from the ground truth and delineated centerlines using a group of spatial analysis tools in ArcGIS 10.5.




3.4. Multi-Level Structuralization of Complicated River Network


The proposed method for extracting river link centerlines relies on convolution to generate a magnitude surface, which is sensitive to the size of the kernel. A small kernel may fully overlap with the lotic habitat image object and result in a saturated magnitude. The assembled saturated magnitude values on the magnitude surface form a flattop. The tracing of a ridgeline automatically stops at the edge of the flattop since no adjacent opposite aspects could be found. The automatic cease of the tracing is particularly meaningful at the joint of a river link and an in-river reservoir. Since a proper kernel size for the river link may well be small to its connected in-river reservoir, saturated magnitude values and the flattop on the magnitude surface then occur within the in-river reservoir. The automatic ceases in the tracing of the surface ridgeline (link centerline) at the entrance and exit of the reservoir achieve the automatic separation of a river link from its adjacent in-river reservoir.



In a much more complicated braided river network (Figure 1c), a universal optimal kernel size does not exist. A multi-level extraction scheme is more suitable to fully structuralize the river network. First, a small kernel with a radius    r 1    is set to extract the narrowest river links. After convolution, the centerlines of the narrowest river links are delineated with a gap tolerance    g 1    and a length threshold    l 1   . In this case, the wider links and ponding water areas will be automatically excluded from the delineation due to the saturation of magnitude values. A buffer zone with the width of    b 1    is created on both sides of each delineated centerline, and the water surface pixels within the buffer zone are assigned to their nearest centerline and coded with the same unique ID of the centerline. These coded river links are marked as Level-1 river links and the water surface pixels associated with them are excluded from the next round of extraction. The second round of extraction creates a larger kernel with a radius    r 2    (   r 2  >  r 1   ). The second convolution excludes these pixels in Level-1 river links to generate a magnitude surface. The centerlines are delineated with a gap tolerance    g 2    and a length threshold    l 2   . A buffer zone with the width of    b 2    is created on both sides of each delineated centerline in the second round, and the Level-2 river links and their associated water surface pixels are coded within the buffer. Repeat the procedure until the k-th round to extract the widest river links. The remaining are compact waterbodies. The minimum mapping unit of the delineation in this study is set to 10,000 m2 (1.0 ha). The remaining waterbodies are considered noise and unreliable waterbodies if they are smaller than the minimum unit. These small, remaining waterbodies are merged into their adjacent links. The rest of the remaining water bodies are larger than the minimum mapping unit and are considered particular waterbodies, for instance, in-river reservoirs and bays. Each of them is coded with a unique ID, respectively. The structuralization of the braided river network generates a group of river links at multiple levels, and each river link is coded with a unique ID.



A group of planar geometric attributes is then derivable for each river link, respectively. The structuralized braided river network in the raster format is converted into the vector format in ArcGIS 10.5. The traced centerlines are converted to line features that are stored in a shapefile, and the sets of spatially adjacent pixels coded with each unique ID are converted to polygon features in the other shapefile. The boundaries of polygon features are simplified using the Douglas–Peucker algorithm [56,57]. The simplification tolerance is set to 10 m (1-pixel width on Sentinel-2 image) to smooth saw-toothed edges while maximizing the natural shape of the river links. The line features and polygon features are spatially joined since they share the same ID number. The meander length of a river link is defined as the length of the traced centerline. The straight length of a river link is defined as the straight-line distance between the two endpoints of the river link centerline. The surface area of a river link is defined as the area enclosed by the polygon feature. The average width of a river link is defined as its river link surface area divided by its meander length. The sinuosity index of a link is the meander length divided by its straight length [58,59]. The sinuosity index is a unitless index to describe the planar geometry of the river link. The closer to 1 the sinuosity index is, the link is more like a straight channel; on the contrary, the larger the sinuosity index is, the link has the more apparent meandering shape. These attributes are derived using a group of spatial analysis tools in ArcGIS 10.5.



The abundance pattern of these river links is analyzed based on these derived geospatial attributes. Particularly, the width–abundance pattern is analyzed using the width attribute in the Mobile–Tensaw River Delta in three functions, including a linear function, a power function, and a logarithmic function. These functions use the width of a river link as the independent variable and the number of river links wider than the width as the dependent variable, and they are fitted using the least-squared adjustment approach as follows:


   N  w ≥ W   l i n e a r   =  N 0  l i n e a r   − γ × W ,  



(6)






   N  w ≥ W   p o w e r   =  N 0  p o w e r   ×  W  − p     o r ln  (   N  w ≥ W   p o w e r    )  = ln  (   N 0  p o w e r    )  − p × ln  ( W )  ,  



(7)






   N  w ≥ W   l o g a r i t h m i c   =  N 0  l o g a r i t h m i c   − α × l n  ( W )  ,  



(8)




where    N  w ≥ W     is the number of river links whose width values are equal to or larger than a threshold width ( W ). The constant coefficients   − γ  ,   − p  , and   − α   are the decreasing rate in the number of river links corresponding to their width values in the linear function, power function, and logarithmic function, respectively.    N 0  l i n e a r     is the estimated total number of river links with an infinite small width (~0 m) in the linear function.    N 0  p o w e r     is the estimated total number of river links with a unit width (1 m) in the power function. Similarly,    N 0  l o g a r i t h m i c     is the estimated total number of river links with a unit width (1 m) in the logarithmic function. The fitting of these functions is based on all the river links derived from the braided river network in the Mobile–Tensaw River Delta (Figure 1c). The coefficient of determination (   R 2   ) is used to determine the goodness of fitness.





4. Results and Discussions


4.1. Centerline Extraction and Accuracy Assessment


The initial implementation and accuracy assessment of the proposed WFSC method is conducted for the lotic habitat in Figure 1b. The centerline is delineated using a kernel radius  r  of 70 m (7 pixels) and a gap tolerance  g  of 300 m (30 pixels). The length threshold  l  and the buffer zone width  b  are not applicable in this case. The geospatial accuracy and topological consistency of the WFSC method are compared with the other three conventional methods (Table 3). The lotic habitat in Figure 1b is a long and narrow river channel. It has a meander length of about 48 km and a sinuosity index of 2.33, indicating it is an apparently meandering river link. The severely meandering river link is a tough case to test the performance and robustness of the methods.



The proposed WFSC method shows an overall good performance with high geospatial accuracy and correct topological consistency. The WFSC method, grayscale morphological method, and hydrologic method have achieved equivalent length accuracy and all are about 99%. In contrast, the PCD + MCMC method has only delineated 76% of the total centerline. The PCD method is conventionally used to extract the centerlines of straight linear features like roads [31], while Liu has novelly employed MCMC to enable the PCD method to delineate the centerlines of curvilinear glaciers [34]. However, the MCMC traces the centerline using the trend in the state transition matrix. The trend works well for straight or winding (less meandering) linear features, but it has a high risk to lose the centerlines in the severely sinuous linear features. The WFSC method is similar to the PCD + MCMC method, but the delineation of centerlines is based on the opposite aspects. The experiment indicates that the opposite aspects are more robust than convex pixels in the reliable delineation of centerlines. Regarding the centerline average displacement, the WFSC method, grayscale morphological method, and PCD + MCMC method all are below the spatial resolution of the Sentinel-2 image (10 m), indicating a delineation result with adequate locational accuracy. The hydrologic method has a centerline average displacement of 15.64 m, and the delineated centerline is always close to the edge of the river link rather than the real centerline. The hydrologic method derives accumulated drainage potential from DEM as the lotic habitat centerline. Nowadays, DEM data generally depict only the surface of river links rather than their riverbeds. The flat surface of water results in uncertainties in drainage potential, and the considerable displacement of delineated centerline (streamline) occurs. As a comparison, the other three methods employ computer vision techniques to delineate the centerline of lotic habitats (river links), which minimizes the uncertainties on the flat surface of lotic habitats and promises high locational accuracy.



The WFSC method also shows correct topological information. The test site in Figure 1b is a single river channel with a single long centerline. The delineated lotic habitat is divided into four discrete image objects due to the occlusion of three bridges. The WFSC method and hydrologic method have successfully delineated the centerline as a complete, long, and well-connected linear feature. The hydrologic method achieves the proper topological information by using the drainage potential, which gets rid of the interference from the bridge’s occlusion. The WFSC method mitigates the interference from the bridge’s occlusion by employing a tolerance gap  g . On the contrary, the PCD + MCMC method depicts the centerline of the lotic habitat as 31 discrete line segments, which is wrong topological information. The grayscale morphological method can also delineate the complete centerline of the lotic habitat, but the topological structure is destroyed by an artifact tributary. The small artifact tributary is caused by an irregular edge of the river link, and an unnecessary skeleton line is then delineated as a centerline. Consequentially, the topological structure of the lotic habitat becomes the confluence of the upstream river link and the artifact tributary into the downstream river link. Although a dilation algorithm has been applied to mitigate the interference from the irregular edge, the unnecessary skeleton line and the artifact tributary are still unavoidable. In summary, the WFSC method has the best overall performance, and it offers better length completeness than the PCD + MCMC method and lower centerline average displacement than the hydrologic method. Further, it also achieves better topological consistency than the PCD + MCMC method and the grayscale morphological method.



The accuracy of the proposed method relies on proper remote sensing data sources. The adequate spatial resolution of public free Sentinel-2 imagery grounds the foundation for the proper structuralization of lotic habitats. A coarser spatial resolution like 30 m on Landsat 8 imagery may miss numerous narrow lotic habitats in the upstream regions. Moreover, the coarser spatial resolution also increases the risk of destroying lotic habitat connectivity by missing the mixed pixels in the middle of river channels. On the contrary, finer spatial resolution is sure to improve the quality of structuralized lotic habitats. However, remote sensing data sources with a finer spatial resolution (e.g., WorldView-2, QuickBird-2, and GeoEye-1) are commercial data. The tremendous cost limits the use of these commercial data on basin-level large-scope investigations. Since lotic habitats are generally spatially sparse with rapid changes, it is not practical to have only small-scope investigations. In summary, Sentinel-2 imagery is currently the most proper data source for the structuralization of lotic habitats on a large scope.




4.2. Parameter Sensitivity and Multi-Level Structuralization


The crucial intermediate variable layer in the WFSC method is the magnitude surface, and the derivation of the magnitude layer is sensitive to the kernel radius  r . To properly form the magnitude surface of a lotic habitat that has a uniform width, the kernel radius  r  must be slightly larger than the width of the lotic habitat. The slightly larger kernel radius     r   produces a continuous magnitude surface while avoiding the saturated magnitude values and the flattop on the magnitude surface. Theoretically, a much larger kernel radius     r   can yield an equivalent magnitude surface for straight linear features. The centerline in such a case will be represented by the same ridgeline in different magnitude values. However, the practical case of a dense meandering lotic habitat (Figure 6a) indicates that the over-large kernel radius  r  is improper. An overly large kernel may simultaneously overlap with multiple river links in the lotic habitat, which yields a biased or even wrong magnitude surface. On the other hand, the derivation of magnitude surface relies on convolution, the algorithm complexity and the time consumption are   O  (   r 2   )   . An over-large kernel radius  r  tends to unnecessarily increase the time cost. A case study has been conducted to test the impact of over-large kernel radius  r  (Figure 6b–f). Apparently, the loss of centerline and the time cost both increase exponentially as the kernel radius  r  linearly increases. A proper kernel radius  r  promises the efficient delineation of the lotic habitat centerlines with high length completeness.



Small kernel radius  r  may lead to the full overlap between the kernel and the lotic habitat. Consequentially, the convolution yields saturated magnitude values and a flattop. No adjacent opposite aspects are distributed around the flattop, which leads to the automatic cease of tracing centerlines. An overly small kernel radius     r   is improper since the flattop may lead to fragmentary and topologically incomplete centerlines and even the absolute loss of centerlines. However, the proper usage of the flattop may also achieve the automatic separation of in-river reservoirs from the river links (Figure 7b,c). An in-river reservoir is generally considered a lentic habitat, but it is well connected with multiple river links. Due to the considerable influx and outflux of water, the residence time of water in in-river reservoirs is supposed to be shorter than in isolated lentic habitats (e.g., natural lakes that are isolated from any streams and rivers) but longer than in lotic habitats. This characteristic makes in-river reservoirs a different type of aquatic habitat. The proposed WFSC method enables the automatic separation of in-river reservoirs from their adjacent river links. The WFSC method is applicable and transferable to other study areas, and it enables the investigation of in-river reservoirs on a broader scope. Although beyond the scope of this paper, this topic needs more research.



In a much more complicated real case of a braided river network (Figure 1c), a single optimal kernel radius  r  does not exist. A multi-level structuralization scheme is practical to depict the structure of the braided river network. Through a trial-and-error strategy, the braided river network in the Mobile–Tensaw River Delta is structuralized into 205 river links on 4 levels (Figure 8a–c) using the parameter settings in Table 4. Multiple compact water bodies (e.g., the Grand Bay) are automatically separated from the river links. The river link is defined as a single river channel that has a changeless width, and a very long river channel that has a variable width will be split into multiple river links with uniform widths. The different widths in the channel may lead to a change in flow rate and kinetic energy [60]. The definition of a river link and its delineation in this study is then proper for environmental study purposes. The delineated river links with uniform widths may also have other uniform properties (e.g., flow rate). These properties are essential for the hydrologic modeling of water quality such as the amount of suspended sediment [61].



The proper structuralization of the braided river network in the Mobile–Tensaw River Delta is compared with the hydrologic delineation of the streamline in Figure 8a. The hydrologic method delineates the centerline of the lotic habitat with high length completeness and right topological consistency in a single river channel (Table 3), but it fails in the complicated river network. These mismatches include the wrong upstream channel, the loss of most river links, the erroneous connection of parallel river links, the change in flow course, and so on. On the contrary, the proposed WFSC method and the multi-level structuralization scheme enable the proper structuralization of the braided river network.




4.3. Planar Geometric Attributes Derivation and the Width–Abundance Pattern


The planar geometric attributes of each river link in the braided river network in Figure 1c are numerically derived, respectively. These attributes are summarized in Table 5. The largest and longest river link is the Tensaw River, which has a delineated area of 994.91 ha and a delineated length of 18.83 km. However, the Tensaw River is not the widest river link; its width is 528.45 m, ranking second. The widest river link is a section of the upstream Mobile River that has a width of 646.52 m. The distribution of surface area, meander length, straight length, width (Figure 9), and sinuosity index all are positively skewed, indicating that large, long, wide, and meandering river links are rare. On the contrary, small, short, narrow, and straight river links dominate this delta. Particularly, the mean and median sinuosity index values are 1.121 and 1.274, respectively. The small values indicate that most of the delineated river links are in a straight shape, and severely meandering river links are rare in the Mobile–Tensaw River Delta. The proper structuralization of the river network and the numerical derivation of river link planar geometric attributes are achieved by the proposed WFSC method efficiently and automatically. Lotic habitats generally have a quick evolution and significant changes in riverine shape. Along with the amelioration in the spatial and temporal resolution of remote sensing imagery, the proposed method enables the analysis of riverine morphological changes on a fine river link level, which may promote a broad spectrum of studies.



The width–abundance pattern has been analyzed using a linear function, a power function, and a logarithmic function. The least-square fitting indicates that the width–abundance pattern of river links matches a logarithmic function the best, with an    R 2    of 0.977 (Table 6). The fitted logarithmic function also well estimates the total number of river links in the Mobile–Tensaw River Delta. The estimated river link amount is 225 while the ground truth is 205. On the contrary, the linear function severely underestimates the abundance of river links, and the power function severely overestimates the abundance of river links. The result shows a logarithmic decreasing rate of river link abundance with an increasing river link width, which indicates a possible width–abundance logarithmic law.



The abundance pattern, especially the size–abundance pattern of lentic habitats, has been intensively discussed for several decades using multiple approaches on various scales [16,62,63,64]. A similar analysis is quite limited for lotic habitats because the delineation and proper structuralization of lotic habitats are challenging. This study has proposed a robust method to properly structuralize the complicated braided river network automatically. The braided river network is structuralized on a link level with the attributes numerically derived, respectively. These link-level attributes provide a large volume of measurements to inspect the width–abundance pattern. The proposed method is easily transferable and applicable to the complicated lotic habitats in other deltas and braided river networks. For instance, the braided river network in the downstream Amazon River, the Pearl River Delta, and the Ganges Delta. Thus, the proposed WFSC method may be used to uncover and verify a width–abundance law of the global lotic habitats.





5. Conclusions


A novel robust method has been developed in this study to properly structuralize complicated lotic habitats using Sentinel-2 imagery and weighted focal statistic convolution (WFSC), and it was successfully applied to a braided river network in the MRB. The new generation of Sentinel-2 satellite sensors can provide freely available multispectral imagery with sufficient spatial resolution and proper spectral configuration for delineating lotic habitats at a large scale, which provides a solid foundation for the proper structuralization of lotic habitats through remote sensing approaches. The further integration of GIS and computer vision techniques enables the proper structuralization of complicated lotic habitats with adequate spatial accuracy and correct topological consistency. The structure of complicated lotic habitats is then properly delineated on the river link level. Accuracy assessments indicate that our proposed method can well represent the actual structure of an extremely meandering lotic habitat, with correct topological information and small centerline displacement that is lower than the spatial resolution of Sentinel-2 imagery.



With properly structuralized lotic habitats, essential planar attributes of lotic habitats are automatically and numerically derivable for single river links. For instance, the width and the sinuosity of rivers with hundreds of channels are difficult to obtain on a large spatial scale, but they are easy to derive from the properly structuralized river link image objects. These essential planar attributes for each individual river link can quantitatively support a broad spectrum of environmental studies. Meanwhile, a large number of measurements enables us to uncover the hidden patterns of complicated river networks. A striking width–abundance logarithmic pattern of the braided river networks was observed in our study area, indicating a promising logarithmic law in lotic habitat abundance.



The developed WFSC method can be easily applied and transferred to other study areas on a broader scope. Several possible following works are highlighted here. The developed method can be applied to other complicated braided river networks to verify the promising width–abundance logarithmic law. With time series of Sentinel-2 images, the developed method can be used to quantitatively inspect the morphological evolution of the river links through a range of numerical attributes.
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GIS—Geographic Information System, WFSC—Weighted Focal Statistic Convolution, GEOBIA—Geographic Object-based Image Analysis, HAB—Harmful Algal Bloom, PCD—Phase-Coded Disk, MCMC—Markov chain Monte Carlo, MRB—Mobile River Basin, ESA—European Space Agency, NED—National Elevation Dataset, USGS—United States Geological Survey, MSI—Multispectral Instrument, NIR—near-infrared, SWIR—short-wave infrared, TOA—Top-Of-Atmosphere, DEM—Digital Elevation Model, ISODATA—Iterative Self-Organizing Data Analysis Technique, GL—ground truth length, DL—delineated length, DA—displacement area,  r —kernel disk radius,  g —gap tolerance,  l —centerline length threshold,  b —buffer zone width,  k —round number of multi-level structuralization,  W —threshold width of the lotic habitat,    N  w ≥ W    —the number of river links whose width values are equal to or larger than  W ,    R 2   —coefficient of determination.
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Figure 1. The geographic settings of the MRB (d) and inside lotic habitats: (a) parallel river channels and in-river reservoirs (3/19/2019); (b) meandering river channel (4/26/2019); and (c) braided river network (3/19/2019). Sentinel-2 image data are from ESA, DEM data are from USGS. Waterbodies are highlighted in sapphirine. 
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Figure 2. Flowchart of the structuralization method using WFSC. 
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Figure 3. An example of the weighted focal statistic filter and the WFSC. The WFSC converts the lotic habitat image object in the binary raster representation into a continuous magnitude surface, and the centerline of the lotic habitat image object/link corresponds well to the ridgeline on the magnitude surface. 
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Figure 4. An illustration of the proposed method: (a) The lotic habitat image object in the raster format; (b) the magnitude surface generated from the WFSC; (c) the derived discrete aspect image; (d) the traced centerline from opposite aspect codes; (e) the thinned centerline in the raster format; and (f) the delineated centerline in the vector format. 
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Figure 5. The spatial accuracy assessment of the centerline in the meandering lotic habitat. 






Figure 5. The spatial accuracy assessment of the centerline in the meandering lotic habitat.



[image: Hydrology 09 00195 g005]







[image: Hydrology 09 00195 g006 550] 





Figure 6. The impacts of over-large kernel size. (a) A complicated lotic habitat for experiment, and the magnitude surface generated from the kernel radius (b) r = 5, (c) r = 15, (d) r = 25, (e) r = 35 and (f) r = 45. As the kernel size linearly increases, the loss of the centerline and the time cost both increase exponentially. 
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Figure 7. The function of small kernel size and the automatic separation of the river channel and in-river reservoir: (a) a reservoir connected with a channel; (b) the magnitude surface and a flattop of saturated magnitude values; (c) the automatic cease of tracing centerline due to the spatial disconnection of opposite aspects; and (d) the separation of the river channel and in-river reservoir using the delineated river channel centerline. 
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Figure 8. The structuralization of the braided river network in the Mobile–Tensaw River Delta (Figure 1c) using a multi-level scheme. The single lotic habitat image object has been properly structuralized into 205 river links on 4 levels and 21 non-link waterbodies. 
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Figure 9. The width–abundance pattern of the river links in the Mobile–Tensaw River Delta. 






Figure 9. The width–abundance pattern of the river links in the Mobile–Tensaw River Delta.



[image: Hydrology 09 00195 g009]







[image: Table] 





Table 1. Dataset summary.
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	Task
	Data Source
	Spatial

Resolution
	Spectral

Configuration
	Capture Date
	Coverage





	Meandering river channel delineation
	Sentinel-2, ESA
	10 m
	R, G, B, and NIR
	4/26/2019
	300 km2 centered on 86°56′W, 33°44′N



	Braided river network

delineation
	Sentinel-2, ESA
	10 m
	R, G, B, and NIR
	3/19/2019
	The Mobile–Tensaw River Delta



	Meandering river channel ground truth
	PlanetScope
	3 m
	R, G, B, and NIR
	4/26/2019
	300 km2 centered on 86°56′W, 33°44′N



	Hydrologic reference
	NED, USGS
	10 m
	-
	-
	The MRB
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Table 2. The reclassification scheme of aspects.
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	Northwest

Aspect: 292.5°~337.5°

Code: 8
	North

Aspect: 337.5°~360°, 0°~22.5°

Code: 1
	Northeast

Aspect: 22.5°~67.5°

Code: 2



	West

Aspect: 247.5°~292.5°

Code: 7
	No Data
	East

Aspect: 67.5°~112.5°

Code: 3



	Southwest

Aspect: 202.5°~247.5°

Code: 6
	South

Aspect: 157.5°~202.5°

Code: 5
	Southeast

Aspect: 112.5°~157.5°

Code: 4
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Table 3. The accuracy of centerline delineation using the four methods in this study.
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	Centerline Length (km)
	Length Accuracy (%)
	Centerline Average Displacement (m)
	Topological Consistency (Number of Links)





	Ground truth
	47.54
	-
	-
	1



	Hydrologic method
	47.98
	99.09
	15.64
	1



	Morphological method
	48.10
	98.83
	9.87
	3



	PCD + MCMC
	36.31
	76.38
	7.60
	31



	WFSC + Aspects
	48.01
	99.01
	9.58
	1
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Table 4. The multi-level parameter settings in the structuralization of the braided river network in the Mobile–Tensaw River Delta.
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	Level

k
	Kernel Radius

rk
	Gap Tolerance

gk
	Length Threshold *

lk
	Buffer Zone Width

bk





	1
	7
	10
	50
	14



	2
	10
	20
	100
	20



	3
	20
	30
	150
	40



	4
	35
	100
	150
	70







* unit in pixels, the pixel size on Sentinel-2 imagery is 10 m.













[image: Table] 





Table 5. The planform geometric attributes of delineated links.
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	Surface Area

(ha, 104 m2)
	Meander Length

(km)
	Straight Length

(km)
	Width

(m)
	Sinuosity Index





	Min
	1.990
	0.532
	0.375
	24.338
	1.000



	Median
	13.800
	1.318
	1.140
	101.953
	1.121



	Mean
	34.596
	2.186
	1.684
	125.353
	1.274



	Max
	994.910
	18.827
	17.374
	646.516
	4.622



	Std.
	83.568
	2.442
	1.815
	94.599
	0.444
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Table 6. The regression results of the width–abundance pattern.
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	Function
	Equation
	     R 2     
	Estimated Link Abundance with W = 24.34 m *





	Linear
	    N  w ≥ W   l i n e a r   = 171 − 0.540 × W   
	0.742
	158



	Power
	    N  w ≥ W   p o w e r   = 31288 ×  W  − 1.307     
	0.860
	482



	Logarithmic
	    N  w ≥ W   l o g a r i t h m i c   = 501 − 86.526 × ln  ( W )    
	0.977
	225



	Ground truth
	-
	-
	205







* W = 24.34 m is the smallest link width in the Mobile–Tensaw River Delta, the corresponding link abundance is the estimated total number of links in the Mobile–Tensaw River Delta.
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