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Abstract

:

Airborne lidar can observe saltmarshes on a regional scale, targeting phenological and tidal states to provide the information to more effectively utilize frequent multispectral satellite observations to monitor change. Airborne lidar observations from NASA Goddard Lidar Hyperspectral and Thermal (G-LiHT) of a well-studied region of saltmarsh (Plum Island, Massachusetts, United States) were acquired in multiple years (2014, 2015 and 2016). These airborne lidar data provide characterizations of important saltmarsh components, as well as specifications for effective surveys. The invasive Phragmites australis was observed to increase in extent from 8374 m2 in 2014, to 8882 m2 in 2015 (+6.1%), and again to 13,819 m2 in 2016 (+55.6%). Validation with terrestrial lidar supported this increase, but suggested the total extent was still underestimated. Estimates of Spartina alterniflora extent from airborne lidar were within 7% of those from terrestrial lidar, but overestimation of height of Spartina alterniflora was found to occur at the edges of creeks (+83.9%). Capturing algae was found to require observations within ±15° of nadir, and capturing creek structure required observations within ±10° of nadir. In addition, 90.33% of creeks and ditches were successfully captured in the airborne lidar data (8206.3 m out of 9084.3 m found in aerial imagery).
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1. Introduction


This multi-year study investigated how airborne light detection and ranging (lidar) observations can characterize saltmarsh ecosystems by providing detailed classifications, representations of vegetation and geomorphology, and snapshots of phenological state. From 2014 to 2016, airborne lidar observations of a saltmarsh in a National Science Foundation Long Term Ecological Research (LTER) site in Plum Island (Massachusetts, United States) were carried out by National Aeronautics and Space Administration (NASA) Goddard Lidar Hyperspectral and Thermal (G-LiHT) airborne instrument package (Figure 1). This study was intended as an extensive pathfinding effort to establish the strengths and limitations of airborne lidar in a well-studied saltmarsh, providing insight for planning future wider-scale survey efforts in mid latitude saltmarshes, and refining interpretations of satellite imagery time series. Although G-LiHT is a multi-instrument package, and includes a hyperspectral imager, the airborne lidar data were the focus of this study (noting that the illumination and aerosol conditions at the times of overflights were suboptimal for hyperspectral retrievals). The lidar observations from G-LiHT were supported by terrestrial lidar observations and spectroscopy measurements, conducted concurrently to G-LiHT overflights, and at key phenological stages throughout 2015 and 2016. Landsat 7 and Landsat 8 observations were also used to evaluate the potential of G-LiHT airborne lidar observations for characterizing saltmarshes.



Saltmarshes are grasslands associated with freshwater outflows to low-energy coastal systems, and are regularly inundated by salt or brackish water [1,2]. They are formed by accreted sediment, colonized and stabilized by a succession of algal species and halotolerant terrestrial grasses [3]. Saltmarshes are globally distributed, but mostly restricted to areas of temperate climate, and higher latitudes [4]. The strong gradients and fluctuations of salinity in saltmarshes, controlled by the interactions of tides and topography, result in conserved zonation of vegetation species [5,6,7].



The importance of saltmarshes to both blue carbon sequestration [8,9] and to coastal armoring [10,11] have been well established. Saltmarshes are some of the most productive coastal ecosystems in terms of carbon fixation [12] and, alongside the other blue carbon ecosystems of mangroves and seagrass beds, have been established as important sinks for carbon [8,13,14,15]. Furthermore, saltmarshes greatly contribute to coastal shoreline protection [10,16], reducing the physical impact of waves [11,17] on habitats and infrastructure inshore, thereby mitigating the potential socioeconomic impacts of storm events and sea-level rise [18,19].



Additionally, saltmarshes serve as filters for terrestrial nitrogen inputs to coastal systems, buffering nitrogen-loading of near-shore areas [20] and therefore limiting eutrophication events and harmful algal blooms [21]. Furthermore, saltmarshes provide habitat for commercially important aquatic species [22,23,24,25], and migratory birds [26,27,28], representing a high endemic biodiversity [29].



However, saltmarsh ecosystems, and their concomitant services, are subject to chronic and increasing pressures [30,31,32]. Potentially perturbing factors include nutrient enrichment [33,34,35], chemical contamination [36,37,38,39], radioactivity [40,41], sea-level rise [42,43] and coastal land-use changes [27,44,45,46]. Sea-level rise [18,47] and more frequent storm surge [19], both associated with global climate change, have a large impact on saltmarsh extent, hydrology and salinity. Changes in sea-level and extreme weather events directly cause erosion and sand deposition, reducing vegetation growth and overall saltmarsh extent [43,48]. Changes in salinity distributions are believed to be responsible for the prominent invasion of the common reed Phragmites australis, which is spreading rapidly and creating monocultures in temperate saltmarshes [49,50,51].



The potential long-term changes to saltmarsh extents, conditions, and services, together with the long history of active ecosystem management in saltmarshes [52], have encouraged interest in monitoring these ecosystems with remote sensing resources. The wide and frequent coverage, and the ever-expanding long-term record of satellite resources is particularly appealing for monitoring saltmarshes. For example, in combination Landsat 7 and Landsat 8 provide an eight day repeat coverage of most regions, while the more recently launched Sentinel-2a and Sentinel-2b, in combination, offer a five day global repeat coverage.



Despite increasing public access to moderate resolution satellite resources, it continues to be challenging to characterize saltmarshes with passive optical satellite resources alone. Observations of coastal ecosystems from satellites are frequently contaminated by persistent cloud cover [53,54], and New England saltmarshes such as Plum Island are periodically covered by ice and snow during winter. Saltmarsh vegetation species form spectrally distinct cover types, existing in adjoining, relatively pure patches, with horizontal extents typically on the order of meters, controlled by the hydrology, topography and geomorphology of a particular saltmarsh. This mosaic-like ecosystem composition means that typical satellite pixels with resolutions of tens of meters, will contain multiple cover types, and frequently multiple, separate patches of each type [55]. Furthermore, each satellite observation can include a highly variable amount of water of varying turbidity, depending on the specific footprint of the observation, the tidal state at the time of overpass, and sediment loading and run-off. Extreme inundation events such as storm surges that submerge upland areas of saltmarshes can restructure hydrology [19,56], and cause substantial changes in biology [57] over a short time-scale, further confounding satellite observations.



Airborne lidar instruments can overcome some of these challenges by providing the high spatial resolution of structural information required to distinguish between the different cover types found in saltmarshes, and mitigating the effects of variable atmospheric and soil moisture conditions with active measurement [58]. Previous studies have utilized both discrete and full-waveform airborne lidar to delineate various saltmarsh components, including vegetation types and species, by their relative heights [59,60,61,62]. The cover of invasive Spartina species has been successfully discriminated by height in airborne lidar observations of California saltmarshes [63]. Surface terrain models, and the depth of saltmarsh vegetation have also been derived [64,65,66,67], although airborne laser scanner data was found to struggle to penetrate dense saltmarsh vegetation [68] and overestimate heights in several vegetation types [69]. Airborne lidar have also been used to derive flow paths for hydrologic connectivity analysis [70]. Furthermore, an evaluation of the challenges of acquiring airborne lidar data suggested that flight times, and filtering and interpolation algorithms, required additional consideration in saltmarshes [71].



Synthesis of lidar with high resolution multispectral data has been recommended for saltmarsh studies, so that both structurally distinct and spectrally distinct components can be classified effectively [72,73]. Fusion of hyperspectral and lidar data has been used to improve habitat and vegetation classifications and quantification [68,74,75,76,77,78], and monitor carbon stocks [79]. The relative intensity data from dual-wavelength airborne lidar instruments has been utilized for characterization of vegetation and zonation [80]. Optical and lidar acquisitions have also been combined with Synthetic Aperture Radar (SAR) to offer classified models of vegetation that include vegetation height [81]. SAR has also been utilized to detect change in the extent and composition of saltmarshes [82,83,84]; measure topography [85]; monitor storm surge and flooding [86,87,88]; burn recovery [89]; hurricane recovery [90,91]; oil spill impacts [92,93,94,95]. Structure from motion has enabled digital imagery to provide equivalent structural representations to lidar, permitting the retrieval of leaf area index from Spartina alterniflora [96].



Although airborne lidar have proven useful in characterizing saltmarshes, alone and when synthesized with other instruments, acquisitions of airborne lidar for any given saltmarsh region are inevitably much less frequent than acquisitions of multispectral satellite data. Additionally, airborne lidar observations of saltmarshes are challenged by occlusion of topography by vegetation [97]; water and soil moisture absorption [98,99]; and complex geomorphology [100].



Therefore, the role of airborne lidar has to be in the provision of characterizations that refine the interpretation of satellite observations of saltmarshes. Airborne lidar can conceivably achieve this aim by providing estimates of baseline conditions to contextualize satellite observations of saltmarshes, as well as by mitigating uncertainties due to the particular sensitivities of satellite observations, such as to the complex arrangement of vegetation patches [55], and to the highly dynamic coverage of variation in water turbidity.



The maximum performance, variety and remaining limitations of airborne lidar applications for saltmarsh characterization and monitoring in a New England saltmarsh were investigated. The saltmarshes of the north-eastern, New England region of the United States are recognized to be of a conserved archetype, owing to their shared geological substrate and history [101,102]. This regional comparability of saltmarshes that belong to distinct watersheds and bays has long made the saltmarshes of New England an appealing subject of study, particularly since they have been subjected to a variety of anthropogenic impacts dating back to the 17th Century [103,104]. These anthropogenic impacts include extensive modification of hydrological features, such as the addition of ditches branching off from natural tidal creeks [103]. These ditches aimed to reduce standing water, and accelerate drainage of the marsh platform after inundation [105]. The true long-term effects are still under investigation. The general ecology [103,106], and particularly vegetation community structure, and its determining factors have been well-studied in the region [107,108,109,110,111].



NASA’s G-LiHT airborne instrument package was able to acquire observations in three consecutive years, in an area that is particularly well-studied within the Plum Island Estuary LTER. The study site is also that of the NSF-funded Trophic cascades and Interacting control processes in a Detritus-based aquatic Ecosystem (TIDE) project, which studied the influence of nitrate enrichment on physical, chemical and biological attributes of saltmarsh ecosystems. Focusing G-LiHT’s acquisitions on this area enabled the use of existing data from historical and ongoing studies, and provided the opportunity for acquiring additional complimentary ground acquisitions specifically for this study.



Classification maps, derived from G-LiHT airborne lidar, were evaluated for general vegetation, Spartina alterniflora, the invasive Phragmites australis, wrack (dead, detached vegetation), exposed soil, water, and algae. In addition, the ability of G-LiHT to capture creeks and ditches, pools and pannes, vegetation composition, and vegetation volume are assessed using coincident data. Terrestrial lidar acquisitions provided validation for some G-LiHT structural products, were used to produce pathfinders for hybrid models to refine satellite interpretations, and were used to form simulations to guide specifications for future airborne lidar data acquisitions in temperate saltmarshes.




2. Materials and Methods


2.1. Study Site


Plum Island is a sand-based barrier island [112] in New England (Massachusetts, United States), which fronts onto the Gulf of Maine (Figure 1). Shielded by Plum Island, the 25 km Plum Island Sound is the largest wetland estuary in New England. The Sound comprises, from the closed end in the north to the open end in the south, the watersheds of the Parker, Rowley and Ipswich Rivers. The central region of the Rowley River watershed is occupied by a typical New England saltmarsh [113]. Plum Island was declared a LTER site in the National Science Foundation’s (NSF) LTER network, in 1998. The specific region of interest for this study is: Northwest corner: 42°43′36.90″N, 70°51′11.27″W; Southeast corner: 42°43′6.34″N, 70°50′36.07″W. This is the site of the NSF-funded Trophic cascades and Interacting control processes in a Detritus-based aquatic Ecosystem (TIDE) project.




2.2. Airborne Lidar


Airborne lidar observations were provided by NASA G-LiHT [114]. The lidar instrument included in G-LiHT is the Riegl VQ-480, a 1550 nm laser scanner which produces discrete returns with onboard waveform processing. At the standard operating height of 335 m above ground, this airborne lidar achieves a ranging accuracy of 25 mm over a 60 degree swath, resulting in a ground swath 387 m wide (Figure 2). The beam divergence of 0.3 mrad results in a typical beam diameter of 10 cm on the ground. A preliminary G-LiHT acquisition of Plum Island was made in June of 2014, which was used to plan for a ground campaign to support another acquisition in June 2015. A third G-LiHT overflight to expand monitoring of Phragmites australis extent was conducted in June 2016. The mean density of pulses on the ground was estimated to be 16.9 pulses/m2 (σ = 6.2) in 2014, 14.1 pulses/m2 (σ = 5.9) in 2015, and 15.3 pulses/m2 (σ = 6.0) in 2016. G-LiHT data are available from https://G-LiHTdata.gsfc.nasa.gov/.



Georeferencing of lidar data was achieved with information from an onboard INS/GNSS unit. G-LiHT lidar acquisitions are provided in georeferenced, LAS format. The co-alignment between acquisitions was manually adjusted based on common features. For the 2014 dataset, returns corresponding to a vertical misalignment of adjacent flight-lines, consisting of the minimum 3 m of height present in the dataset, was manually removed. For the 2016 dataset, returns corresponding to a horizontal misalignment of adjacent flight-lines were removed by filtering the relevant region by the angle of the pulses within the swaths.




2.3. Classification of Saltmarsh Components with Airborne Lidar


The classification of saltmarsh components was based on procedural assessment of structure, primarily as a function of height, and secondarily as a function of the intensity of recorded returns (Figure 3). Classifications were carried out across the study region for the 2015 airborne lidar acquisition. First, a grid comprised of 1 m-sided partitions was established over the data, and the maximum and minimum heights of returns were retrieved for each grid square. Height was interpreted relative to a datum of marsh platform height, derived from the mean height of returns occurring in the most-occupied 0.05 m height bin. Thresholds in height were determined with reference to terrestrial lidar and field observations. Thresholds in lidar intensity, used to separate components of the marsh platform, were determined with reference to terrestrial lidar data and airborne imagery.



The first stage of the classification procedure utilized thresholds applied to the minimum and maximum heights of returns in each partition. This initial height-based assessment resulted in each partition either being directly assigned a classification, or being subjected to a further assessment based on the mean intensity of returns, or being included in a set and subjected to set operations (Figure 3). Height thresholds were determined with reference to the terrestrial lidar and field observations acquired during this study. Partitions containing no returns were given a classification of water. The relative complement of the sets from the central range of heights were classified as exposed soil of creek and ditch banks, while the remainder (functionally, the intersection of the two sets, plus the inverse of the previous relative complement) were classified as tall Spartina alterniflora (Figure 3). Thresholds in the mean intensity of the 1550 nm lidar returns were used to reclassify some of the marsh platform grid squares as wrack (DN ≥ 50,000), or algae (DN ≤ 28,000).




2.4. Terrestrial Lidar


Terrestrial lidar observations were acquired with University of Massachusetts Boston’s Compact Biomass Lidar (CBL), an instrument optimized for rapid acquisition in the short time windows permitted by the tidal cycles of saltmarshes, and compatible with special deployment platforms optimized for acquisitions in saltmarshes [115]. The CBL is a 905 nm instrument with ranging error of ±30 mm.



Acquisitions to monitor Phragmites australis extent and growth, to characterize marsh platform pannes, and derive vegetation maps for comparison to G-LiHT lidar, were conducted throughout 2015 with the CBL mounted on a tripod, with an optical center height of 1.3 m. Acquisitions for representing the specific geomorphology of sections of creek were conducted during April 2015, while vegetation was absent, and with the CBL mounted on a tower deployment system [115]. All co-location of terrestrial lidar data was achieved with an initial automatic co-location based on measured field location, followed by manual adjustment by an experienced operator, based on observation of common features, including targets placed while in the field.




2.5. Volume and Surface Area Estimates from Lidar


Volumes were estimated for vegetation and water components from airborne and terrestrial lidar data. The method utilized is described as square-based column projection in [116], and is simply the sum of volumes of cuboids of regular cross-sectional area, arranged in a grid, and of height equal to the distance to lidar points encountered relative to an established reference plane, or reference surface. For vegetation volume, the reference plane was the marsh platform, and the distance to lidar returns estimated the height of vegetation in each cuboid. For water volume from tidal models, the reference surface was the structure of the creek bank observed with terrestrial lidar. A reference plane was added to span the bottom of the creek, since even at the lowest tidal level during observations, some creek structure was obscured from lidar observations by water that absorbed the lidar energy. The visible surface area of water for a given tidal height was derived by summing the area of grid-squares in which the height of the tide relative to the reference plane exceeded the height of the creek bank reference surface.




2.6. Ground Spectroscopy


For several applications in situ spectroscopy measurements were also used. Plant and leaf level spectroscopy have previously been used to study saltmarsh components and their relationship to satellite observations [117,118]. These were acquired with an ASD FieldSpec spectrometer on 28 August 2015 (Figure 4), simultaneous to a Landsat 8 overpass. The weather conditions were predominantly clear with scattered clouds. Measurements were made only when clouds were not obscuring, or close to obscuring, the sun. Measurements were made with an eight degree field-of-view, and a Lambertian white panel was utilized for calibration prior to each measurement. For the spectral signatures used in linear combinations, between four and twenty ASD measurements were made of different patches of each saltmarsh component. These were assessed to potentially discount contaminated observations, although none were found among the observations. As end-members for linear combinations, the mean of the integrated reflectance within the relevant spectral bands of Landsat 7 and Landsat 8 was used, convolved by the Relative Spectral Reflectance (RSR) (average of the reflectance at wavelength extents of the full width at half maximum values).




2.7. Airborne Imagery


High resolution aerial imagery were accessed through Google Earth and utilized for further comparisons and evaluations of retrievals.




2.8. Tidal Height


Where estimates of tidal heights were required for analyses, the National Oceanic and Atmospheric Administration (NOAA) Center for Operational Oceanographic Products (CO-OP) six minute interval predictions were utilized. The Station ID for tidal predictions was 8441241 (Plum Island South, south end). Tide heights from this source are relative to the datum of mean lower low water.




2.9. Airborne and Terrestrial Lidar Hybrid Model


To address the influence of the discrepancy in tidal height, and therefore water coverage, between the time and date of the airborne classification model (1.9 m, 10 June 2015) and the Landsat 8 overpass (2.71 m, 8 August 2015), water coverage was modelled via the synthesis of airborne and terrestrial lidar data (Figure 5). A Landsat pixel prominently featuring a tidally active creek was identified, and a detailed representation of the geomorphology of the creek within the pixel was acquired with terrestrial lidar during April 2015, when vegetation was absent. An artificial water surface at the appropriate tidal height was added to the detailed geomorphological model (0.2 m resolution) to retrieve a refined estimate of water cover at the time of Landsat overpass. This tidal coverage model was then combined with the airborne lidar classifications of cover for the Landsat pixel, and linear combination with ground spectroscopy measurements for the various components were used to estimate Landsat 8 surface reflectance in the green, red and NIR (bands 3, 4, 5) [119,120].




2.10. Assessment of Hydrological Features


To evaluate airborne lidar retrievals of the tidally active hydrological features in the saltmarsh (creeks and ditches) the union of components in the 2015 airborne lidar classification that were found below the height of the marsh platform (water, exposed banks, and tall-form Spartina alterniflora) were compared to aerial imagery (Figure 6). Areas classified as water that were not within 5 m of either exposed banks or tall-form Spartina alterniflora was assumed to be in marsh platform pannes, and removed. To provide a quantitative assessment, vector maps were produced from high resolution aerial images from September 2014, June 2015, May 2016, April 2017 and April 2018. To maximize the completeness of the assessment map, creeks and ditches were traced independently for each airborne image, and separately by two operators, and the union of all of the representations was treated as the reference for creeks and ditches.



To investigate whether airborne lidar could make meaningful retrievals of geomorphology for saltmarsh tidal modelling, terrestrial lidar data was down-sampled, retaining the mean height of returns in each partition of grids arranged across the X and Y planes. 0.25 m, 0.5 m, and 1 m resolution representations of geomorphology were produced for two sections of saltmarsh creeks at Plum Island. Over a tidal height range of 2.5 m, estimates of water surface area and volume were retrieved for every 0.25 m increment of tidal height using the method described above (Figure 7).





3. Results


3.1. Classification and Representation of Saltmarsh Components


A 1 m resolution classification map was derived from the airborne lidar observations acquired in 2015. Aerial imagery was available from within three days of the G-LiHT overflight for evaluation. The initial impression of the airborne lidar classification of saltmarsh components is encouraging, with a plausible representation of the layout of the saltmarsh, and good agreement with high resolution imagery (Figure 8 and Figure 9). Vegetation types were all represented in the model in regions which jibe with their ecological niches and tolerances. Phragmites australis (total area: 16,958 m2) is constrained to the upland edge of the marsh, while tall form Spartina alterniflora (total area: 53,911 m2) has a strong spatial association with creeks and ditches.



The components of wrack (total area: 93,061 m2) and algae (total area: 7962 m2), delineated by intensity of the lidar returns, rather than estimated height, are well-represented in the 2015 dataset in qualitative comparisons to aerial imagery. The difference in tidal state between the airborne lidar classification and the aerial images is clearly visible in the difference in the areas of water (total area: 10,669 m2) in the creeks, and the increased visibility of the exposed soil of the creek banks (total area: 2339 m2). The remaining area of the lidar classification comprised general marsh platform vegetation (total area: 119,004 m2) and trees (total area: 221,992 m2).



Subsequently, airborne lidar estimates of Phragmites australis cover were extracted for 2014, 2015, and 2016 (Figure 10). Phragmites australis cover increased from 8374 m2 in 2014, to 8882 m2 in 2015 (+6.1%), and again to 13,819 m2 in 2016 (+55.6%). Independent estimates for smaller areas derived from terrestrial lidar suggested the airborne lidar was underestimating Phragmites australis cover (Figure 11). In 2015, 438.7 m2 of Phragmites australis was found with terrestrial lidar, and only 281 m2 was found with airborne lidar in the same area (−35.9%). In 2016, an expanded terrestrial lidar survey found 1113.3 m2 of Phragmites australis in an area where the airborne lidar found only 763 m2 (−31.5%). The growth of a patch of Phragmites australis was also monitored with terrestrial lidar throughout 2015 (Figure 12, Table A1) with an estimated total gain in extent of 1317 m2, and an estimated total gain in volume of 676.3 m3 (±39.51 m3 based on ranging error) between 5th April 2015 and 11th November 2015.



Terrestrial lidar observations of creek bank geomorphology, acquired during April 2015 while vegetation was dormant were used as a baseline surface for estimates of volume of tall-form Spartina alterniflora from both terrestrial and airborne lidar (Figure 13). Vegetation heights from 2015 airborne lidar (0.75 m resolution) produced a Spartina alterniflora volume estimate of 693.3 m3 (±21.6 m3 based on ranging error), which was 83.9% higher than that derived from terrestrial lidar vegetation heights (0.25 m resolution) acquired simultaneously (373.2 m3, ±23.98 m3 based on ranging error).



To evaluate airborne lidar retrievals of the creeks and ditches, relevant components from the 2015 classification were compared to aerial imagery (Figure 6). When assessing which sections of creek and ditch were represented in the airborne lidar classification, discontinuous sections were only counted as present if the section of creek or ditch airborne lidar also appeared discontinuously in both of the aerial images closest to the overpass in time (May 2016 and April 2017). Out of a total of 9084.3 m of creeks and ditches found in the airborne imagery, 8206.27 m (90.33%) were present in the airborne lidar classification.



Detailed terrestrial lidar acquisitions of several adjacent pannes on the marsh platform were acquired simultaneously to the 2015 airborne lidar acquisition, and were used to derive estimates of area of standing water and algae to compare to airborne lidar estimates (Figure 14). Terrestrial lidar observations did not successfully capture surface algae, but produced a water cover estimate of 690.5 m2 (0.25 m resolution). The airborne lidar estimate of water coverage (0.5 m resolution) was similar to the terrestrial lidar estimate (768 m2, +11.2%), and was additionally able to estimate that algae covered 81.6% (626.5 m2) of the standing water.




3.2. Comparison to Landsat


For a Landsat pixel prominently featuring a tidal creek, a refined estimate of water coverage at the time of Landsat overpass was retrieved from a terrestrial lidar representation of the creek geomorphology, and combined with the airborne lidar classification and ground spectroscopy to refine predicted simulations of Landsat reflectance. The use of the airborne lidar classification alone produced reasonable predictions of Landsat reflectance for this pixel (green +18.88% error, red +18.4% error, NIR −3.50% error). However, estimations of Landsat reflectance were improved for all bands when derived from the airborne and terrestrial lidar hybrid model (green +9.29%, error, red +4.2% error, NIR −0.12% error) (Figure 5).




3.3. Simulation of Airborne Geomorphology Retrievals


Estimates of water volume and surface area from down-sampled terrestrial lidar data increased as tidal height increased for both creek samples, at all resolutions (0.25 m, 0.5 m and 1 m, Figure 7 and Figure 15). Estimates of volume decreased as the resolution of the terrestrial lidar representations of the geomorphology decreased (Table A2, Table A3, Table A4 and Table A5). Although the absolute disagreement between estimates of water volume at different resolutions increased with tidal height, the proportional disagreement decreased. For estimates of water surface area, estimates typically increased as the resolution of the terrestrial lidar representations of the geomorphology decreased, although there were exceptions at low tidal heights (Table A2, Table A3, Table A4 and Table A5). The absolute disagreement between estimates of water volume at different resolutions varied across the range of modelled tidal heights, though the proportional disagreement decreased.





4. Discussion


4.1. Airborne Lidar Characterization of Saltmarsh Features


Both qualitative comparison to aerial imagery and limited quantitative comparisons to terrestrial lidar and aerial imagery suggest the airborne lidar-derived saltmarsh classification model alone has potential. Examining the distribution of heights in the airborne lidar data, it is unsurprising that a model based primarily on delineation by height should be successful, given that the height ranges occupied by each of the classified components are extremely conserved (Figure 16). The marsh platform, for example, occupies only a 0.4 m height range across most of its extent. Utilizing structural information from airborne lidar data as a primary means of delineating saltmarsh components seems promising, at least for the type of saltmarsh found in the New England region.



Some components appear to be particularly well-characterized by the airborne lidar classification. One well-characterized component is the invasive reed Phragmites australis, which was a priority for characterization due to its formation of monocultures, and documented increase in many saltmarshes [49,50,51]. There was strong suggestion that Phragmites australis expanded both in existing regions, and into new regions between 2014 and 2016 (Figure 10). The airborne lidar-derived estimated area of Phragmites australis for the full region increased from 8374 m2 in 2014, to 8882 m2 in 2015, and again to 13,819 m2 in 2016. This observed rapid expansion between 2015 and 2016 is backed up by comparison to the terrestrial lidar estimates for the overlapping region (Figure 17) acquired in 2015 (438.7 m2) and 2016 (714.6 m2). However, the terrestrial lidar observations suggested that the airborne lidar may still be underestimating Phragmites australis cover (−35.9% in 2015, −31.5% in 2016).



The underestimation of Phragmites australis extent seems to correspond to a tendency of the airborne lidar classification to fail to capture Phragmites australis at the edges of the major patches shown in the terrestrial lidar classification. There are several possible reasons for this tendency. The Phragmites australis at the edges of the patches tend to be shorter individuals that might not meet the height thresholds in the classification, or may be occluded, and therefore omitted from the airborne lidar data. Occlusion is a general concern when it comes to characterizing Phragmites australis, as the species’ relatively low saline tolerance means it is often focused in more upland areas of saltmarsh that have adjacent forest trees.



The arrangement of flight-lines afforded multiple view-angles to most of the forest boundary where Phragmites australis was found. However, if Phragmites australis monitoring is of concern for future studies in regions where forests are frequently adjacent to saltmarshes, it is recommended that flight-lines are planned inset from forested boundaries of saltmarshes, and parallel to the prevailing direction of the boundary in each area. Since terrestrial lidar monitoring throughout 2015 suggested that Phragmites australis growth continued late into the year (Figure 12, Table A1), it is also possible that airborne lidar acquisitions would have increased success at retrieving the true extent of Phragmites australis if conducted after its annual growth was at its peak. Although none were observed in this study, wider-scale studies should also be cautious of other saltmarsh upland species and forest edge species that occupy similar height ranges as Phragmites australis, as these may confound monitoring.



Another vegetation species with apparently competent representation in the airborne lidar classification is the tall form of Spartina alterniflora. This species is known to be saline-tolerant, and therefore dominates at the edges of hydrological features. The representation of Spartina alterniflora in the airborne lidar classification successfully represents narrow patches associated with ditches branching off from larger creeks (Figure 9). The airborne lidar estimates did appear to miss particularly narrow patches, and dilate sections at the edges of smaller creeks. The overestimation of creek-side Spartina alterniflora may be due to the vegetation overhanging the creek. With the nadir view-angle of the airborne lidar, and the priority selection of Spartina alterniflora over water as a classification (a tendency of the model that is discussed further below), both overhanging and mixed vegetation/water sections would be interpreted as pure Spartina alterniflora.



Sensitivity of the airborne lidar to overhanging vegetation may also explain the much higher volume estimates for Spartina alterniflora from airborne lidar as opposed to terrestrial lidar (+83.9%) for the modelled section of creek (Figure 13). There are narrow, unrealistically tall regions of vegetation in the airborne lidar estimates that are closely associated with steep edges in the geomorphology. To refine estimates of the extent and volume of creek-side vegetation in future studies it may be possible to use the height variation of returns within a partition to identify areas where vegetation may be overhanging an edge. Retrievals of vegetation volume for the relatively flat marsh platform should not be affected by this particular challenge, and will be the subject of future efforts, since reliable estimates of vegetation volume at the resolution possible with airborne lidar would be useful for modelling biomass and carbon fluxes [121].



Since Spartina alterniflora occupies the narrowest band of heights in the classification model, its classification is expected to be particularly vulnerable to uncertainties in height estimation, for example from airborne lidar co-location errors. However, there is no indication that this, or substantial co-location error between the airborne and terrestrial lidar is a concern in this dataset, even though either would be potential causes of the extent and volume dilation at creek edges. The installation of an improved GNSS/INS on G-LiHT since this study occurred gives even more confidence in future retrievals.



Despite the need to further refine volume retrievals, it is encouraging that the classification model appears to avoid ubiquitously classifying Spartina alterniflora wherever there are hydrological features. Aerial imagery suggests that Spartina alterniflora is not falsely declared in areas where it is absent, even when hydrological features are present (Figure 9). While Spartina alterniflora is not radically spectrally different to Spartina patens and other common saltmarsh vegetation species, its successful classification could be important to understanding changes in creek bank structure [122].



Taking Spartina alterniflora alongside direct observations of water and creek banks as indications of creeks and ditches, the airborne lidar classification also contained excellent representation of the hydrological features of the saltmarsh. 90.33% of the creeks and ditches found in an exhaustive survey of aerial imagery were also found in the airborne lidar classification (Figure 6). It is encouraging that the sections missing from the airborne lidar classification were almost entirely sections of ditch, and primarily the terminal regions of ditches at the saltmarsh edges, which tend to be the narrowest. The hydrology of a saltmarsh controls the distribution of tidal and precipitated water, and therefore the salinity gradients that in turn control the saltmarsh cover types and extents. Therefore the ability to capture the major hydrological features of a saltmarsh could be extremely useful for the purposes of modelling tidal forces, sediment transport, and carbon and nutrient fluxes.



Two major factors control the quality of the airborne lidar representation of hydrology. The first is tidal state, since water in the creeks and ditches will absorb the 1550 nm energy of G-LiHT’s lidar instrument. Therefore, classifications of creeks and ditches will be most successful at low tide, when more of the banks are exposed. The tide was lowest during the 2015 airborne lidar acquisition, both observably in the data, and according to NOAA tide predictions (1.24 m tidal height, 2 h and 45 min after low tide). It can be reasonably assumed that attempts to retrieve creeks and ditches would have been less successful from the 2014 (1.32 m tidal height, 3 h and 15 min after high tide) and 2016 (1.82 m tidal height, 1 h after high tide) airborne lidar acquisitions. Regardless, it can be recommended based on these results that airborne lidar acquisitions seeking to characterize saltmarsh ditches and creeks should be carried out at, or soon after, low tide. If, as was the case in this study, the nearest available tidal prediction station is some distance (at least hydrologically speaking) from the study site, in situ preliminary tidal height monitoring may be worthwhile to establish the lag between tidal predictions, and tidal heights in the saltmarsh.



The second factor controlling the representation of creeks and ditches in the airborne lidar data was the scan-angles of available observations. The structure, and even the presence of some creeks and ditches were only observable at scan-angles of ±10° of nadir (Figure 18). Although G-LiHT’s swath width is 387 m at its typical operational altitude of 355 m the requirement of blanket coverage at ±10° of nadir would mean that there should only be a maximum distance of 125.2 m between flight-lines in future acquisitions. Since this would increase the number of flight-lines to cover a saltmarsh, and therefore the cost of deployment, and since G-LiHT’s airborne lidar was able to capture creeks and ditches competently in these acquisitions, further investigation is warranted before changing the flight line protocol for future studies. Additionally, increases in the resolution of the lidar data from G-LiHT are expected in the future, owing to the addition of a second identical lidar instrument, which should improve characterization of creeks and ditches. It is worth noting that since the classification model relies on the presence of below-platform returns to eventually classify a partition as a ditch, it may also be improved by a change in waveform processing, or access to full-waveform observations.



Analyzing the density of the airborne lidar observations implies that higher resolution data products could be produced from future G-LiHT acquisitions, and possibly even derived from the existing datasets (Figure 19). A mean observation density of 14.1 pulses/m2 (σ = 5.9) was found in the 2015 lidar acquisitions, with similar observation densities in the 2014 (16.9 pulses/m2, σ = 6.2) and 2016 (15.3 pulses/m2, σ = 6.0) lidar acquisitions. However, there was considerable spatial heterogeneity in the observation densities, mostly associated with the overlap of adjacent fight-lines, where a maximum observation density of 73 pulses/m2 was found. Additionally, since water strongly absorbs the 1550 nm wavelength of the G-LiHT lidar, it is difficult to ascertain whether areas without observations were occluded from view, or were reached by pulses, but reflected insufficient energy to declare a return. With this potentially confounding factor in mind, it seems prudent to implement an observation density assessment that infers the trajectories of pulses [123] before increasing the resolution of the data products. Such an approach mitigates the uncertainty in ecosystems with a high occurrence of water, which is particular important if airborne lidar classifications are to be compared to satellite resources, since water is such an impactful spectral component of cover.



Regardless, lidar characterizations of saltmarsh components will almost always see meaningful improvement as the resolution of available classifications and representations increase. Terrestrial lidar representations of geomorphology were down-sampled to investigate the influence of observation density on tidal modelling. Over a modelled range of tide heights, estimated surface area of water differed greatly (Figure 15) depending on whether the underlying representation of geomorphology was higher resolution (0.25 m) or lower resolution (1 m). That the discrepancy between estimates of water cover derived from high and low resolution geomorphological representations becomes more extreme as tidal height increases (Figure 16, Table A2, Table A3, Table A4 and Table A5) is a pertinent consideration if a lidar model is to be used to interpret satellite observations of saltmarshes, since water coverage estimates will vary most when the magnitude of their influence is greatest. Thus, meaningful improvements to saltmarsh characterization with increased airborne lidar resolution are generally expected, since saltmarsh components tend to exist in relatively pure patches of cover, with convoluted boundaries, and extents in the order of meters. This mosaic-like composition of saltmarshes occurs because of the variation of salinity and topography on a small spatial scale, interacting with the highly specific tolerances, and therefore niches, of vegetation types, and is one of the major motivations for using airborne lidar for monitoring.



The tendency towards improved water cover estimates with improved representations of geomorphology also strongly recommends higher resolution retrievals of geomorphology for future airborne lidar surveys of saltmarshes. However, an additional overflight in the late winter or early spring would likely be required, when vegetation is absent from the creeks and ditches. Additionally, capturing features of creeks and ditches below the marsh platform might require adjustments to flight-line spacing to mitigate occlusion outside of ±10° of nadir, as previously discussed. Some further justification for these increased logistical costs in future acquisitions is provided, since the benefits to interpreting satellite signals when tidal models are used with high resolution geomorphology are demonstrated. Embedding a water cover estimate derived from terrestrial lidar modelling of geomorphology into the 2015 classification map derived from airborne lidar improved the prediction of Landsat 8 reflectance by 9.59% for green (+9.29% remaining error), 14.2% for red (+4.2% remaining error), and 3.38% for NIR (−0.12% remaining error). Although this example seems very successful, it should be noted that this is only for a single sample Landsat pixel, selected for prominently featuring a creek, and therefore does not have the validation or scope of inference to be considered as more than a demonstration of the method.



The ability to observe the algae present in the saltmarsh pannes was also found to be dependent on view-angle. Airborne lidar classifications in 2015 were able to capture the presence of algae in the pannes reliably from angles ±15°, but there were often no lidar returns from the algae at larger incidence angles (Figure 14), likely due to energy absorption from the water content of the algae and panne, and the lower returning energy from these more acute incidence angle. Spectroscopy measurements taken in situ suggested that the algae is quite spectrally distinct from other vegetated platform components and the water beneath it (Figure 4), and historical high resolution imagery speaks both to the conservation of the presence and shape of the pannes, and the intra- and inter-annual variation in algal cover (Figure 20). Aerial imagery from June 2013 suggests extremely low algae coverage in the same set of pannes which are confirmed by aerial imagery and the airborne lidar to be mostly covered in algae in June 2015 (estimated at 81.6% by airborne lidar).



Since the algae is a spectrally distinct saltmarsh component, and appears to vary on timescales different to the general marsh platform phenology, it is important to consider its retrieval in future airborne lidar acquisitions. The ability to delineate algae by its intensity in lidar returns would facilitate filtering it out from future estimates of standing water, but to study the algae in its own right would require G-LiHT to operate with a distance no greater than 190.25 m between flight-lines, given its 355 m typical operational altitude.



For pannes themselves, airborne lidar-derived estimates of water extent (including area classified as algae) were close to those derived from terrestrial lidar (+11.2%) for a convoluted area of pannes (Figure 14). Pannes are particularly appealing to characterize across wider scales in New England saltmarshes since they harbor unique microalgal communities [124], and may be vulnerable to perturbation by changing conditions including sea-level rise, and the legacy of anthropogenic modification of hydrological features [125,126]. G-LiHT appeared to effectively represent pannes in all three years of acquisitions, and so proceeding with the current protocol and deployment specifications is expected to be appropriate for future studies.



An attempt was also made to classify wrack using the intensity of lidar returns. The 2015 airborne lidar classification showed favorable results in comparison to contemporary aerial imagery (Figure 9). However, propagating the threshold of intensity used to classify wrack in the 2015 airborne lidar to the lidar acquisitions from the other years made it apparent that it was too sensitive a threshold for the 2014 acquisitions, and vastly too sensitive for the 2016 acquisitions. Ground spectroscopy measurements of wrack suggested that its reflectivity can be highly variable (Figure 4), possibly related to the species of the dead vegetation, and its saturation state. Since iteration of the intensity threshold did not produce wrack retrievals for the 2014 and 2016 acquisitions that were of comparable quality to the 2015 retrieval this is a subject that warrants further study. If future deployments of G-LiHT are conducted under suitable atmospheric conditions, then the onboard hyperspectral instrument may provide more insight into the spectral signature of wrack, and conceivably provide competent wrack classifications on its own.




4.2. Limitations of the Study


4.2.1. Validation


The advantage of airborne lidar as a survey tool is that it can achieve wide structural coverage at relatively high resolutions. Inevitably, obtaining meaningful validation data at similar scales and resolutions is challenging. There were several sources of observations available to corroborate findings, including aerial imagery and terrestrial lidar. However, the terrestrial lidar data were limited in extent, and the areas surveyed with terrestrial lidar were not randomly selected within the airborne lidar survey area, limiting their scope of inference. Additionally, the aerial imagery was separated from the airborne lidar acquisitions by weeks or months for the 2014 and 2016 acquisitions, leading to considerable uncertainty in whether they were representative of conditions during the airborne lidar acquisitions. For the 2015 airborne lidar acquisitions, aerial imagery was available from within three days, but these aerial images were consulted during the process of parameterizing the classification model, and therefore cannot be considered as true validation.



These limitations in validation caution against putting the classification and characterization methods, along with their parameterization, into immediate operational use for wider-scale surveys, particularly if the results from such surveys would sway ecosystem management decisions. However, as a pathfinding effort to produce operational models in the future, promising approaches have been demonstrated for many of the prominent components of northeastern saltmarshes. Independently parameterizing the models, without reference to external sources and accompanied by robust validation, will be the natural next step. In addition, adaption or expansion of the methods may be needed for their application to saltmarshes from other, distinct regions.




4.2.2. Precedence in Classifications


The classification model gives precedence to certain components over others. For example, water can only be recorded as the classification for a partition if there were no lidar returns in the partition, so any form of mixed cover within the partition will result in a classification other than water. This effect is visible in the underrepresentation of water by the airborne classification. An opposite case is Phragmites australis, which will be classified in any partition with maximum heights of lidar returns above 1 m, although this classification is, in turn, supplanted by a classification of trees if there are lidar returns above 3 m in height. The net effect of these mechanisms is the relative dilation of patches of the components that are given precedence in the classification model, and therefore the potential to overestimate their extent. By extension, classifications that are not given precedence will have a tendency towards underestimation. These tendencies will be exacerbated as the resolution of classifications decrease and the size of partitions increase.



Ultimately, classification models always have to make a choice in cases where a partition has symptoms of multiple classifications, and the rule that governs that choice will introduce an accompanying bias. The implementation of these rules should be guided by knowledge of which type of error it is most important to mitigate in a given study. For example, for a management decision that is dependent on a classification model, if it would be more detrimental for a particular component to be underestimated by false negatives, then the rules and parameterization of the classification model should govern in favor of that particular classification in uncertain cases. Since this study was seeking to assess the general capabilities of airborne lidar as a survey tool for saltmarshes, such considerations were not applied in the formation and parameterization of the classification model. However, these factors should be considered in the interpretation of the results.




4.2.3. Scope of Inference


While airborne lidar is demonstrated capturing Phragmites australis and the tall Spartina alterniflora, it should be noted that this capability arises from the distinct height difference between these species and the other marsh platform vegetation. Although the marsh platform is dominated by Spartina patens and the short form of Spartina alterniflora, these species were not able to be separated from each other by height. Neither could other genera present in the marsh platform be distinguished by height, such as Distichlis, Limonium, Salicornia, and Solidago. Therefore, while this study suggests airborne lidar could be effective for estimating coverage of some species, across this particular region of saltmarshes, this success may not propagate to other regions where height differences are less distinct between components. In addition, saltmarshes with greater structural complexity, where vegetation topography varies over distances shorter than the airborne lidar footprint could be challenging, and structural delineation might be achieved more readily with polarimetric SAR.






5. Conclusions


The potential of small-footprint airborne lidar data to characterize ecologically significant components of saltmarshes was explored by using NASA Goddard’s Lidar, Hyperspectral and Thermal (G-LiHT). Airborne lidar retrievals were made with G-LiHT in a well-studied National Science Foundation (NSF) Long Term Ecological Research (LTER) site in Plum Island (Massachusetts, United States) in 2014, 2015 and 2016, along with complimentary terrestrial lidar acquisitions and ground spectroscopy measurements. Classifications of vegetation type, creeks, ditches, pools and pannes, estimates of the spread of the invasive reed Phragmites australis, and the volume of Spartina alterniflora on creek banks were retrieved from the airborne lidar data. The classifications based on observable structure from airborne lidar classifications were encouraging when evaluated through comparisons to airborne imagery and terrestrial lidar. Classifications of wrack (dead, detached vegetation), based on airborne lidar intensities, were successful in the 2015 dataset. However, the thresholds in intensity did not propagate successfully to the 2014 and 2016 dataset, warranting further investigation. Classifications of algae, also based on lidar intensity, were found to depend on observation angles close to nadir, as were observations of the structure and vegetation below the height of the marsh platform, in ditches and creeks.



Airborne lidar is confirmed by these findings to be an effective saltmarsh survey tool, and has the potential to provide information to refine and extend interpretations of saltmarshes from long-term satellite resources. Some of the remaining challenges to the airborne lidar characterizations may well be met by spectral instruments in the G-LiHT package, as well as improvements to G-LiHT, including the addition of a second lidar and an improved GNSS/INS, that have already occurred since the conclusion of this study. If appropriate overflight conditions can be met, lidar classification models may also be refined by the hyperspectral and thermal instruments. The G-LiHT hyperspectral instrument could be particularly useful for further delineating genera of vegetation within the marsh platform, including Spartina, Distichlis, Limonium, Salicornia, and Solidago, as well as identifying any upland species at the saltmarsh edge. The addition of an identical lidar instrument should increase the density of observations, and therefore improve estimates of cover extent in future acquisitions. A newly integrated Phase One digital camera on G-LiHT now offers RGB imagery at a resolution of approximately 3 cm on the ground, which will offer excellent corroborating and contextualizing information, as well as the potential for even higher resolution classifications. Finally, the recently upgraded INS/GNSS unit should enable high confidence in the geolocation and co-location of future acquisitions, which was identified as essential for classification efforts with airborne lidar.



To finalize operational models for wider-scale surveys of northeastern saltmarshes, future studies should expand and formalize validation. Tools such as Unmanned Airborne Vehicles (UAVs) could be used to expand validation efforts, though UAVs would have to leverage their flexible logistics to meet the challenge of the frequently windy conditions in these coastal ecosystems. Including hyperspectral imagery among the ground acquisitions supporting overflights could help the integration of G-LiHT hyperspectral observations, as well as providing further insight into the relationship between airborne and multispectral satellite observations. The spectral influence and variation of the tidal water found in the creeks and ditches, and the standing water found in the pools and pannes is another important bridge to be made between ground, airborne, and satellite observations.



The synthesis of airborne lidar and terrestrial lidar produced some favorable results. However, since terrestrial lidar coverage will always be limited in extent in comparison to airborne lidar, these results speak more to the potential benefit from additional retrievals of airborne lidar during later winter or early spring, when vegetation would be absent from the marsh platform. Also, specifications were offered for future airborne acquisitions seeking to best characterize certain components, such as the requirements for flight-line spacing for the retrieval of algae extent and geomorphological structure.



Overall, this multi-year study can help plan effective regional-scale surveys of saltmarshes by utilizing the ever-improving G-LiHT instrument package, as well as providing insight for others seeking to do the same with similar airborne remote sensing resources in other regions. The ever-lengthening satellite record, and ever-improving available satellite resources, especially the publically available Landsat and Sentinel series, are the best tools for monitoring long-term change in saltmarsh ecosystems. Airborne lidar retrievals were evaluated in this context, finding that the active technology has a great deal to offer to the refinement and interpretation of satellite passive observations. Airborne lidar acquisitions stand to be especially beneficial to satellite monitoring of saltmarshes if the airborne acquisitions are carefully targeted to capture the most informative windows of phenological and tidal state. It is also apparent that multiple acquisitions at key times in a single year, in particular when vegetation is absent, and when it is at peak growth, will be worth more than the sum of their parts. G-LiHT, even functioning as it was here solely as a source of discrete airborne lidar data, performed well in retrieving important saltmarsh components, and it is clear that there remains much untapped potential for characterizing saltmarshes in the wider G-LiHT instrument package, and airborne lidar in general.
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Table A1. Phragmites australis growth from terrestrial lidar acquisitions throughout 2015. Volumes rounded to two decimal places.






Table A1. Phragmites australis growth from terrestrial lidar acquisitions throughout 2015. Volumes rounded to two decimal places.





	Date (dd/mm/yy)
	Total Area (m2)
	Additional Area (m2)
	Total Volume (m3)
	Additional Volume (m3)





	05/14/15
	1183.25
	0
	223.05
	0



	05/24/15
	1439
	255.75
	311.02
	87.97



	06/04/15
	1643.5
	204.5
	382.61
	71.59



	06/10/15
	1756.25
	112.75
	423.52
	40.91



	06/17/15
	1861
	104.75
	471.51
	47.99



	06/25/15
	1915.5
	54.5
	506.47
	34.96



	07/03/15
	1954.25
	38.75
	544.54
	38.07



	07/11/15
	2042.75
	88.5
	578.68
	34.13



	07/19/15
	2151.5
	108.75
	642.46
	63.78



	08/12/15
	2230.25
	78.75
	678.89
	36.43



	08/28/15
	2265.5
	35.25
	726.83
	47.94



	09/21/15
	2343
	77.5
	770.52
	43.69



	10/15/15
	2398.25
	55.25
	811.55
	41.03



	11/15/15
	2500.25
	102
	899.32
	87.76
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Table A2. Creek A Volume (m3) from Terrestrial Lidar, rounded to two decimal places.






Table A2. Creek A Volume (m3) from Terrestrial Lidar, rounded to two decimal places.





	
Height of Water (m)

	
Resolution (m)




	
0.25

	
0.5

	
1






	
2.5

	
1119.68

	
1048.08

	
922.09




	
2.25

	
907.27

	
829.66

	
693.05




	
2

	
713.01

	
641.74

	
514.69




	
1.75

	
563.86

	
503.95

	
393.58




	
1.5

	
440.77

	
390.52

	
295.95




	
1.25

	
335.48

	
294.26

	
215.63




	
1

	
245.04

	
212.29

	
148.95




	
0.75

	
165.40

	
140.54

	
92.34




	
0.5

	
97.97

	
81.00

	
48.39




	
0.25

	
43.49

	
34.54

	
17.89











[image: Table]





Table A3. Creek B Volume (m3) from Terrestrial Lidar, rounded to two decimal places.






Table A3. Creek B Volume (m3) from Terrestrial Lidar, rounded to two decimal places.





	
Height of Water (m)

	
Resolution (m)




	
0.25

	
0.5

	
1






	
2.5

	
901.70

	
845.42

	
769.99




	
2.25

	
678.63

	
616.71

	
530.15




	
2

	
472.10

	
404.61

	
312.73




	
1.75

	
308.23

	
251.20

	
176.12




	
1.5

	
191.01

	
144.29

	
86.57




	
1.25

	
115.05

	
78.18

	
37.16




	
1

	
67.48

	
40.26

	
14.54




	
0.75

	
39.81

	
21.27

	
6.34




	
0.5

	
22.23

	
11.36

	
3.00




	
0.25

	
10.01

	
4.98

	
1.25
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Table A4. Creek A Surface Area (m2) from Terrestrial Lidar.






Table A4. Creek A Surface Area (m2) from Terrestrial Lidar.





	
Height of Water (m)

	
Resolution (m)




	
0.25

	
0.5

	
1






	
2.5

	
162.25

	
112.5

	
158




	
2.25

	
193.25

	
174

	
238




	
2

	
242.50

	
253.5

	
313




	
1.75

	
295.50

	
314.5

	
370




	
1.5

	
340.25

	
387.5

	
430




	
1.25

	
391.75

	
460.5

	
495




	
1

	
459

	
558.5

	
584




	
0.75

	
539.50

	
660.5

	
701




	
0.5

	
692.50

	
835.5

	
868




	
0.25

	
903.25

	
914.5

	
958
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Table A5. Creek B Surface Area (m2) from Terrestrial Lidar.






Table A5. Creek B Surface Area (m2) from Terrestrial Lidar.





	
Height of Water (m)

	
Resolution (m)




	
0.25

	
0.5

	
1






	
2.5

	
28

	
1

	
6




	
2.25

	
31

	
9

	
25




	
2

	
46.25

	
34.5

	
69




	
1.75

	
78.25

	
98.5

	
131




	
1.5

	
130.75

	
188.5

	
215




	
1.25

	
253

	
317

	
344




	
1

	
360.5

	
483

	
507




	
0.75

	
587.75

	
669

	
731




	
0.5

	
718.75

	
831.5

	
882




	
0.25

	
887.25

	
928.5

	
993
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Figure 1. New England, United States (Top left). Plum Island NSF LTER site is close to the Boston, Massachusetts metropolitan area (A). Plum Island consists of a barrier island, protecting saltmarsh around several rivers (B). Field Site Location next to Rowley River is also the site of the NSF-funded TIDE project, which explored the effects of nitrogen enrichment (C). Aerial imagery sources: Google, Landsat, Copernicus and International Bathymetric Chart of the Arctic Ocean (IBCAO) via Google. 
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Figure 2. Airborne lidar acquisitions for 2014–2016 from NASA G-LiHT instrument package for the Plum Island (MA, USA) study site. The top row shows lidar returns colored by intensity (1550 nm wavelength). The bottom row shows lidar returns colored by height. 
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Figure 3. Airborne lidar saltmarsh classification method. Lidar data are divided into 1 m by 1 m partitions, then classified based on thresholds, rules and set-based operations to produce a final classification. 
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Figure 4. Spectral signatures of saltmarsh components collected with ASD FieldSpec spectrometer on the ground during August 28th 2015, the day of a Landsat 8 overpass of the study site. Solid lines are the mean of collected spectra. Dashed lines are the 95% confidence intervals. 
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Figure 5. Hybrid model embedding terrestrial lidar representations of geomorphology and projected cover of water for a tidal height at the time of Landsat overpass with airborne lidar classifications of cover. 






Figure 5. Hybrid model embedding terrestrial lidar representations of geomorphology and projected cover of water for a tidal height at the time of Landsat overpass with airborne lidar classifications of cover.



[image: Remotesensing 11 00509 g005]







[image: Remotesensing 11 00509 g006 550]





Figure 6. Map of creeks (purple) and ditches (red) derived from aerial imagery by the union of two operators’ assessments of aerial images from September 2014, June 2015, May 2016, April 2017 and April 2018, and present in the airborne lidar classification of creeks and ditches (gray). Sections not represented in the airborne lidar classification are shown in yellow, and sections which were present in two or fewer of the aerial images assessed are shown in blue. Aerial imagery source: Google. 
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Figure 7. Modelling of tidal height to estimate water volume and surface area (blue) based on terrestrial lidar acquisitions of two sections of saltmarsh creek within the study site (green), degraded to coarser resolutions to represent potential airborne lidar acquisitions. 
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Figure 8. Classification map (1 m resolution) based on airborne lidar acquisitions in 2015. 
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Figure 9. Subsections of airborne lidar classification featured in Figure 8 from 10th June 2015, compared to aerial imagery from 6th June 2015. Aerial imagery source: Google. 
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Figure 10. Extent of Phragmites australis derived from airborne lidar acquisitions in 2014 (green), 2015 (yellow), and 2016 (red). The small, isolated patch in the North East (green) is an artificial platform for nutrient enrichment experiments, and was excluded from analyses. 
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Figure 11. Phragmites australis extent derived from airborne lidar acquisitions in 2015 (left, orange) and 2016 (right, red). Terrestrial lidar representations of Phragmites australis from 2015 (left) and 2016 (right) are co-located with airborne representations, and colored by height. 
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Figure 12. Terrestrial lidar acquisitions of Phragmites australis extent throughout 2015. 
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Figure 13. Terrestrial lidar point cloud (far left), and representation of geomorphology (middle left, 0.25 m resolution) used a baseline for estimating Spartina alterniflora vegetation height from terrestrial (middle right, 0.25 m resolution) and airborne lidar (far right, 0.75 m resolution). 
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Figure 14. Terrestrial lidar acquisitions of a saltmarsh panne (left) with lidar returns (grayscale), and estimated water extent (blue). Airborne lidar acquisitions for the same area (right) with lidar returns (grayscale) and estimates of water extent (blue) and algae extent (green). 






Figure 14. Terrestrial lidar acquisitions of a saltmarsh panne (left) with lidar returns (grayscale), and estimated water extent (blue). Airborne lidar acquisitions for the same area (right) with lidar returns (grayscale) and estimates of water extent (blue) and algae extent (green).



[image: Remotesensing 11 00509 g014]







[image: Remotesensing 11 00509 g015 550]





Figure 15. Estimates of water volume (top row) and surface area (bottom row) for two sections of creek within the study area, derived from tidal modelling based on 0.25 m resolution (circles), 0.5 m resolution (squares), and 1 m resolution (triangles) representations of geomorphology with terrestrial lidar (Figure 7). 
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Figure 16. A 5 m wide slice (bottom) of the 2015 airborne lidar returns, colored according to the height thresholds used in the classification model. A 0.4 m height bin of the 2015 airborne lidar returns (inset, top right) shows the narrow and conserved height ranges of the saltmarsh components. 
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Figure 17. Terrestrial lidar acquisitions of Phragmites australis from 2015 (white) and 2016 (red) showing the expanded extent (0.25 m resolution). 
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Figure 18. Airborne lidar returns showing examples of creeks and ditches, colored by scan angle. Scan angles more than ±10° from nadir are colored in gray. Some creek and ditch structure is only captured by scan angles less than ±10° from nadir, colored in blue. 
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Figure 19. Densities of first returns (1 m resolution) for the 2014-2016 airborne lidar acquisitions. 
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Figure 20. Aerial imagery showing the variable extent of algae in saltmarsh pannes. The images are arranged in order of month of year from left to right. Imagery source: Google. 
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