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Abstract


Marsh terracing is a wetland restoration technique that is being implemented in the northern Gulf of Mexico. Marsh terraces are segmented berms of soil built within shallow coastal ponds, designed to increase marsh area and reduce wave energy. Approximately 980 linear km of marsh terraces have been constructed over almost 30 years in Louisiana and Texas to combat subsidence and sea-level rise; however little research has been conducted to determine their effectiveness. The objective of this study was to assess marsh terrace performance. The change in marsh terrace areas was measured over time through remote sensing. This analysis was conducted using one-meter resolution imagery from the National Agriculture Imagery program (NAIP) from 2003 until 2017 from five Louisiana coastal parishes. Twenty terrace fields of study between 10 and 14 years old were randomly selected within each parish. Results show more predominant deposition (55%) than erosion (45%) in marsh terraces. Terrace fields with high channel density and thereby an external sediment supply show more deposition compared to low channel density fields. This is the first study assessing multiple marsh terrace fields performance. Results are promising, especially considering the current rate of sea level rise and subsidence in Louisiana.
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1. Introduction


1.1. Marsh Terracing


Marsh terracing is a wetland restoration technique consisting of segmented and discontinuous ridges of sediment built in coastal marsh areas [1,2,3] aligned in a variety of patterns (chevron, squares, circles, checkerboard, etc.). Berm widths range from two to five meters. However, berm length and spacing vary depending on design pattern and location [4,5]. The goal of marsh terracing is to reduce wave energy, minimize fetch between ridges, increase marsh area, and possibly reduce shoreline erosion [6,7]. Marsh terraces are usually built in shallow ponds, where natural marshes have been converted to open water [6]. They are constructed at the same elevation of the surrounding marsh to allow periodic inundation of the terraces [3]. Usually, marsh vegetation is planted around the perimeter of the terrace and in the intertidal area to prevent terrace erosion, enhance stability, and ecosystem diversity [7].



Marsh terracing is a relatively new restoration technique. It was first implemented in the U.S. in 1990 at the Sabine National Wildlife Refuge in Cameron Parish, Louisiana [1,8]. Currently, marsh terraces have only been constructed along the northern Gulf of Mexico. If proven effective, this restoration technique could be established in other marshes or shallow water regions with similar sediments conditions [2]. In fact, marsh terracing has the same principles of many land reclamation techniques where the main goal is to create new land from coastal shallow areas by drying, pumping water, or raising the elevation of the waterbed in ponds or coastal areas. Land reclamation has been used for a long time in many coastal countries in Europe and Asia [9]. However, the goal of marsh terracing is to create marsh area for wetland recovery purposes and not to convert land for human activities like agriculture, industry, and residential [10].




1.2. Study Definitions


For this study, several terms are defined below. A terrace field is defined as an area including a set of terraces following the same pattern or having common attributes (e.g., construction date and design) within the same contiguous water body (inland pond). A terrace field of study is referred to any of the 20 terrace fields analyzed in this study. A terrace field does not include the shorelines or surrounding marsh platforms. Cumulative land change refers to the entire period of land change analyzed for each of the 20 terrace fields of study. Predominant deposition or erosion is defined as the strongest or main long-term geological process quantified throughout the cumulative land change analysis within the terrace field of study. Channels refers to natural or artificial waterways (canals) surrounding or adjacent to the terrace fields of study that may serve as an external supply of water or sediment. High channel density refers to terrace fields of study surrounded or connected by channels. Low channel density refers to either few channels surrounding or connecting terrace fields of study or channels surrounding but not connecting to terrace fields of study, generally blocked by structural marsh management (SMM) such as levees or dikes.




1.3. Wetland Restoration Techniques


Many restoration programs have implemented wetland restoration techniques that encourage the creation of new, coastal emergent marsh and potentially reduces sediment erosion and wetland loss [7]. Some examples of these restoration techniques are: breakwater, sediment retention structures, freshwater and sediment diversions, saltwater barriers, vegetative plantings, use of dredged material, and SMM including levees and impoundments [2,3,7,11]. One of the biggest challenges that wetland restoration projects face is assessing success over time and applying new findings to future programs [12,13] and remote sensing technology provides a great potential for change detection analyses and thus very useful in assessing the success of these restoration projects.




1.4. Remote Sensing in Wetland Analysis


Remote sensing methods have been used widely for studying wetland in many areas, for example, to assess land use/cover changes and wetland mapping [14]. Marshes are considered a relatively easy type of wetland to identify [15] compared to marsh terraces, which may be more challenging because they are relatively small and narrow pieces of land. Aerial imagery has been successfully used in studies where small areas were analyzed [14]; thus, high-resolution aerial imagery is best for identifying marsh terraces via remote sensing.



Remote sensing methods have been applied successfully across a diversity of projects to identify and assess many aspects of wetlands in Louisiana. For example, Penland et al. (2002) [16] classified coastal land loss between 1932 and 1990 in the Mississippi River Delta Plain using topographic maps and aerial photography. Barras et al. (2003) [17] assessed coastal land loss from 1932–2000 and projected additional losses until 2050 using satellite and aerial images. Couvillion et al. (2011) [18] detected land area changed from 1932 to 2010 in coastal Louisiana employing historical surveys, aerial and satellite data. Oliver-Cabrera & Wdowinski (2016) [19] detected tidal inundation zones and assessed the interaction between coastal wetlands and tidal currents utilizing Interferometric Synthetic Aperture Radar (InSAR) observations using satellite data. These studies demonstrate the successful application of remote sensing methods in coastal Louisiana and the need for implementing wetland restoration projects in this area.




1.5. Unsupervised Classification and Change Detection Analysis


Unsupervised classification is a widely used remote sensing technique in wetland land use/cover classification analysis [20,21]. It is a per-pixel method using K-means or ISODATA algorithms to cluster pixels with similar spectral values together. Then the analyst provides information to organize, classify, interpret, and label the clusters into meaningful classes. This method is recommended when field data or previous knowledge of the study area is unavailable [22]. Sometimes clusters do not correspond to the correct class information and accuracy assessments are recommended to verify and correct this issue. Unsupervised classification, also called clustering, is a less time-consuming method than the supervised classification in which the collection of training data is the first and main step [23,24]. According to a review by Ozesmi and Bauer (2002) [25], unsupervised classification is the most commonly applied method to classify land cover in wetland environments.



Once an area has been classified into different land use and land covers, change detection analysis is used to assess change over time in that area. Change detection analysis can be used for understanding relationships between human activities and natural events. Hence, change detection can be used to improve the management of natural resources and to help in decision-making processes [26,27,28]. Change detection is performed to assess and quantify the historical changes of Earth’s features due human or natural phenomena over time with reference to multi-temporal datasets [26,29,30]. Different change detection algorithms include: write function memory insertion, multi-date composite image, image algebra (e.g., band or image differencing), post-classification comparison, binary mask applied to date 2, ancillary data source used as date 1, spectral change vector analysis, chi-square transformation, cross-relation, visual on-screen digitization, and knowledge-based vision systems [31]. According to Klemas (2010) [24] image differencing is the most commonly used change detection technique for monitoring wetland changes. Moreover, an important factor to consider when performing change detection analysis is using imagery acquired at the same time or near the same time of the year for every year of analysis to avoid differences related with phenological state, season, and sun angle [24,25,26].




1.6. Previous Studies Assessing Marsh Terrace Performance


Very few projects, remote sensing or otherwise, and a few unpublished technical reports have assessed the performance of marsh terraces regarding erosion and deposition [7]. In fact, there have been more studies on the ecological impacts of marsh terraces [6,32,33,34] than the success and longevity of marsh terrace physical design. This lack of study on terrace design success has limited the implementation of this technique more widely [7]. The lack of analysis is particularly surprising considering the 980-linear km of marsh terraces (and 90 terrace fields) that have been constructed [35].



In one of the few studies on marsh terrace design success, Steyer (1993) [8] reported marsh gain at two terraced fields at the Sabine National Wildlife Refuge (NWR) after one year of construction. In this study, a total of 1.47 ha of emergent marsh were mainly present on the terrace footprints. Two years post terrace construction, new vegetation covered adjacent areas of the terrace footprints resulting in 6.8 ha of new marsh. In another study of marsh terrace design success, Good et al. (2005) [36] assessed change in land area of two terrace fields at the same Sabine NWR using GIS methods and aerial photography. This study documented a 4.71 ha (18%) total increase of emergent marsh within the terrace field and adjacent areas of non-terraced islands and shorelines over a period of ten years.



Castellanos and Aucoin (2004) [37] compared aerial photography of one recently constructed terrace field and a reference site with 2 years post-construction imagery in the Little Vermilion Bay. They documented 2.1 ha (7%) land loss of two terrace fields and surrounding marsh. Also, they reported a mudflat increase of 80.7 ha in the terrace field and an increase of 4.51 ha in the reference site. Land loss was mainly attributed to sacrificial terraces built in the southern area of the terrace field. Thibodeaux et al. (2009) [38] monitored two terrace fields three years post-construction. They reported a decrease of 16% in emergent vegetation outside the terrace footprints in the Pecan Island restoration terrace field in southwest Louisiana compared with a nearby reference site that decreased by 9% in emergent vegetation. Miller et al. (2011) [39] performed a land change analysis from 2004–2007 for eastern Little Vermilion Bay and Little White Lake terrace sites in south central Louisiana. This analysis showed land gain of 7.3 ha and 2.8 ha, respectively along terrace edges in both terrace fields. While these results are promising they mostly present short-term findings from five terrace fields.




1.7. Study Objectives


In order to broadly assess the efficacy of marsh terraces, a more comprehensive review of terrace performance in multiple sites over multiple years is needed. Therefore, the objective of this study is to assess the change in marsh terrace area over time, using classification of high-resolution aerial imagery and subsequent change detection analysis. Questions that will be addressed in this research include: (1) how do the terraces perform over time and space and (2) which marsh terrace design factors are related to terrace performance?





2. Materials and Methods


2.1. Data and Study Area


Marsh terrace change over time was analyzed by two databases: (1) a marsh terrace geodatabase in ArcGIS platform as shapefiles created by Ducks Unlimited (DU) [35] and (2) approximately 120 aerial images from the National Agriculture Imagery Program (NAIP) [40] from five parishes in coastal Louisiana from 2003–2017. Due to limitations in NAIP imagery and computational time, all terrace fields were not assessed. Three criteria were used to select a subset of terrace fields which includes terrace age, geopolitical location, and imagery cloud cover. These criteria are described below.



First, terrace fields of study that were at least ten years old (built between 2003 and 2007) were selected. Ten years of aerial imagery provided a time lapse, which could be considered as a sufficient time-period to evaluate moderately long-term terrace performance. Terraces built before 2003 were not included in the analyses because NAIP imagery was only available since 2003.



Second, specific fields of study were further randomly selected based on their geopolitical location. Coastal Louisiana is politically divided in eight parishes and geomorphologically divided in two regions, the Chenier Plain in the southwest and the Deltaic Plain of the Mississippi River in the southeast (Figure 1). Both regions differ in geologic processes, coastal morphology, and hydrological characteristics [6]. Furthermore, the rates of subsidence and relative sea-level rise are both greater in the Deltaic region (11.2 mm per year and 13.2 ± 8.8 mm per year, respectively) than in the Chenier Plain (7.5 mm per year and 9.5 ± 6.3 mm per year, respectively [41].



Third, after the terrace fields were screened based on the first two selection criteria, cloud free images were visually selected for unsupervised classification. The NAIP imagery with less than 10% cloud cover per quarter quad tile were selected [42].



According to the DU dataset [35], approximately 90 terrace fields have been built from 1990 until 2017 in Louisiana and Texas. Sixty out of these 90 terrace fields were built between 2003 and 2017, including 50 in the Chenier region and ten in Deltaic region. Most of the terrace fields were built in the Chenier Plain due to more suitable construction sites and substrates characteristics [43]. Based on the selection criteria, a total of 20 marsh terrace fields in coastal Louisiana were randomly selected. This resulted in six terrace study fields located in Cameron Parish, nine in Vermilion, one in Iberia, two in St. Mary, and two in Terrebonne. Thus, a total of seventeen terrace fields were from the Chenier region and three terrace fields were from the Deltaic region (Figure 1).



NAIP aerial imagery has one-meter spatial resolution with three bands in the red, green, and blue wavelength region [42]. This imagery was used for three main reasons. First, it is freely available. Second, the one-meter spatial resolution is appropriate for this study. Third, NAIP imagery is already preprocessed by the federal program and is available in digital ortho-quarter quad tiles (DOQQs) or compressed in county mosaics (CCM) [42]. The imagery is already geometrically corrected to UTM coordinate system and are ortho-rectified for planimetric accuracy [44]. The remote sensing method applied standard photogrammetric techniques to the NAIP imagery.



Water level data was downloaded from the Louisiana’s Coastwide Reference Monitoring system (CRMS) website [45] matching the time of imagery acquisition. This was done to identify potentially misleading results in the marsh terrace change in area due to water level fluctuations. It is important to mention that in some of the marsh terrace fields in the Chenier Plain, water levels are controlled by water control structures, which are managed by property owners. Structural marsh management (SMM) has been predominant in the Chenier Plain [46] since the middle of the 1950’s, with the purpose of reducing saltwater intrusion, control water level, and reducing open water areas [47,48]. SMM techniques include levees, impoundments, and water control structures [49].




2.2. Data Analysis


ArcMap 10.5.1 [50] was used to create feature classes of the terrace fields of study. Polygons were drawn for delineating each of the terrace fields without including the shoreline or surrounding marsh platform. Imagery subsetting and remote sensing unsupervised classification were performed using ERDAS IMAGINE Software [51]. Imagery subsetting was done using the terrace field polygons created in ArcMap and the NAIP imagery from Louisiana Parishes. As a result, a mask was created for each terrace field of study. The Iterative Self Organizing Data (ISODATA) algorithm [23] was used to derive information clusters based on a previous study [32]. This was done with the purpose of classifying the aerial imagery into land and water categories. A minimum distance algorithm was used in this study. Marsh terrace fields of study, where floating aquatic vegetation or submerged aquatic vegetation (SAV) were present in the aerial imagery, were classified using three categories (water, land, aquatic vegetation) instead of just 2 (water and land). Those fields were classified with utmost care by creating more classes after properly recoding them following suggestions given by Couvillion et al. (2011) [18]. This was done to achieve higher accuracy and to avoid misclassification.



ArcMap 10.5.1 and PythonWin 2.7.13 [52] were used to edit classified rasters, add fields, generate new categories in the rasters, create and reclassify difference maps, and generate land change detection maps for each terrace field of study. Post-classification image differencing was performed as change detection methods in this study. A class score was given to each classified land cover class (1 for water, 2 for land). Using the new class score value field, the classified image from the first chronological year of analysis or the year when the terrace was built (i.e., 2003) was subtracted from the other classified images (i.e., 2005, 2007 … 2017), one by one. This analysis shows cumulative change over time for each image after the first image (i.e., 2003–2005, 2003–2007 … 2003–2017). This post-classification difference map process separated the classified raster pixels in three categories: erosion, deposition and no change. Post-classification image differentiation was performed to obtain the cumulative change in the erosion and deposition of the terrace fields of study.



Accuracy assessments were conducted from classified imagery. A confusion matrix [53,54] was computed using randomly chosen accuracy assessment points. These random points were created using an equalized stratified random sampling strategy so that each class had the same number of points. A table was created where each random point had a record for ground truth and for the classified image value. The ground truth field was updated by visually comparing the classified value with the equivalent area in Google Earth Pro [55] and NAIP imagery. The confusion matrix calculated errors of omission and commission; and finally, a kappa index was derived denoting agreement and an overall accuracy. Kappa index ranges from 0 to 1. Coefficients higher than 0.7 are considered acceptable and those equal or lower than 0.4 indicate a low correlation between the classified image and the reference image of comparison [56,57]. This was conducted based on the importance of having high classification accuracy in the images to detect real changes and to avoid misleading classification results [25].



The change detection analyses were performed every two/three-years depending on the terrace field of study. Due to imagery limitations, the same years could not be analyzed for every terrace field of study. If the desired imagery had cloud cover or if it was not available, the previous or following year was assessed. Spatial measurements such as land change percentages and area in hectares, and accuracy assessments were calculated. Similar to the Good et al. (2005) [36] study, inferential statistics were not applied because treatment replication (between terrace fields and over time) is impractical [58].



The results from these analyses, predominantly erosional or depositional terrace fields, were related to the following independent terrace design factors: terrace location (Chenier or Deltaic region), terrace shape (linear, chevron, rectangular or other), terrace size (small < 40 hectares, big > 40 hectares), alignment of the terraces (north, south, east, west and diagonal), and finally a visual identification to determine if the terrace fields were surrounded or connected by channels, levees, or open water.



Due to computational time, the number of terrace study fields was limited to 20. This, in addition to the fact that treatment replications are impractical, made statistical analyses unfeasible. As such, results from this study should be considered descriptive rather than quantitative.





3. Results


Overall, in the marsh terrace fields of study, performance over time showed more predominant deposition (55%) than erosion (45%). A confusion matrix, summarizing the accuracy assessment results for the classified imagery, is shown in Table 1. The mean Kappa index of agreement was 0.86 (86%) with a standard deviation of 0.11. The Kappa coefficient is considered acceptable for imagery classification [56,57]. Therefore, there is a strong agreement and good accuracy between the classified imagery and reference imagery. The mean and standard deviation of the errors of omission and commission for each class of the classified imagery are also shown in Table 1.



Figure 2 shows an example of an analyzed marsh terrace field of study (C3), located in Cameron Parish, that demonstrated predominant deposition. This terrace field was constructed in 2006. In this example, overall cumulative terrace deposition was more predominant than cumulative erosion, in other words deposition is higher than erosion in each period of analysis. This trend was consistent across years (Table 2; Figure 3). In this example, deposition mostly occurred in the southern portion of the terrace field of study (Figure 2e).



The analysis described for terrace C3 was conducted for each of the remaining 19 terrace fields of study. The data for each of these analyses is too cumbersome to present in this publication. Thus, summary statistics are presented in Table 3.



Terrace fields of study showed predominant deposition in 11 (55%) terrace fields; eight of these depositional sites (47%) were located in the Chenier region, and three (100%) were located in the Deltaic region. Predominant erosion was found in nine (45%) of the terrace fields. All of these erosional sites (53%) were located in the Chenier region (Table 3). In most cases, terrace fields that had high density of adjacent channels or relate to channels, thereby an external sediment source, displayed more predominant deposition (11) compared to terraces surrounded with a low density of channels (six; Table 3).



In southwestern Louisiana, out of the six terrace fields of study in Cameron Parish, predominant deposition occurred in four and predominant erosion occurred in two terrace fields. Vermilion Parish had the highest number of predominant eroded terrace fields of study with a total of nine fields. In this parish, only three showed predominant deposition and the remaining six showed predominant erosion. In Iberia Parish the single marsh terrace field that was analyzed showed predominant erosion over time. Both terrace fields of study in St. Mary showed predominant deposition. Finally, the two terrace fields of study located in Terrebonne showed predominant deposition. The results mentioned above are also spatially depicted in Figure 4.



Figure 5 and Figure 6 show trends of all the terrace fields’ cumulative land change percentage over time. In most cases, trend lines do not cross, which means marsh terrace fields of study are either consistently erosional (seven fields of study, 35%) or depositional (seven fields of study, 35%).



One potential issue in this study was the fact that imagery was taken under varying hydrological and tidal regimes. This presented the threat of results reflecting changes in water elevation and not land loss. However, 70% of the results show consistent deposition or erosion. This consistency supports our conclusion that the change analysis represents changes in terraces area and not differences in water elevation. This conclusion was also supported by observing water level data at the date and time of the NAIP aerial imagery acquisition. In general water level fluctuated between 30 and 60 cm in terrace fields of study. Bolduc and Afton (2005) [49] also mentioned that water levels in ponds of managed marshes are between 29 and 39 cm on average. Imagery was observed for years with high (>60 cm) and low (<30 cm) water levels in the terrace fields of study. The absence of a halo effect surrounding the terraces and terraces design features, especially the slope and vegetation in the edges, confirmed that differences in water level did not affect the area of analysis.



The analyses from the average cumulative land change by year of marsh terraces (Figure 7) showed that the average highest peak of marsh terraces erosion occurred in 2006 (−5%), 2009 (4%) and 2017 (−4%). The highest peaks of deposition occurred in 2007 (3%), 2009 (3.5%), 2015 (3.7%) and 2017 (3%).



Two tentative relationships were found between the terrace field performance (eroded and deposited) and independent terrace design factors (geomorphological location, shape, alignment, size, levees, adjacent to a channel): (1) terrace location (Chenier or Deltaic region) and (2) whether or not terrace fields were surrounded by channels and SMM (levees).




4. Discussion


4.1. Marsh Terrace Performance and Geomorphological Location


Findings from this study show that 11 out of 20 marsh terrace fields of study resulted in overall deposition. This success rate is particularly important within the context of local subsidence (5–10 mm per year) [41,59,60,61] and sea level rise (12 ± 8 mm per year) [41] in coastal Louisiana. The fact that there is over 50% deposition in the terrace fields of study under both sea-level rise and subsidence indicates a measure of success.



Previous studies have reported that the Geomorphic regions (Chenier and Deltaic) have an erosional and depositional trend based on their sediment supply and on the geological processes at work in those regions [41,62]. The Chenier Plain is newer and formational with its central part still erosional [62]. The erosional nature of the Chenier Plain could be related to mixed performance results showing predominant terrace erosion in nine out of 17 terrace fields of study located in the Chenier region. The Deltaic region is older [63] with vertical accretion and surface elevation (mean elevation of salt marshes surfaces) rates greater than that of the Chenier Plain. These rates show a decreasing trend from east (Deltaic region) to west (Chenier region) in coastal Louisiana [41]. The three terrace study fields showed predominant deposition in the Deltaic Plain. Although the number of study sites in the Deltaic region were limited and three study sites are not enough to make conclusions regarding success rates related to geomorphic processes, our findings follow the erosional and depositional trends of the geomorphic regions explained above. Greater deposition rates were found in the Deltaic than in the Chenier Plain.



On the other hand, sea level rise and subsidence rates in the Deltaic region are greater than that of the Chenier Plain [41,64]. Yet, all three sites in the Deltaic region are depositional, while there are mixed results in the Chenier region. However, all three sites in the Deltaic region were also connected to or surrounded by channels with external sediment supply, which may have potentially affected the interpretation of these results.



More research is needed to understand how marsh terraces perform relative to the geomorphologic region. Finding suitable sites for marsh terrace construction is difficult in the Deltaic region because the soils are less cohesive (organic soils) [65] than soils in the Chenier Plain which is composed of mudflats (organic, silty clay soils) [43,62]. Additionally, most Louisiana marshes have thick organic soils with low shear strengths and low elevation which make marshes more vulnerable to wave and wind-driven erosion than other marshes in the world [66].




4.2. Marsh Terrace Performance Related to Channels and Levees


An important finding from the relationship between marsh terrace design factors and terrace longevity was related to whether or not the terraces were surrounded by channels. Fourteen of the 20 sites had a high density of channels connected or adjacent to the terrace fields of study. All 11 depositional sites had a high density of adjacent or connecting channels. This indicates that an external sediment source promotes predominant deposition in marsh terraces. Similarly, Good et al. (2005) [36] inferred that differences in marsh growth between terraced fields are related to amounts of sediment entering the ponds. Conversely, Day et al. (2000) [67] stated that wetlands with a high density of channels are generally related to high rates of land loss, among other factors.



Predominant erosion was found in nine terrace sites that were all located in the Chenier region. In the Chenier Plain there is a particularly high concentration of levees [46]. These levees are used as a structural marsh management (SMM) technique. SMM techniques alter sediments’ biological and physical characteristics, decreasing sediment supply to the marsh fields [10,68] and reducing marsh deposition [69,70]. So, in this area, even if there are adjacent or channels with high channel density connected to the marsh fields, these channels may be sediment starved and not able to contribute sediment to the terrace fields [49] because levees restrict tidal flows. This anthropogenic factor could be a reason of predominant terrace erosion in the Chenier region.



Sometimes marsh terraces are combined with other restoration techniques such as river diversions [7]. Marsh terraces were included in the output embayment of a river crevasse project in Plaquemines Parish Louisiana. Terraces were incorporated with the purpose to capture and settle sediment carried by the Mississippi River. The results were promising with five years after terrace construction emergent marsh increased by 3.2 ha (1%) within the terrace field boundaries [71]. Therefore, future sediment diversion plans in the Deltaic Plain [72] may considerably contribute to the amount of sediment entering the terrace fields, enhancing deposition and potentially reducing land erosion in the Chenier Plain [63]. Furthermore, sediment diversion plans should incorporate marsh terracing to encourage the deposition of sediments in strategic locations. The present study agrees with Day et al. (2000) [67] who mentioned that various restoration projects (e.g., marsh terracing) can be implemented to reduce land loss, but ultimately riverine input or an external source of sediment loading is necessary for creating new land.




4.3. Marsh Terrace Performance and Storm Events


Storm surge can inundate inland marshes, alter the sediment transport processes, and can act as an important agent of wetland loss [62]. Storms can either be land destructive (erosional) or constructive (depositional) [73]. The average cumulative highest peaks of erosion in the terrace fields of study were in 2005–2006 and 2007–2009. It has already been shown that in 2005 category 5 hurricanes Katrina and Rita and in 2008 category 4 hurricanes Gustav and Ike contributed to land loss [65,73]. Our results, showing increased terrace erosion during these time periods, corroborate findings that these storms were erosional. These results also agree with previous studies [18,74,75] that mentioned episodic events like strong storms (e.g., greater than category three hurricanes) contributed significantly to high rates of land loss in the northern coast of the Gulf of Mexico.



Tweel and Turner (2012) [76] reported that hurricanes are a potential driver for land loss but they also demonstrated that hurricanes Katrina, Rita, Gustav, and Ike deposited great amounts of sediment in the northern Gulf of Mexico. While overall erosion between all terrace fields of study peaked during the periods including storm events, deposition was also observed within the marsh terraces fields of study in the same time periods. Possibly the sediment source for terrace deposition was from the sediment removed from other land features surrounding the marsh terrace field or from sediment supplied by the storm surge. In fact, according to Draut et al. (2005) [77] and Jankowski et al. (2017) [41], energetic events like storms and cold fronts are factors that contribute to wetland deposition in coastal Louisiana. However, the average cumulative marsh terrace deposition observed in this study was not enough to offset the average cumulative marsh terrace erosion in 2006 and 2009.





5. Conclusions


This study assessed marsh terrace performance of 20 terrace fields in coastal Louisiana using a remote sensing approach. The change in marsh terrace areas was measured over time using NAIP imagery from 2003 until 2017 from five Louisiana coastal parishes. Marsh terrace performance over time shows more predominant deposition than erosion in the 20 terrace fields of study, even in the face of subsidence and sea level rise. Their longevity within a 10–14-year time period effectively achieved one of the terrace restoration goals, which is marsh creation. A relationship was found between geomorphological area, sediment supply, and adjacent or connecting channels with terrace fields of study performance. High density of channels surrounding or adjacent to the terrace fields, and external source of sediment loading are likely important drivers encouraging terrace deposition. However, further analysis is necessary to understand the reasons for differences in performance of these terraces. In the future, these results will be related to environmental factors (sediment type, sediment load, soil strength, salinity, terrace location in relation to wave energy, etc.) and other drivers (wind and wave energy) that might play an important role for the success of this restoration technique. This will help restoration planners select optimal sites and designs for marsh terrace implementation.



This study is particularly important given the lack of previous research on marsh terrace effectiveness and longevity over time in multiple sites and over multiple years. We expect that this study will encourage new research assessing this technique’s effectiveness and identifying the most effective terrace designs. This will allow restoration agencies to address one of the biggest challenges in wetlands restoration projects, which is applying lessons learned in previous projects by assessing the results of previously implemented techniques.
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Figure 1. (a) Coastal Louisiana. U.S.; (b) Marsh terrace fields of study selected to assess performance over time in the Chenier Plain and Deltaic Plain Region in Coastal Louisiana. 
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Figure 2. Analysis of a terrace field (C3) at Cameron Parish, LA. (a) Marsh terrace National Agriculture Imagery program (NAIP) imagery from 2006 showing the terraces recently built (where the white color is recently constructed and unvegetated terraces); (b) Marsh terrace NAIP imagery from 2017 showing the vegetated terraces (green color) after 11 years of establishment; (c,d) Marsh terrace land/water classified imagery from 2006 and 2017 respectively, where the white color represents the terraces and black color represents water within the polygon of analysis; (e) Change detection map from 2006–2017 where red color represents erosion, black is no change, and light green represent deposition. 
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Figure 3. Trend graph showing cumulative marsh terrace performance from 2006–2017 of C3 terrace field of study. 
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Figure 4. Marsh terrace fields of study performance over time in the Chenier Plain and Deltaic Plain Region in Coastal Louisiana. T1 and T2 are overlapping. 
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Figure 5. Land change trends of marsh terrace fields showing predominant deposition over time. 
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Figure 6. Land change trends of marsh terrace fields showing predominant erosion over time. 
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Figure 7. Average cumulative marsh terraces land change from all the sites by year. 
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Table 1. Confusion Matrix showing the accuracy assessment results for the classified imagery. The values correspond to the mean ± the standard deviation of the classified imagery.
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	Water
	Land
	Total
	Errors of Commission
	Kappa





	Water
	28.85 ± 1.73
	0.99 ± 1.29
	30 ± 0
	0.97 ± 0.04
	



	Land
	2.85 ± 3.11
	26.69 ± 3.91
	30 ± 0
	0.89 ± 0.13
	



	Total
	31.82 ± 3.77
	27.92 ± 4.03
	60 ± 0
	
	



	Errors of omission
	0.91 ± 0.08
	0.96 ± 0.05
	
	0.93 ± 0.06
	



	Total
	
	
	
	
	0.86 ± 0.11










 





Table 2. Cumulative land change % and area (ha) of C3 marsh terrace field at Cameron Parish LA.
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2006–2007

	
2006–2010

	
2006–2013

	
2006–2015

	
2006–2017




	

	
%

	
ha

	
%

	
ha

	
%

	
ha

	
%

	
ha

	
%

	
ha






	
Erosion

	
0.2

	
0.2

	
1.2

	
1.2

	
0.4

	
0.4

	
0.7

	
0.7

	
0.6

	
0.6




	
No Change

	
96.9

	
106.5

	
96.6

	
106.1

	
96.6

	
106.1

	
95.2

	
104.6

	
96.4

	
105.9




	
Deposition

	
2.9

	
3.1

	
2.3

	
2.5

	
3.1

	
3.3

	
4.1

	
4.5

	
3.1

	
3.3











 





Table 3. Marsh terraces fields of study design factors and performance. Alignment definitions: west to east terrace alignment (W/E), north to south terrace alignment (N/S), arbitrary refers to a terrace alignment following different directions within a terrace field of study. Channel density definitions: high refers to channels surrounding or connecting with the terrace field of study; low refers to either few channels surrounding or connecting with the terrace field of study or presence of channels not connected with the terrace field of study blocked by levees or dikes. Performance refers to either predominant deposition or erosion in a field of study.
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	Terrace
	Parish
	Geological Region
	Shape
	Alignment
	Area (Hectares)
	Channel Density
	Levees
	Performance





	C1
	Cameron
	Chenier
	chevron
	W/E
	322.81
	high
	yes
	deposition



	C2
	Cameron
	Chenier
	linear
	W/E
	12.61
	low
	yes
	erosion



	C3
	Cameron
	Chenier
	chevron
	W/E
	109.54
	high
	yes
	deposition



	C4
	Cameron
	Chenier
	chevron
	diagonal
	142.06
	high
	no
	deposition



	C5
	Cameron
	Chenier
	rectangular
	diagonal
	54.82
	high
	yes
	deposition



	C6
	Cameron
	Chenier
	linear
	diagonal
	11.78
	high
	no
	erosion



	V1
	Vermilion
	Chenier
	chevron
	W/E
	98.58
	high
	yes
	deposition



	V2
	Vermilion
	Chenier
	rectangular
	W/E
	312.69
	low
	yes
	erosion



	V3
	Vermilion
	Chenier
	rectangular
	N/S
	218.83
	low
	yes
	erosion



	V4
	Vermilion
	Chenier
	chevron
	diagonal
	279.27
	low
	yes
	erosion



	V5
	Vermilion
	Chenier
	linear
	arbitrary
	25.03
	high
	yes
	deposition



	V6
	Vermilion
	Chenier
	chevron
	W/E
	38.26
	low
	no
	erosion



	V7
	Vermilion
	Chenier
	linear
	arbitrary
	169.11
	high
	no
	deposition



	V8
	Vermilion
	Chenier
	linear
	arbitrary
	107.88
	low
	no
	erosion



	V9
	Vermilion
	Chenier
	linear
	diagonal
	7.84
	high
	no
	erosion



	IB1
	Iberia
	Chenier
	linear
	N/S; W/E
	29.53
	high
	no
	erosion



	SM1
	St. Mary
	Deltaic
	chevron
	diagonal
	56.38
	high
	yes
	deposition



	SM2
	St. Mary
	Chenier
	linear
	arbitrary
	430.23
	high
	no
	deposition



	T1
	Terrebonne
	Deltaic
	linear
	W/E
	19.75
	high
	no
	deposition



	T2
	Terrebonne
	Deltaic
	linear
	W/E
	22.95
	high
	no
	deposition











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



























media/file13.jpg
Average cumulative land change %

2008

2010 2012

Year

—e—trosion

—e—Deposition

2014

2016

208





media/file4.png
c 2006 v |le

2006-2017

0 0.175 035 o.r 035
lometers

0 0175 035 07 1.05
[ T

2017 . d 2017 .

Legend

- Erosion
- No change

Deposition

Legend

0 0.175 0.35 0.7 :

B e — E— Kilometers
Land

05
ters lometers






nav.xhtml


  water-12-00336


  
    		
      water-12-00336
    


  




  





media/file2.png
Chenier Plain Deltaic Plain

C5

Cé Wiyavs

B va =
J\vs e &
L P

E 1B1

_— -
Vermilion (V): 9 terrace study fields

Iberia (IB): 1 terrace study fiel_d

Terrebonne (T): 2 terrace study fields

Boures; Esr, DighalElobs, GaoEys, Eartistar Gaograpies, CRESAIbUS DS, USDA, USES,
AsroGRID, IGN, 2nd e SIS Ussr Communiiy

Legend

Louisiana Parishes of study 0 125 25

0
- Marsh terrace fields of study Kilometers






media/file5.jpg
‘Ccumulative land change %

2006

2008

2010 2012 2014

Ye:
—e—Deposition

——Erosion

2016

2018





media/file3.jpg
2006 o 200 o

20062017

>

217 a 2017






media/file1.jpg
Ghenier lain Detaic Plain

Cameron (0 torraco stucy fods’
[P —— "
i (8): 1 torracestudy iekd

St Mary (5M): 2 trrace study leids

Torsbonno () 2 terace tudy fllds

e e, e e 3 5






media/file7.jpg
\,.

‘Cameron (0): 6 terace study filds

Vormiton (V)






media/file10.png
Cumulative land change %

s Cameron (C1) Cameron (C3) Cameron (C4)
a s 3
4
2
3
2
1
1
2006 2008 2010 2012 2014 2016 2018 2006 2008 2010 2012 2014 2016 2018 2007 2011 2013 2015 2017
Cameron (C5) Vermilion (V1) Vermilion (V5)
7 12
11
6 6 =
5 4 5 9
3 -
4 a 7 1
6.
3 3 5
4
2 2 3
1 r |
1
0 - 0 0
2007 2009 2011 2013 2015 2017 2007 2009 2011 2013 2015 2017 2003 2005 2007 2009 2011 2013 2015 2017
Vermilion (V7) St. Mary (SM1) St. Mary (SM2)
e 4 - 11
7 10
9
- 3 8
5 7
4 2 6
5
» 4
2 1 3
1 F ;
1
0 . 0 o _ _
2007 2009 2011 2013 2015 2017 2007 2009 2011 2013 2015 2017 2005 2009 2011 2013 2015 2017
Terrebonne (T1) Terrebonne (T2)
11
10
9
8
7
6
5
a4
3
2
| 1
¢ 0
2005 2007 2009 2011 2013 2015 2017 2008 2010 2012 2018
Year
Erosion o Deposition ¢





media/file15.png





media/file12.png
Cumulative land change %

Cameron (C2) Cameron (C6) Iberia (IB1)

6 5 12
11
5 10
4
9
4 8
3 7
3 6
2 5
2 4
3
1 1 5
1
0 0 0
2005 2007 2009 2011 2013 2015 2017 2003 2005 2007 2009 2011 2013 2015 2017 2007 2009 2011 2013 2015 2017
Vermilion (V2) Vermilion (V3) Vermilion (V4)
14 13 =
13 12
12 11
11 10 4
10
9 g
3
- 7
7
& 6 - "
5 5
4 4
3 3 1
2 2
1 1
0 & - - 0 0

2004 2006 2008 2010 2012 2014 2016 2018 2004 2006 2008 2010 2012 2014 2016 2018 2007 2009 2011 2013 2015 2017

Vermilion (V6) Vermilion (V8) Vermilion (V9)
13
6

" 12
11

5 5 %
9

4 4 8
7

3 3 6
5

2 2 4
3

1 1 2
1

0 0 0

2007 2009 2011 2013 2015 2017 2007 2009 2011 2013 2015 2017 2007 2009 2011 2013 2015 2017

Year
Erosion ® Deposition ¢





media/file9.jpg





media/file14.png
Average cumulative land change %

2010 2012

Year

—@— Erosion

—@— Deposition

2014

2016

2018





media/file8.png
Vermilion (V): 9 terrace study fields

Iberia (IB): 1 terrace study field
St. Mary (SM): 2 terrace study fields

Terrebonne (T): 2 terrace study fields

Soumss: Ss7l, Digitaliobs, Gaoisys, Earthstar Ceographics, GNES/AlbUS DS, USIDA, USES,
AsroGRID, IGH, and ths GIS Ussr Commnunily

Legend

Louisiana parishes of study

Predominant deposition terrace fields of study 0 125 25 100

Kilometers
Predominant erosion terrace fields of study






media/file11.jpg
Erosion ¢ Deposition o





media/file6.png
Cumulative land change %

2008

2010 2012 2014

Year

—&—Deposition

—— Erosion

2016

2018





