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Abstract

:

Levee construction aboveground and hydrocarbon removal from belowground in coastal wetlands can create hydrologic changes that increase plant stress through flooding. But the significance of the subsidence they cause individually or in combination is contested. This study untangled them to demonstrate elevational limits of salt marshes by studying dredged and natural waterways in two salt marshes in Louisiana, USA. The areas had a homogenous plant cover before drilling for oil and gas extraction peaked in the 1960s, and now are a mixed network of natural waterways and dredged canals used to drill wells with an average drill date of 1965.8 ± 2.7 (µ ± 1 SEM; n = 18) and well depth of 4661.0 m ± 56.6 (µ ± 1 SEM; n = 18). Aerial imagery was used to document how canals widened to become 2 to 4 times larger than their original construction width at the high production site and 50% larger at the low production site, whereas increases at the nearby natural channels were much less. Light detection and ranging (LIDAR) measurements at the high production site from 2002 showed that the marsh surface near wells subsided by 34 cm compared to undredged sites. Elevation in marshes at producing and dry wells were equal at the low production site, but high production well locations were even lower than at dry wells. An elevation vs. percent open water curve developed from these data overlapped with an independent analysis of a brackish marsh. A relative subsidence rate between 7.4 to 10.4 mm y−1 transformed these salt marshes to an open water habitat within a few decades. The local creation of accommodation space through hydrocarbon removal and leveed wetlands is a parsimonious explanation for the spatial and temporal land loss rates on this deltaic coast over the last 80 years of oil and gas exploration. Substantial losses from the accelerating rates of sea level rise are indicated to occur before 2050.
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1. Introduction


Modifying flooding with levees in the surface layers and hydrocarbon removal from thousands of meters below the surface are significant human interventions in coastal wetlands. Both agents are demonstrably influential where the other is absent, and they exist together in coastal zones including in Nigeria and Venezuela [1,2], and notably in Louisiana, USA, where both are seen as potential causes of why 25% (4833 km2) of the coastal wetlands existing in 1932 converted to open water by 2016 [3]. The reasons for this land loss are partially related to the direct removal of wetlands by dredging but, more importantly, how wetlands interact with the changed water level and flooding frequencies. Changes in flooding depths are dependent on both subsidence within surface soils and deep strata, and on the sea level. Quantifying the relationship between vegetative cover and flooding has broad implications for the future of wetlands as sea level rise (SLR) accelerates and flooding increases.



The removal of gas, oil, and water from far below the wetland surface can cause significant subsidence which may increase plant flooding, distress, and then loss. The subsidence rates can be many times higher than the 5.9 mm y−1 SLR referenced to tide gage measurements on relic coral substrates from 1999 to 2019 in the Gulf of Mexico at Key West, Florida or the 10 mm y−1 SLR at Cedar Key, Florida (https://www.psmsl.org/data/obtaining/stations/188.php). For example, the subsidence rates were 1 mm d−1 in two Californian oilfields (not in wetlands) [4], up to 200 mm y−1 in El Polvorin, Lagunillas, Venezuela (a poldered coastal lagoon) [1], and 250 mm y−1 at aquaculture facilities located on a 160-year-old part of the Yellow River delta in China [5]. Xu et al. [6] measured 150 mm of subsidence in only 3 months in the Lost Hills oil fields, Southern California and suggested that the deformation there could be used to measure hydrocarbon recovery volumes. The subsidence in an oil field usually creates the shape of a bowl centered over the drilling site when viewed laterally and may continue to extend beyond the extraction pool after field closure. For example, land subsidence in the 23,470 km2 Dongguo Marsh Field in China (1.6 km deep; no fault zones) was >100 mm y−1 and extended out 5000 m or more from the extraction center [7]. Lateral slip zones may be stimulated post-abandonment and subsidence may increase in more distal areas as fluid reservoirs migrate towards the proximal reservoirs with the recently reduced pressures [8,9]. The expression of subsidence at the soil surface, therefore, may be nonlinear with time [10] and continue for more than a decade after hydrocarbon extraction ends [11]. Porewater pressure usually decreases with oil or gas withdrawal (e.g., by 20 MPa in the subsiding oil fields of California [12]), but not always. High-porosity soils in Mexico City, for example, subsided 9 m, but the pore pressure declined only 0.7 MPa [12].



Several authors concluded decades ago that subsidence from hydrocarbon production was an insignificant influence on Louisiana’s coastal wetland loss because the recovery sites were too deep and the subsidence rates too small to have an effect [13,14]. Others have since described the spatial and temporal coincidence of hydrocarbon recovery and wetland loss around individual oil fields and concluded that wetland loss within oil and gas fields in the entire Louisiana deltaic plain was primarily driven by subsidence induced by local hydrocarbon extraction [10,15,16,17,18,19].



An alternative explanation for these wetland losses in Louisiana is related to the dredging of canals used to bring the equipment and people to drill and maintain wells. The dredged material is deposited in a mostly continuous levee alongside the canal called a “spoil bank”. The canal/spoil bank complex becomes a wetland plant stressor independent of whatever subsidence results from hydrocarbon recovery because of the spoil bank height, length, and soil density. The initial height of a spoil bank on the Louisiana coast is multiples of the tidal range, and the length of spoil banks is enough to cross Louisiana’s coastal zone 78 times from east to west [20]. The height of the spoil bank blocks water entering and leaving aboveground during normal tidal fluctuations and the sediment-rich spoil bank becomes a barrier for belowground flows because its mass is denser than the organic surface soils of the marsh it was deposited on. This above- and belowground hydrologic obstruction creates one-third fewer drying cycles in the marsh that are each 40% longer, and 75% fewer wetting cycles which are each 5 times longer on the marsh [21], causing a decrease in the marsh surface elevation that declines with age [22]. The increased wetland inundation changes the amount of the belowground plant biomass which is necessary for vertical accretion and erosion resistance [22] and creates the potential for toxic conditions such as sulfide accumulation [23,24]. The longer drying cycles lead to soil matter oxidation—and organic carbon is the main material contributing to vertical growth and soil strength in salt marshes [25]. The effect of introducing spoil banks may be quick. Wetlands in Terrebonne Parish, for example, went from 15% to 85% open water within two years after a canal was dredged across it [26]. A coastwide view is that the rise and fall of wetland loss in Louisiana’s deltaic plain coincides with the rise and fall of canal growth, and that the spatial density of canals is directly related to wetland loss outside of the immediate area of the river delta terminus [20].



Enhanced subsidence and altered hydrologic patterns, therefore, were created simultaneously in time and space over the last 100 years, making quantification of their relative influence on wetland loss problematic for a natural resource with an economic valuation that is higher than most habitat types [27]. One useful clue is that bottom hole pressures in producing reservoirs may not have any effect on pressures in adjacent wells [8,10]. The potential significance of this observation is that determining subsidence rates around individual wells may be helpful to separate out the effects of hydrocarbon extraction from the effects of spoil banks at the salt marsh surface. We used this observation to address this quandary about the relative causes and to demonstrate a tipping point for wetland conversion to open water as the rate of SLR accelerates, which is a widely identified future cause for marsh loss in the area [28].



Here we tested the hypothesis that the spoil bank/canal complex by itself, and in combination with hydrocarbon recovery, has a measurable impact on salt marsh elevation in coastal Louisiana. We used light detection and ranging (LIDAR)-based digital elevation model (DEM) data to measure the relative elevations along transects crossing natural channels and at dredged waterways built to recover hydrocarbons, and to discriminate between the amount of subsidence around dry wells, producing wells and natural waterways. We tested if there was a significant correlation between the marsh elevation loss and hydrocarbons produced, and if canals and natural channels widened at different rates from 1960 to 2016. We then used these measurements to determine if a coastwide loss of salt marshes is imminent.




2. Materials and Methods


2.1. Study Areas


The two study areas are on the east and west side of Barataria Bay, LA, USA (Figure 1). The 30-cm tidal range is dominated by meteorological rather than astronomical forcing that distinguishes the Gulf of Mexico (GOM) estuaries from other coastal US estuaries [29]. The Port Sulphur, LA area is bordered on the north by Bay San Bois and Bayou Dulac, on the west by Bay Batiste, and by Lake Grande Ecaille to the south. It was a nearly continuous wetland plant cover on United States Geological Survey (USGS) maps in 1935 (7.5-min quadrangle map; Bay Batiste, LA) and 1945 (15.0-min quadrangle map; Fort Livingston, LA) and is dominated by salt marsh plants (Spartina alterniflora, S. patens, and Juncus roemerianus). The second area is within the Mink Bayou USGS quadrangle map (7.5-min; 1:24,000 scale). It was covered with the same emergent vegetation in both the 1946 and 1954 USGS maps (Mink Bayou 7.5-min quadrangle) and is bordered on the west by Bayou Lafourche, has channel bifurcations running north to south through it, and is populated by several lakes. Field observations indicate that the vegetation has not changed categorization in four categories since the mapping analysis within a 1949 report on muskrats [30]. A time-series of the development of the dredged channels at both sites from 1930s to 2001 is in the Supplemental Materials (Figures S1 and S2).




2.2. Hydrocarbon Extraction


The study area today contains many waterways dredged to construct hydrocarbon extraction wells. The wells can be “dry wells”, which were drilled but yielded neither oil or gas, or “production wells”, which were dredged and produced oil, gas, or both oil and gas. We selected 18 production wells (9 at each area) and 25 dry wells (9 in Port Sulphur and 16 in Mink Bayou) and matched them with 27 nearby natural waterways (14 in Port Sulphur and 12 in Mink Bayou). The drill dates and well depths are from the Louisiana Department of Natural Resources permitting records (http://sonris-www.dnr.state.la.us/gis/). The locations of the selected wells and their permit number are in Supplementary File S1 and Tables S1 and S2. The average drilling start dates and standard errors for all dredged canals at Port Sulphur and Mink Bayou were 1965.77 ± 2.69 y and 1966.6 ± 1.89, respectively. The average depths of the producing well were 4661 ± 57 m and 4066 ± 123 m at Port Sulphur and Mink Bayou, respectively. In order to sample similar hydrologic features, all well locations sampled: (1) Had marsh on both sides of the pre-dredged quadrangle map, (2) were at least 300 m from the nearest canal or waterway, (3) were not crossed with a natural channel or levee, and (4) were “dead” end canals not situated within an oil field. Measurements were made about 50 m from the enlarged terminal end of the canal (also known as “keyhole”) with the wellhead and where the boats’ servicing facilities turn around.




2.3. LIDAR Measurements


The elevations of adjoining salt marshes of the waterways were measured using LIDAR (light detection and ranging) imagery with a 5 × 5 m spatial resolution (vertical datum NAVD88, horizontal datum NAD 83). The LIDAR imagery is from the DEM produced by the Louisiana Federal Emergency Management Agency (FEMA) Project and distributed by “Atlas: The Louisiana Statewide GIS” at the Louisiana State University CADGIS Research Laboratory, Baton Rouge, LA (http://atlas.lsu.edu). The DEM were derived from LIDAR measurements performed in 2002 and are in the USGS (non-SDTS) DEM format. The Root Mean Square Error of the data of all major land cover types (i.e., low grass, high grass, brush lands, forested, and urban [31]) was 11.52 cm [32]. The error may have been larger in the marsh area due to dense short vegetation and standing water [33]. However, because this study only compared elevations at different sites, the effect of such an error on our assessment was likely to be negligible. The original source of the LIDAR data is in File S1. Downloading and analysis of LIDAR data were done without a priori knowledge of their site categorization.



Transects of 150-m long were on both sides of the land–water edge of 70 waterways, and the elevations were measured in 5-m increments. The transects were perpendicular to the land–water interface and extended over the natural levee or spoil bank and into the salt marsh, resulting in two transects for each waterway. The transects in dredged waterways were about 50 m outside of the keyhole with the drillhole because possible complications to LIDAR signals by service platforms and storage facilities. The water surface was defined as 0.08 m in the raw data, which was subtracted from all the elevation data. The elevations along transects extending out from both sides of watercourses were averaged for each of the three site categories (natural, dry wells, or producing wells) and the ±1 standard error of the mean (SEM) calculated using Prism (Prism 8.4.2 (464) software© 2020 GraphPad Software, Inc., La Jolla, CA, USA).



For each area, an ANOVA was performed along with a Brown–Forsythe test of equal variance, and a Kruskal–Wallis test for non-parametric distributions to test if the elevation in 2002 was different among waterway categories: (1) at each distance away from the water’s edge, (2) for all sampling locations, and (3) at locations between 75 to 125 m from the water’s edge. Violin plots of the elevation data were constructed to visually describe the width of the distribution of points in proportion to the number of points at that Y value.




2.4. Mid-Transect Open Water


We estimated the amount of open water and marsh elevation in order to determine elevation limits for the emergent plants. The LIDAR measurements indicated that there was an elevation depression at >50 to 125 m distance along both transects, which became higher at the far end away from the dredged channel of the Port Sulphur transects. We measured the elevation of this lowest section by calculating the elevation for each 5-m interval from 75 to 125 m (n = 11) at each transect and then compared the elevations to the percent open water at that distance interval for each sample area. The mean ± 1 SEM was calculated for each transect on both sides of the waterway (Port Sulfur/Mink Bayou) for natural channels (n = 28/26), at producing wells (n = 18/18), and at dry wells (n = 18/18) for a total of 140 discrete measurements. The data were then fit to a log:linear curve where elevation (X) was linear and the percent open water (Y) was transformed to plot log values on a linear scale. The results were graphically compared to Stagg et al.’s [34] study of brackish marsh elevation and fragmentation in an S. patens coastal marsh located in the Chenier Plain of Texas along the Northern Gulf of Mexico. An ANOVA using Tukey’s multiple comparison tested if there were differences in elevation among the three site categories from 75 to 125 m from the water’s edge for all individual 5-m samplings in this distance range. An additional analysis used the measuring tool in Google Earth to estimate the open water in 2019 in the 50- to 125-m transect for only those plots that had zero percent open water in the LIDAR data set.




2.5. Subsidence and Hydrocarbon Production


The elevation at 75 to 125 m distance (n = 11) along both sides of each transect was averaged for all production well locations. The volumetric recovery of hydrocarbons at each site up to the time of the LIDAR data collection was compared to the elevation in this 75- to 125-m distance range, and a simple linear regression analysis was made that included the average elevation for the non-dredged sites (0 production, 0.78 m elevation). Only the data from Port Sulphur had a line fitted to the data because of the relatively low production volume at Mink Bayou.




2.6. Channel Width


Waterway widths were measured across the transect line on the 1973 United States Geological Survey maps (7.5-min quadrangle map; Port Sulphur, LA and Bay Batiste, LA; (21 November 1971 imagery) (1954 Mink Bayou quadrangle map; 1952 and 1956 imagery) and Google Earth Pro (version 7.3.2.5776) using its measuring tool for 1998, 2004, 2012, 2016, and 2019 (when available).





3. Results


3.1. Elevation and Canal Widening


The elevation at Port Sulphur for all 5-m data points going away from the water’s edge up to 150 m into the salt marsh ranged from 0.49 to 0.89 m and overall was highest in marshes alongside natural channels, lower in salt marshes with dry wells, and lowest in sites with producing wells (Figure 2a–c). The difference in marsh elevation between sites with natural channels and dry wells was about 38% of the difference in elevation between marshes at natural channels and producing wells. Salt marshes at the natural channels had higher elevations than in salt marshes with dry wells at 6 of the 30 distance intervals. Five of the six were within 40 m of the water’s edge, and the sixth was at the end of the transect. The marsh elevation alongside natural channels was higher at 26 of 30 intervals for salt marshes with producing wells. Salt marshes with dry wells had higher elevations than salt marshes with producing wells at 10 of 30 intervals, and these 10 locations were at the mid-range of the transect.



The average elevation for Port Sulphur data from the 75- to 125-m zone (µ ± 1 SEM) of the marshes with natural channels was 0.89 ± 0.01 m (n = 308), 0.78 ± 0.014 m (n = 198) at the sites with dry wells, and 0.55 ± 0.024 m (n = 198) at sites with producing wells (Figure 2c). The ANOVA results demonstrate that these elevations were significantly different from each other (p < 0.001). The changes in salt marsh elevation equaled 0.11 m for the dry well sites and 0.34 m at the sites with producing wells, respectively, relative to salt marsh elevation at sites with natural channels. In comparison to the natural marshes, the average annual elevation decline from construction to the time of LIDAR measurements was 3.0- and 9.4-mm y−1 at sites with dry and producing wells, respectively.



The maximum and minimum elevation at Mink Bayou for all 5-m data points ranged from −0.06 to 1.35 m and was highest in marshes alongside dredged channels, and lowest in salt marshes with either dry or producing wells (Figure 2e). The average elevations along an individual transect at dry and producing wells were not different from each other (Figure 2e,f), and were 66% of the elevation for marshes at natural channels. Salt marshes at the natural channels had higher elevations than in salt marshes with dry or producing wells at 13 and 11 intervals, respectively, of the 30 distance intervals (Figure 2d).



The original throat of canals was 21.3 m wide and 4.7 m deep [35], and the canals widened to more than twice that by the time the LIDAR data were collected in 2002 (Figure 3). A simple linear regression of channel width yielded estimates of widening from 1990 to 2019 at Mink Bayou of 0.23, 0.26, and 0.27 m y−1 at natural, dry, and producing sites, respectively, and 0.3, 0.67, and 1.09 m y−1 at the Port Sulphur natural, dry, and producing sites, respectively. These numbers mean that the Port Sulphur area canal widths for production sites were at least 50% larger (+20 m) than at the dry well sites by 2016, and 3.5 times larger than the original width. The changes by the time the LIDAR measurements were made (2002) also means that the first data point at 5 m in Figure 1 is at the salt marsh side behind the original levee; in other words, there was erosion of the original spoil bank and some marsh by 2002. That the 2002 data point was at a lower elevation than at the 5-m distance in salt marshes next to dredged waterways could have been from the loss of the surficial sediment through erosion, organic matter oxidation, or reduced accumulation relative to the marshes alongside natural channels. A possible explanation is that the dredged material that was originally piled up as a spoil bank and from the eroding canal edge was a source of sediment to the marsh within 70 m of the water’s edge. A canal widening of 20 m to the same depth of the original canal would have nine times more volume than the cumulative difference in marsh elevation at the sites with dry and producing wells. This localized sediment source likely compensated for the subsidence from mineral recovery close to the drilling site and raised the elevation enough to distort the surface depression so that a cross section was raised at the drilling point and was not completely bowl-shaped at the water’s edge (Figure 2a). The slower widening rate at Mink Bayou canals did not deconstruct the spoil bank, and so the height measurements at the beginning of the transect were visually higher than in the natural marsh than in dredged marshes, although the statistically defined difference was not apparent (Figure 2).




3.2. Subsidence and Hydrocarbon Production


The elevation in salt marshes 75 to 150 m from the canals with oil and gas production at Port Sulphur marshes is inversely related to the production of hydrocarbons (Figure 4). The oil and gas production for wells at the Port Sulphur study area ranged from 9 to 668 × 106 m3. The variation in the volume of hydrocarbon extracted explains about half of the elevation differences (R2 = 0.52). The one outlier is for a canal created in 1957 that had the highest hydrocarbon recovery amount. The oil and gas production for individual wells at the Mink Bayou marshes was small relative to those at Port Sulphur marshes, and ranged from 0.4 to 98 × 106 m3 and was not correlated to elevation differences.




3.3. Mid-Transect Open Water and Elevation


The percent of open water (ponding) increased as the elevation of the salt marsh decreased at the two locations, but at different rates (Figure 5). The logarithmic relationship between the log10 percent ponding and elevation had an R2 = 0.72 at Port Sulphur and 0.77 at Mink Bayou. Those curve fits have a “break-point” between 0.4 to 0.6 m, which is where open water starts to develop as the salt marsh begins fragmenting. The curves for these two salt marshes overlap the elevation vs. percent open water curve for an S. patens marsh in a coastal marsh in the northwest coast of the Gulf of Mexico which was developed using aerial imagery and a fragmentation index [34].



The percent open water in the entire 75- to 125-m zone (µ ± 1 SEM) of Port Sulphur marshes with natural channels was 2.3 ± 0.01% (n = 308), 4.0 ± 0.014% (n = 198) at sites with dry wells, and 19.7 ± 2.8% (n = 198) at sites with producing wells. The percent of open water between 75 and 125 m away from the salt marsh/water interface was, therefore, 5 times higher at production well locations than at dredged locations that had dry wells, and 8.6 times higher than at natural channels. The equivalent comparison at Mink Bayou was that the average percent open water in marshes at 75 to 125 m along the transects with dry and producing wells were both 8 times higher than in the marshes adjacent to natural channels (5%, 37%, and 37% open water at natural, dry, and producing well sites, respectively; Figure 5).



The natural marshes with no open water in 2002 gained open water by 2019 (Figure 6). No site (n = 16) with an elevation above 0.6 m in 2002 had open water in 2019, whereas all sites with less than 0.6 m (n = 11) gained open water areas by then. This gain was inversely related to the 2002 elevation. The threshold for elevation in 2002 where open water began to appear (beginning marsh collapse) was 57 cm, which is consistent with the “no-loss” baseline in Figure 5. This result demonstrates that marsh elevation varies among marshes within the same region and that their temporal demise occurred first in the lower elevation marshes. The sites below 60-cm elevation that had zero percent open water in 2002 were fragmenting within 2 decades.





4. Discussion


4.1. Subsidence


The hypothesis that LIDAR detects distinctions in elevation among the three waterway categories is supported and validates the proffered description that reduced borehole pressures may not be seen in adjacent wells [8,10]. The LIDAR data shows that, for wells at this depth and extraction volume, subsidence is: (1) Greatest at production well sites drilled in dredged canals, (2) intermediate subsidence rates at dry well sites drilled from canals, and (3) lowest relative subsidence at natural marsh sites. The subsidence at sites at producing wells in Port Sulphur was directly related to hydrocarbon production and averaged 34 cm over 36 years, up to the time of the LIDAR measurements in 2002.



The marsh began to fragment and change to an open water habitat as the marsh elevation fell below a threshold of 0.6 m NADV88 at Port Sulphur and 0.5 m NADV88 for Mink Bayou (Figure 5). This transition occurs at a similar elevation as described for an S. patens coastal marsh in Texas. The overlapping curves support, but do not prove, that the estimated elevations among sites are consistently calculated, if not correct.



The subsidence rates created in this one marsh area will be different in other salt marshes, of course, for many reasons including whether oil or gas are removed, production depth, geology, and soil types. The same amount of subsidence is also different among the global salt marshes because salt marshes do not occupy the same elevation within the different tidal ranges. Marshes will be most vulnerable at the lower end of their tidal range, but in the case of the microtidal marshes, the narrow tidal range of habitat space for salt marshes in the GOM (about 30 cm) is equal to the subsidence induced by hydrocarbon extraction (34 cm). In other words, the amount of subsidence created is significant (10 to 30 cm) compared to a vertically defined habitat space. This study provided an estimate of a decades’ long trend which may have varied over the study period. The marsh showed a continued conversion of marsh to open water from 2002 to 2019, which is what multiple models predict is the outcome for microtidal marshes with rising water levels [30,36,37,38].




4.2. Dredged Waterways Erode with Time


The Port Sulphur salt marshes at 5 m from natural channels were higher than those along dredged waterways in 2002, despite the original 1 to 3 m height of the spoil bank built from the dredged materials. This is probably because, as shown in Figure 3a, the dredged waterway widened beyond the footprint of the former spoil bank, whereas the natural channels were relatively stable. The lower elevation at locations once having spoil banks compared to natural waterways is, we hypothesized, because the weight of the spoil bank pulled the salt marsh lower adjacent to where the spoil bank once existed [39]. There was no ponding behind the spoil banks because they had eroded by 2002, but it is common where spoil banks remain [40]. In contrast, the spoil banks at Mink Bayou did not widen into the spoil bank and the width enlargement was the same at dry and producing wells. (Figure 3b). It is likely that the greater enlargement of channel widths at producing well locations at Port Sulphur compared to Mink Bayou is due, in part, to the greater boat traffic at producing wells. Some widening is also probably due a vertical compression of the marsh when canals were dredged as ‘‘oozy subsurface layers exposed below marsh substrates’’ flowed laterally to destabilize new channel banks [41]. Furthermore, the levees of natural channels will have more cohesive sediments than organic soils behind them because of the higher content of fine-grained sediments, making them less susceptible to erosion.




4.3. SLR Limits to Salt Marsh Habitat Space


Tidal range constrains the vertical dimension of salt marsh habitat space, and the smaller the tidal range, the smaller elevational gradient that salt marshes occupy [42]. The tidal range in the GOM is about 30 cm [29], which means that a relatively small subsidence from hydrocarbon extraction could fatally stress salt marsh plants. For example, a 5-cm change in the surface elevation for a microtidal environment is not as significant for a macrotidal environment, except at the upper limit where it is outcompeted, or at the lower limit where it is flooded too much. The additional subsidence from dredging canals, spoil bank formation, and hydrocarbon extraction in marshes with dry or producing wells obviously narrows the range of elevation, allowing for stability among marshes.



The subsidence rate data developed here can be used to estimate the future SLR rate that will trigger salt marsh demise by using the following logic. The consequence of dredging canals and creating spoil banks at the Port Sulphur area from after the average creation date (1965.8) to the LIDAR data acquisition (2002) was to lower elevation by 10 cm at 75 to 125 m along the transect in the salt marshes with dry wells, and 30 cm in marshes at wells producing hydrocarbons. The annualized increase in subsidence, therefore, was 8.32 mm y−1 for producing well locations as the percent of open water went from 3% to 17% for dry and producing wells, respectively. Thus, marshes near the natural and dry well locations at Port Sulphur were relatively stable at the time of the LIDAR measurements, but not near producing wells where 14% of the marshes converted to open water before 2002. The elevation threshold of the SLR where marshes will be converted to open water is the sum of the induced subsidence (8.32 mm y−1) and the SLR rates at the time. The average rise in sea level at the tide gages at Cedar Key and Key West, Florida, was 2.06 mm y−1 from 1967 to 2002. These tide gages are anchored on coral substrates and the interval is from when the wells were drilled to the LIDAR imagery date. In other words, the salt marsh at Port Sulphur was stable at an SLR of 8.32 mm y−1 relative to the elevation of the marshes with natural channels, but converted 17% of the marsh to open water as the subsidence increased to a relative SLR of >10.38 mm y−1. The threshold at Port Sulphur was thus lower than 10.38, but above 8.32 mm y−1. A similar calculation for the Mink Bayou area shows that the subsidence from dredging lowered the marsh at dry and producing wells by 19 cm (5.34 mm y−1) when SLR was 2.06 mm y−1, yielding a total relative subsidence rate of 7.40 mm y−1. That happened when the open water was 38% at dredged sites and 3% at natural wells. The threshold when the marsh turned to open water at Mink Bayou was, therefore, lower than 7.40 mm y−1.



This threshold range of about 7.4 to 10.4 mm y−1 is similar to observations based on data from geological records that show deltaic marshes around the world forming when sea level slowed between 5 to 10 mm y−1 [43] and Horton et al.’s [44] analysis of 780 Holocene salt marshes around Great Britain that were nine times more likely to retreat than expand when relative SLR rates were >7.1 mm y−1. The results from biogeophysical modeling may be too low because the results indicated that microtidal salt marshes may not, on average, be able to survive an SLR greater than 5 mm y−1 [36], whereas the averages in the Gulf of Mexico (based on the changes at Key West and Cedar Key) are already above this rate (8.9 mm y−1) from 2000 to 2019. There may be a lagged effect, as suggested by the spread of data points for the same elevations shown in Figure 5 and Figure 6.



The salt marsh-to-open water conversion and elevations at the dredged sites provided data demonstrating a 7.4 to 10.4 mm y−1 threshold for salt marsh collapse as SLR accelerates beyond the 5.9 mm y−1 rate observed in the GOM from 1999 to 2019. To put these estimated SLR rates in perspective, the projected intermediate, high, and extreme SLR will be 10, 20, and 25 mm y−1, respectively, by 2050, and 15, 35, and 44 mm y−1, respectively, at the end of this century for the global average [45], which is about one half of the current SLR in the Gulf of Mexico. The projected changes to the percent of open water with only changes in the global ocean will be higher still after even higher water levels are created by coastal engineering projects such as the planned diversion of Mississippi River water into the Barataria watershed [46], which would raise water levels to above the calculated threshold level, or more, for half of the receiving estuarine watershed [47]. It is significant, in this regard, that 59 to 93% of all coastal marshes in the contiguous United States have a tidal range of less than 1 m, and that 86% of the marsh area has a tidal range of less than 2 m. Marshes with tidal ranges less than 1 m are common in the Baltic and Mediterranean Seas [48,49].





5. Conclusions


In this paper, we determined a conservative threshold for salt marsh habitat conversion to open water for two locations using 2002 LIDAR data for natural and dredged canals; some dredged canals produced oil and gas from reservoirs at 4–5000 m depth (producing wells) and some did not (dry wells). The elevation threshold for the emergent plants to survive in a marsh was determined using the changes in marsh surfaces at these three site categories and regional SLR rates at tide gages anchored in coral substrates that have minimal geological subsidence. Ancillary data were collected on channel widening and open water formation after 2002 using Google Earth imagery and USGS 7.5-min quadrangle maps from before dredging. The habitat threshold for converting emergent plant habitat to open water was between 9 and 12 mm y−1, which is similar to estimates for when deltas formed, or salt marshes retreated that are based on the geological record.



The surface elevation at Port Sulphur was higher than at Mink Bayou, which is probably the main cause of the difference in the threshold of about 3 mm y−1. Canal widening at Port Sulphur was rapid enough to erode through the spoil bank after 36 years and change the 125-m-wide bowl-like shape of the depression zone at the water’s edge. The subsidence rate could be as much as 3 times that at natural channels, on average, if the oil and gas production is high enough.



The conclusion by Morton et al. [19] and others that subsidence induced by hydrocarbon recovery causes wetland loss is supported but comes with the explicit understanding that canals and spoil banks are part of the effect whether or not hydrocarbons are produced. It is not necessary to attribute wetland loss on this coast to the 2% reduction of its sediment load over the Mississippi River levees after flood protection levees were constructed many kms away [50]. A more parsimonious explanation is that the effects of hydrocarbon recovery and dredged canal levees caused wetland loss immediately adjacent to them and describes the observed temporal and spatial distribution of land loss rates along the deltaic coast. Finally, there is no evidence of natural restoration that is apparent at either of the two study areas, nor is natural restoration likely, given that even higher SLR rates will be occurring as the Earth warms over the next 100 years.
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Figure 1. Locations of the three waterway categories near Port Sulphur, LA and in the Mink Bayou area to the west. Both areas are within the Barataria Bay estuary. The line through dots marking the site locations are the 150-m transects on each side of the natural channel or dredged canal. 
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Figure 2. Marsh elevation along a 150-m transect for the three waterway categories at two locations. Significant differences between the 5-m elevation categories are indicated by the red and black dots at the top of (a,d). The violin plots to the right show the distribution of points (X axis) as proportional to the number of points in that Y value. The letters represent the result of an ANOVA testing for differences between each group. (a) Elevation (mean ± 1 SEM) and differences between the three site categories for each distance at Port Sulphur. (b) Violin plots of data distribution from 0 to 150 m in each of the three categories in (a). (c) Violin plots of data distribution from 75 to 125 m in each of the three categories in (a). (d) Elevation (mean ± 1 SEM) and differences between the three site categories for each distance at Mink Bayou. (e) Violin plots of data distribution from 0 to 150 m in each of the three categories in (d). (f) Violin plots of data distribution for 75 to 125 m in (d). 
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Figure 3. The average width (m) of the three waterways at two locations (µ ± 1 SEM). The horizontal bars depict the age (µ ± 1 SEM) of the canal; (a) Port Sulphur; (b) Mink Bayou. 
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Figure 4. Gas and oil production (million m3) and elevation (m) between 75 to 125 m distance from the waterway. The data point at 0 m elevation is the average at all dry well locations. The regression line is based on data from Port Sulphur. 
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Figure 5. The proportion of open water and elevation (±1 SEM) between 75 to 125 m distance from the land–water interface. A hyperbolic fit of the data is shown. The red line is for a Spartina patens marsh on the Northwest Gulf of Mexico coast [34]. 
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Figure 6. The percent of open water in 2019 and marsh elevation in 2002 for 27 natural marshes with 0% open water in 2002 at 50 to 125 m from the water’s edge. The data are divided into elevation data higher than 0.6 m elevation (open circles) and lower (filled circles). A simple linear regression is shown for the latter marshes. 
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