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Abstract

:

Quantifying carbon sequestration by tidal wetlands is important for the management of carbon stocks as part of climate change mitigation. This data publication includes a spatial analysis of carbon accumulation rates in Barnegat and Delaware Bay tidal wetlands. One method calculated long-term organic carbon accumulation rates from radioisotope-dated (Cs-137) sediment cores. The second method measured organic carbon density of sediment accumulated above feldspar marker beds. Carbon accumulation rates generated by these two methods were interpolated across emergent wetland areas, using kriging, with uncertainty estimated by leave-one-out cross validation. This spatial analysis revealed greater carbon sequestration within Delaware, compared to Barnegat Bay. Sequestration rates were found to be more variable within Delaware Bay, and rates were greatest in the tidal freshwater area of the upper bay.



Dataset: Supplemental Data http://www.mdpi.com/2306-5729/5/1/11/s1.



Dataset License: CC0






Keywords:


carbon sequestration; coastal wetlands; geographic information systems; interpolation; Sadler effect












1. Summary


Because tidal wetland ecosystems sequester significant amounts of carbon, developing accurate methods for measuring carbon accumulation rates in these ecosystems over time is important. Although tidal wetlands cover only a small area of the globe [1], they accumulate large amounts of organic carbon in belowground sediments, often referred to as “blue carbon” [2]. A review estimated that United States tidal wetlands store 0.72 Pg of organic carbon [3]. The position of marshes at the freshwater–saltwater interface makes them nutrient and sediment sinks, fostering high primary productivity and nutrient burial [4]. Marshes trap allochthonous sediments, as well as locally generated carbon from primary production. Carbon is sequestered in sediments because anoxic conditions limit remineralization; it is stored as marshes aggrade with sea level rise [5]. Blue carbon stored in marshes is threatened by anthropogenic disturbances, such as land-use change and the accelerated local rate of sea level rise [6]. The threats of climate change from greenhouse gases underscore the importance of understanding carbon stocks in marshes, rates of carbon sequestration, and methods to maintain blue carbon storage. Therefore, the states of New Jersey and Delaware have signed the US Climate Alliance (https://www.usclimatealliance.org/), including the agreement to make an effort to utilize tidal wetlands to help meet greenhouse gas emission goals.



Previous studies have shown decreased sediment deposition rates with an increasing time interval of measurement [7]. This phenomenon is known as the “Sadler effect”. This effect has been demonstrated by a review of previous studies that measured sediment accumulation rates and observed the Saddler effect in over 25,000 measured sediment deposition rates [8]. Thus, it has been established that accumulation rates decrease exponentially with increasing measurement interval. This effect may be due to longer time intervals, capturing periods of episodic deposition [9].



The dataset used in this study includes carbon accumulation data in the extensive tidal wetlands of the Mid-Atlantic Region. Carbon accumulation data were compiled from several projects conducted by the authors. These projects include the Mid-Atlantic Coastal Wetland Assessment (MACWA), monitoring by the Delaware National Estuarine Research Reserve (DNERR), and the Academy of Natural Sciences of Drexel University (ANS). References to source data, calculations of carbon accumulation, and other analyses utilizing parts of these data can be found in [10,11,12,13,14]. These citations provide significant background information about the source of the data and larger context for this paper.



Spatial and temporal variations in carbon sequestration in Barnegat Bay and Delaware Bay marshes were calculated from annual field measurement techniques, as well as from sediment cores spanning decades. Though both datasets are present as per-year rates for comparison, the interval of measurement is either “annual” for short-term or “decadal” for long-term. Point locations of carbon accumulation measurements were interpolated to the spatial extent of emergent tidal wetlands. This geospatial analysis was used to (1) compare trends within and between Delaware Bay and Barnegat Bay and (2) compare sequestration rates between annual and decadal measurement intervals.



The novel contribution of the study is made through the comparison of two datasets, which represent two different methods of measuring accumulation (the annual and decadal methods). The presentation of this comparison in spatial form has not been previously done and is applicable to management efforts that apply these two different methods, to estimate carbon sequestration by wetlands. The purpose of publication of this compiled dataset is to make the data available for utilization by researchers and land managers in the region, to further analyze the differences between these two methods of measuring carbon accumulation and consider local variability of carbon accumulation when managing tidal marshes.



1.1. Spatial Results


Based on the raster statistics in ArcGIS (version 10.2.2, ESRI, Redlands, CA, USA) of the interpolation maps created, carbon accumulation rates in the Delaware Bay and Barnegat Bay range from 60 to 500 g C m−2 yr−1. The mean value for Delaware Bay (± standard error) was 182 ± 42 g C m−2 yr−1, while the mean for Barnegat Bay was 136 ± 16 g C m−2 yr−1. A previous review of 154 marsh sites around the globe found that the mean rate of carbon burial was 210 g C m−2 yr−1 [15], which is similar to the values found in Delaware Bay and slightly higher than Barnegat Bay. As CO2 gas equivalents, Delaware Bay sequesters an average of 667 g CO2 m−2 yr−1, and Barnegat Bay sequesters 499 g CO2 m−2 yr−1.



Spatial interpolation (Figure 1) revealed geographic trends in organic carbon accumulation in Delaware Bay. Carbon accumulation was found to be greatest in the Upper Delaware Bay and lowest at the mouth of the bay. In Barnegat Bay, carbon accumulation was found to be more consistent throughout the bay, but slightly higher rates were observed in the southern side of the bay, in the analysis generated using the annual method. The total area of tidal wetlands in Barnegat Bay and Delaware Bay and the area-weighted rates were used to estimate the total carbon sequestration per year for each bay (Figure 2). Statistically significant differences in organic carbon accumulation rates were observed between the two bays. Delaware Bay had a greater area of tidal wetlands, greater carbon burial rates, and higher uncertainty than Barnegat Bay. An Analysis of Variance (ANOVA) of the mean accumulation rate in Barnegat Bay compared to Delaware Bay revealed that the carbon accumulation rate is significantly greater in Delaware Bay, compared to Barnegat Bay (F1,47 = 5.46; p = 0.02).



The spatial variability of carbon accumulation between the marsh sites is likely partially explained by natural variability. Some causes of observed variations of accumulation could be different levels of sediment availability at different sites, productivity, and health of the marshes. The higher rates of carbon sequestration in Delaware Bay may be a result of higher productivity, higher suspended sediment availability, and/or a larger tide range [16]. Primary productivity of marshes is a large contribution to the source of carbon that is stored in marsh sediments, as well as allochthonous sediments from other sources. This study of marsh sediments integrates both primary productivity and other sediment sources as total carbon accumulation. Therefore, spatial variability may be caused by either or both allochthonous and autochthonous production of carbon.




1.2. Temporal Patterns


The carbon accumulation values in Barnegat Bay were greater for those calculated based on annual- rather than decadal-scale carbon accumulation measures. In contrast, for Delaware Bay, many of the decadal-scale measurements were greater (Figure 3). The decadal-scale method may incorporate more periods of erosion, while the annual-scale method records accumulation over a short time period, so it likely observes fewer episodes of erosion. Therefore, the observed differences of carbon accumulation values between the two methods likely partially depend on how they account for erosion. Previous studies also found that temporal scaling altered the apparent rate of sedimentation [8]. This effect causes higher apparent rates for shorter measurement intervals, which is consistent with the results of greater short-term rates in Barnegat Bay. However, certain areas in Delaware Bay had much larger decadal rates, which cannot be explained by time-scaling. This lower measured accumulation in the annual data potentially indicates lower modern sediment deposition from degrading marshes or reduced sedimentation.



In conclusion, for Barnegat Bay, the annual-scale method yielded higher carbon accumulation values than the decadal-scale, but in contrast, for Delaware Bay, the annual-scale method mostly yielded lower accumulation compared to the decadal-scale. A potential future application of this dataset could be to model carbon accumulation in tidal marshes, based on multiple parameters such as elevation, sediment source, and tidal regime, to indicate what variables control spatial patterns of carbon sequestration. In addition, future research related to these data may examine how carbon sequestration by tidal wetlands compares to emissions of other greenhouse gases, such as methane, investigate where carbon sequestration has declined over recent decades, and suggest target locations for tidal wetland restoration projects. The goal of sharing these data is to make wetland carbon sequestration data available to guide local wetland restoration efforts.





2. Data Description


2.1. Shapefiles of Carbon Accumulation


The four shapefiles include point locations of carbon accumulation (g C m−2 yr−1) measurements. Two files are for each of the two locations in Barnegat Bay and Delaware Bay. The sites contain a shapefile for both the short-term and long-term method of measuring carbon accumulation. The short-term measurement is the average accumulation over several years, and the long-term measurement is the yearly average accumulation over several decades. Annual measurements were collected at six sites in Barnegat Bay and 14 sites in Delaware Bay (Table 1, see Methods for more details). Decadal measurements were collected at four sites in Barnegat Bay and 43 sites in Delaware Bay (Table 2). Each shapefile contains metadata describing the data and attributes within ArcCatalog.




2.2. Interpolation Maps of Carbon Accumulation


The four raster format files are interpolation maps of the carbon accumulation data. Carbon accumulation values from the above shapefiles were interpolated throughout coastal wetland areas, for better visualization and spatial analysis. Pixel values are annual carbon accumulation rate in g C m−2 yr−1. Each raster also contains metadata. A saved layer file is also included, called “classification.lyr”, that saves the symbology of the interpolation maps as a proposed classification of the carbon accumulation values for visualization.





3. Methods


3.1. Annual Accumulation Measurement above Marker Beds


Annual carbon accumulation rates were measured at 10 locations (Table 1) in the Delaware Estuary and Barnegat Bay (two sites at each location), monitored as part of MACWA, as well as three locations monitored by DNERR.



Accumulation rates were calculated based on seasonal or annual accretion measurements above feldspar marker beds associated with surface elevation tables (SET). SETs are benchmarks kept at a constant elevation by deep rods inserted into the marsh until they hit resistance. Three feldspar marker beds were created at each SET table site and were 50 cm × 50 cm wide, and approximately 3.5 kg of feldspar was added to each plot. SETs and feldspar beds were measured annually, from 2010 to 2016. Several short sediment cores were also collected to measure bulk density and organic carbon. Dry bulk density was measured by weighing samples and drying to a constant mass. Percent organic carbon of homogenized and pulverized samples was measured by using Flash 112 EA from the top two to five centimeters of sediment cores collected and averaged from 2010 to 2016. Field methods and calculations of accumulation are represented in Figure 4.



Potential sources of error in these methods include spatial variation of sedimentation throughout the marsh compared to the point locations sampled, loss of visibility of a feldspar layer or alternation of the sediment depth at a SET location, loss of mass during laboratory procedures, or weighing and other laboratory instrumentation errors (0.01–6.81% uncertainty from organic carbon measurement and 6.2% uncertainty from dry bulk density measurement [13]).




3.2. Decadal Measurement from Sediment Cores


Decadal-scale carbon accumulation rates were based on collection, analysis, and dating of four cores from Barnegat Bay and 43 cores from Delaware Bay (from 17 marshes with one to six cores per marsh, Table 2). The long cores were collected between 2007 and 2012 [10,11,12,13,14]. In addition, 24 short cores were collected from Delaware Bay in 2014 [13].



Piston cores (1–1.5 m length) were collected, and dry bulk density and organic carbon percent were analyzed on 2 cm intervals. Profiles of both 210Pbxs and 137Cs were measured by using gamma spectroscopy, using the 46.5 and 661.7 keV photopeaks and count times of 24–48 hours, on a Canberra Model 2020 low-energy geranium detector. The chronologies created using the two radioisotope dating methods (210Pbxs and 137Cs) had good agreement and yielded similar dates. Further information about dating methods and calculation errors is available for Delaware Bay [13] (Table 3) and for Barnegat Bay [14] (Figure 2 and Figure 3). Carbon accumulation rates were calculated by using the 137Cs chronology, assuming that the activity peak is at 1963 and using a simple constant flux-constant sedimentation rate model [17]. Decadal-scale measurements of accretion rate span nearly 50 years. Calculations of carbon accumulation from the sediment cores are represented in Figure 4.



Potential sources of error in these methods include spatial variation of sedimentation throughout the marsh compared to the point locations of cores, uncertainty in dating techniques (5–8% uncertainty from 137Cs detection [13]), and laboratory instrumentation errors (0.01–6.81% uncertainty from organic carbon measurement and 6.2% uncertainty from dry bulk density measurement [13]).




3.3. Interpolation Mapping


Point measurements of carbon sequestration were converted to a shapefile in ArcGIS (version 10.2.2, ESRI, Redlands, CA, USA). The extent of the domain was based on estuarine and palustrine emergent wetlands in Barnegat Bay and Delaware Bay, from 2010 NOAA C-CAP land cover data. This NOAA land cover classification was generated by using automated and manual approaches, with a classification and regression tree (CART) analysis of 30 m Landsat imagery. The two wetland classes selected for this analysis include marsh vegetation, defined as erect, rooted, herbaceous hydrophytes in both fresh water (salinity below 0.5 ppt) of palustrine wetlands and saline water of estuarine wetlands. All tidal water regimes were included in these marsh classes, except subtidal and irregularly exposed areas [18].



The data were interpolated to the spatial extent of wetlands by using kriging in ArcGIS. Kriging was selected for this analysis because other research studies have implemented kriging for spatial interpolation of carbon and other nutrients in wetland sediments [19,20,21]. In addition, statistical analyses of the data indicate that the assumptions of kriging are met. The data appear normally distributed in a histogram and fit a Normal Q–Q Plot. They have statistically significant spatial autocorrelation based on a Global Moran’s I test in ArcGIS (z-score 1.92; p-value 0.05). The number of data points is sufficient because the points are normally distributed and show statistical autocorrelation, meeting the assumptions of kriging. The kriging Spatial Analyst tool was selected for analysis because of its capabilities to constrain the processing extent within tidal marsh areas. Ordinary kriging and a spherical model semivariogram were selected. The lag parameter of the semivariogram was based on the output raster cell size, and other parameters were computed internally.



Accuracy of the kriging interpolation was estimated by using leave-one-out cross validation, where each sampling point was left out, and the interpolated value was compared to the sample point. Prediction errors, using the root mean square error, were 27 and 26 g C m−2 y−1 for the annual and decadal measurements in Barnegat and 76 g C m−2 y−1 for the decadal measurements in Delaware Bay. The greatest prediction error of 134 g C m−2 y−1 was calculated for the annual data in Delaware Bay, indicating the most uncertainty.



The field locations of the site broadly cover the tidal marsh areas, so the majority of the map areas are interpolated data. At the ends of the maps, small areas are extrapolated to the edges of the marsh extent. Extrapolation adds more error to analysis and is accounted for by the leave-one-out cross validation. Values were extrapolated to the marsh edges because the applicability of the datasets to wetland research is improved by visualization of data across the full marsh extent.



Prior to analysis with kriging, the dataset was checked for outliers [22]. Because the distribution of the dataset is normal, the mathematical definition of an outlier (greater than the 3rd quartile plus 1.5 times the interquartile range) was utilized to identify a few outliers in the carbon accumulation data. These outliers are at sites in the Delaware Bay, including Crosswicks in the annual data and Rancocas and St. Georges Site 3 in the decadal data. Since these sites represent the only points with in the upper marshes of the Delaware River, exclusion of them would remove a large portion of data in the upper bay. The limited coverage of the upper Delaware Bay is primarily a consequence of fewer tidal wetlands in this area. Because there is also no methodological error to justify excluding these outlier measurements, they were not removed from the datasets, but interpolation error is great in the Upper Delaware Bay. Further studies should include more measurements of carbon accumulation in these areas of the Upper Delaware Bay.
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Figure 1. Interpolation maps of yearly carbon accumulation in Delaware Bay and Barnegat Bay, based on accumulation rates estimated by using (a) 137Cs dating and (b) from marker bed measures. 
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Figure 2. Estimates of total yearly organic carbon sequestration by wetlands in Delaware Bay and Barnegat Bay from area-weighted averages. Prediction error was calculated as the root mean square error from leave-one-out cross validation and is also shown as the error bars on the graph. 
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Figure 3. This figure shows the area of marshes that had different values of carbon accumulation between the two methods of measuring accumulation, both annual and decadal. These histograms were calculated by subtracting the decadal interpolation map from the annual map, using the ArcGIS raster calculator. The values were multiplied by the pixel size of the raster, to estimate the area with higher or lower accumulation between the two maps. Histogram values at zero on the x axis indicate that the annual and decadal maps predicted the same values of carbon accumulation. The red bars of the graph show the marsh area where carbon accumulation was greater in the decadal maps, while the blue bars indicate that accumulation rates measured using the annual method were greater than rates measured on the decadal timescale. The majority of marsh area in Delaware Bay had greater rates for the decadal method (red), while all areas of Barnegat Bay had greater values with the annual method (blue). This figure indicates that there are differences between the two methods of calculating accumulation. 
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Figure 4. This figure shows the difference between the “annual” and “decadal” methods of calculating carbon accumulation. All steps of field, laboratory, and calculations are detailed in this figure. 
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Table 1. Research sites of annual measurements of carbon accumulation above marker layers. Each line of the table corresponds to the location of one SET table and three averaged feldspar marker horizons that were measured annually, from 2010 to 2016.
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	Site
	Estuary
	Location

(Coordinates)
	Site ID
	C Seq

(g C m−2y−1)





	Crosswicks Creeks
	Delaware Bay
	Bordentown, NJ (40°9.76′ N, 74°42.51′ W)
	SET 1

SET 3
	479

164



	Tinicum Marsh
	Delaware Bay
	Philadelphia, PA (39°52.91′ N, 75°16.64′ W)
	SET 1

SET 3
	206

204



	Dividing Creek
	Delaware Bay
	Dividing Creek, NJ (39°14.14′ N, 75°6.76′ W)
	SET 1

SET 3
	230

104



	Dennis Creek
	Delaware Bay
	South Dennis, NJ (39°10.58′ N, 74°51.74′ W)
	SET 1

SET 3
	186

104



	Christina River
	Delaware Bay
	Wilmington, DE (39°43.21′ N, 75°33.74′ W)
	SET 1

SET 3
	272

150



	Broadkill Creek
	Delaware Bay
	Lewes, DE (39°47.24′ N, 75°9.96′ W)
	SET 1

SET 3
	116

60



	St. Jones Creek
	Delaware Bay
	Bowers, DE (39°5.01′ N, 75°26.30′ W)
	Boardwalk 1 Reverse Ditch 4 Trail 20
	88

30

269



	Maurice River
	Delaware Bay
	Bilvalve, NJ (39°15.95′ N, 74°59.72′ W)
	SET 1

SET 3
	207

151



	Reedy Creek
	Barnegat Bay
	Brick, NJ (40°1.74′ N, 74°5.07′ W)
	SET 1

SET 3
	124

92



	Island Beach
	Barnegat Bay
	Seaside Park, NJ (39°47.96′ N, 74°6.10′ W)
	SET 1

SET 3
	141

101



	Horse Point
	Barnegat Bay
	West Creek, NJ (39°37.59′ N, 74°15.43′ W)
	SET 1

SET 3
	211

198
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Table 2. Research sites of decadal measurements of carbon accumulation from deep cores. Each line of the table corresponds to the location of one deep sediment core extracted between 2007 and 2014.
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	Site
	Estuary
	Location

(Coordinates)
	Site ID
	C Seq

(g C m−2y−1)





	Canary Creek
	Delaware Bay
	Lewes, DE (38°46.97′ N, 75°10.25′ W)
	CC-1

CC-2

CC-3

CC-5

CC-6
	28

68

268

106

136



	Dennis Creek
	Delaware Bay
	Dennisville, NJ (39°10.92′ N, 74°10.25′ W)
	DEN-1

DEN-3
	154

117



	Crosswicks
	Delaware Bay
	Bordentown, NJ (40°9.76′ N, 74°42.51′ W)
	CCR-3
	348



	Rancocas Marsh
	Delaware Bay
	Delran, NJ (40°2.54′ N, 74°58.11′ W)
	RAN-1

RAN-2
	419

503



	Tinicum Marsh
	Delaware Bay
	Philadelphia, PA (39°52.91′ N, 75°16.64′ W)
	1B

2A

3B
	139

195

95



	Woodbury Creek
	Delaware Bay
	Thorofare, NJ (39°51.41′ N, 75°10.73′ W)
	WC-1
	254



	Dravo Creek
	Delaware Bay
	Wilmington, DE (39°43.22′ N, 75°33.72′ W)
	DM-2
	256



	Churchman
	Delaware Bay
	Wilmington, DE (39°42.02′ N, 75°37.81′ W)
	CM-1
	135



	St. Georges
	Delaware Bay
	Port Penn, DE (39°32.77′ N, 75°34.20′ W)
	SG-1

SG-2

SG-3
	223

212

440



	Blackbird Creek
	Delaware Bay
	Townsend, DE (39°25.40′ N, 75°36.11′ W)
	BC-1

BC-2

BC-3
	194

203

183



	Stow Creek
	Delaware Bay
	Greenwich, NJ (39°24.56′ N, 75°24.54′ W)
	SC-1
	260



	Kelly Island
	Delaware Bay
	Dover, DE (39°12.76′ N, 75°24.25′ W)
	KI-1

KI-2

KI-3
	204

144

179



	St. Jones River
	Delaware Bay
	Bowers, DE (39°5.01′ N, 75°26.30′ W)
	H2

WC1-2

SJBM-1

SJBM-2

SJBM-3
	240

156

116

337

209



	Mispillion River
	Delaware Bay
	Milford, DE (38°56.87′ N, 75°21.23′ W)
	MR-1

MR-2

MR-3
	146

153

188



	Great Marsh
	Delaware Bay
	Milton, DE (38°47.99′ N, 75°11.74′ W)
	GM-1

GM-2

GM-3

GM-4
	103

99

141

142



	Dividing Creek
	Delaware Bay
	Dividing Creek, NJ (39°14.14′ N, 75°6.76′ W)
	DC-2
	148



	Murderkill River
	Delaware Bay
	Frederica, DE (39°14.14′ N, 75°6.76′ W)
	MK-1

MK-2

MK-3

MK-4
	302

307

209

161



	Mantololking
	Barnegat Bay
	Brick, NJ (40°1.79′ N, 74°4.79′ W)
	BB-1
	109



	Mid-Bay
	Barnegat Bay
	Lacey, NJ (39°50.86′ N, 74°8.84′ W)
	BB-2
	81



	Oyster Creek
	Barnegat Bay
	Lacey, NJ (39°48.65′ N, 74°11.41′ W)
	BB-3
	122



	West Creek
	Barnegat Bay
	Eagleswood, NJ (39°37.64′ N, 74°15.61′ W))
	BB-4
	100
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