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Blue carbon habitats, such as mangroves and salt marshes, have been recognized as carbon burial hotspots; however, methods on measuring blue carbon stocks have varied and thus leave uncertainty in global blue carbon stock estimates. This study analyzes blue carbon stocks in northern Florida wetlands along the Atlantic and Gulf coasts. Carbon measurements within 1–3m length vibracores yield total core stocks of 9.9–21.5 kgC·m−2 and 7.7–10.9 kgC·m−2 for the Atlantic and Gulf coast cores, respectively. Following recent IPCC guidelines, blue carbon stock estimates in the top meter are 7.0 kgC·m−2–8.0 kgC·m−2 and 6.1 kgC·m−2–8.6 kgC·m−2 for the Atlantic and Gulf cores, respectively. Changes in stable isotopic (δ13C, C/N) and lignin biomarker (C/V) indices suggest both coastlines experienced salt marsh and mangrove transgressions into non-blue carbon habitats during the mid- to late-Holocene following relative sea-level rise. These transgressions impact carbon storage within the cores as the presence of carbon-poor soils, characteristic of non-blue carbon habitats, result in lower 1m carbon stocks in north Florida Gulf wetlands, and a deeper extent of carbon-rich soils, characteristic of blue carbon habitats, drive higher 1m and total carbon stocks in north Florida Atlantic wetlands. Future blue carbon research should assess carbon stocks down to bedrock when possible, as land-cover and/or climate change can impact different depths across localities. Ignoring carbon-rich soil below the top meter of soil may underestimate potential carbon emissions based on these changes.
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INTRODUCTION
Blue carbon describes organic carbon (OC) sequestered and buried within vegetated coastal ecosystems such as salt marshes, mangroves, and seagrass meadows (McLeod et al., 2011; Hopkinson et al., 2012). While the terms blue carbon sequestration and burial refer to the uptake of CO2 within a wetland and the accumulation of carbon belowground, respectively, the total carbon stored in the soil and within living and non-living biomass of blue carbon ecosystems is the blue carbon stock (Windham-Meyers et al., 2019). Belowground blue carbon stocks have been measured to various depths in coastal ecosystems around the world, making it harder to compare habitat types and areas to each other, (e.g. Thorhaug et al., 2019). Estimating global blue carbon stock is thus still an active research area (Pendleton et al., 2012) with increasing necessity as anthropogenic activity and relative sea-level rise (RSLR) potentially re-introduce these stocks into the modern carbon cycle, (e.g. Ward et al., 2019).
The Intergovernmental Panel on Climate Change (IPCC) recently standardized the estimation of belowground blue carbon as that within the upper meter of soil using the assumption that carbon within this interval is the most vulnerable to land-use or land-cover change (Hiraishi et al., 2014). Blue carbon stocks along the Gulf of Mexico (GoM), using this top meter reference, are estimated to be as much as three times higher than blue carbon stocks along the Atlantic shoreline (Kennedy et al., 2013), with ∼82Tg OC stored within Florida GoM salt marshes (Thorhaug et al., 2019). Despite these stock estimates, restricting carbon stocks to the top meter of soil may grossly underestimate carbon deposited by blue carbon ecosystems, which may potentially extend several meters in depth (Adame et al., 2018; Thorhaug et al., 2019; Kauffman et al., 2020). Additionally, the depth at which carbon becomes susceptible to remobilization varies between locations (Murray et al., 2011) with GoM coastal wetlands potentially eroded deeper than the top meter, (e.g. Sapkota and White, 2019). Thus, while restricting blue carbon to the top meter may improve global blue carbon comparisons, soil carbon stocks should ideally be measured down to the bedrock or coral sands that underlay the entire blue carbon stock (Kauffman and Donato, 2012).
Soil cores can be used to estimate carbon stocks and track historical environmental and climate changes through stratigraphic sequences. Stratigraphic sequences within northern Florida soil cores could reflect wetland migration over the mid-to late-Holocene related to relative sea-level (RSL) height and in the rates of RSLR, (e.g. Reinson, 1992; Parkinson and White, 1994; Yao and Liu, 2017). Many previous studies have used isotopes (e.g., Chmura and Aharon, 1995; Choi et al., 2001; Wilson et al., 2005; Kemp et al., 2012) and biomarkers (e.g., Tareq et al., 2004; Hutchings et al., 2019) to examine millennial-scale ecosystem changes based on separating different vegetation types, and their corresponding ecosystems, by their isotopic and biomarker composition, (e.g. C3vs. C4 vegetation separated with carbon isotopes and woody vs. nonwoody vegetation separated using lignin biomarker indices). The primary goal of this study is to assess belowground blue carbon stocks within vibracores from northern Florida wetlands and analyze these stratigraphic sequences for bulk isotopes and biomarkers. This would allow us to track environmental changes, (e.g. blue carbon vs. non-blue carbon) contributing to the soil carbon and will provide a better estimate of carbon stocks for Florida GoM and Atlantic wetlands.
MATERIALS AND METHODS
Site Description, Collection, and Storage of Samples
Atlantic Coast Site Description
The northeastern Florida/Atlantic coast study site is in St. Augustine, Florida at Anastasia Island (Figure 1). Anastasia Island is a barrier island, running parallel from the mainland in a north-south direction and separated by a narrow brackish estuary known as the Matanzas River (Gallivan and Davis, 1981). Anastasia Island has an extensive tidal salt marsh habitat, with patches of mangrove vegetation that advance and retreat with changing winter air temperatures (Rodriguez et al., 2016). Mangrove vegetation in St. Augustine is dominated by Avicennia germinans L. with some scattered Rhizophora mangle, whereas low salt marshes are dominated by Sporobolus alterniflorus and Batis maritima and high salt marshes dominated by Juncus romerianus.
[image: Figure 1]FIGURE 1 | (A) Map of Florida (Google Earth, 2019) showing the two northern coastal wetland sites (B) Vibracore locations in St. Augustine (Google Earth, 2019) in a mangrove vegetation zone (dark blue), a salt marsh vegetation zone (medium blue) and a transition zone (light blue)(C) Vibracore locations in Waccasassa Bay (Google Earth, 2019) in a mangrove vegetation zone (dark red), a salt marsh vegetation zone (medium red) and a transition zone (light red)(D) A zoom in on the saltmarsh (medium red) and transition (light red) locations in Waccasassa Bay (Google Earth, 2019).
Barrier islands along the northern Florida Atlantic coast, such as Anastasia Island, emerged ∼7,000 to 9,000yrs. B.P., when RSLR decelerated significantly and have retreated towards land since their initial development in response to rising RSL and subsequent erosion of the shoreface surface by waves (Parkinson and White, 1994). As the islands transgress inland, environments surrounding them should also migrate laterally with RSLR and be reflected as changes in sedimentary sequences, (e.g. Reinson, 1992; Parkinson and White, 1994). RSLR reconstruction around the northern Florida Atlantic coast suggests there was a ∼5.7m rise in RSL over the last 8,000years B.P. related to the collapsing forebulge of the former Laurentide Ice Sheet (Hawkes et al., 2016), though the RSLR rates were not constant through time. RSLR rates decreased between 7,800–5,000yrs. B.P., plateaued from 5,000 to 3,000yrs. B.P., increased between 3,000–2,300yrs. B.P., and continuously decreased to the present. The slowdown and plateau from 5,000 to 3,000yrs. B.P. may have resulted from local processes and thus may not be a regional signal (Hawkes et al., 2016).
Gulf Coast Site Description
The coring site along the northwestern/GoM coast of Florida is in Waccasassa Bay Preserve State Park (Figure 1), located in part of the Gulf referred to as the Big Bend. The Big Bend is relatively undeveloped and known for vast expanses of tidal salt marshes and coastal forests (Abbott and Judd, 2000) with increasing mangrove coverage as temperatures increase (Osland et al., 2012; Doughty et al., 2016). This region of Florida sits upon a flat and broad carbonate platform (known as the Florida Platform; Chen, 1965; Brooks, 1982), which forms a low gradient along the coastline (1:5,000) (Hine et al., 1988). Much of the Big Bend coastline extending 3–10km inland falls below the 1m elevation contour (Geselbrach et al., 2011). When combined with weak characteristics of winter extratropical storms and relatively small fetch of the GoM, this low gradient helps create the low-energy coastline of the Big Bend (Hine et al., 1988). The dominant salt marsh vegetation in this area includes the C3 grass J. roemerianus, commonly present in the high marsh, and the C4 grasses S. alterniflorus, Distichlis spicata, and Spartina Patens, which are all more common in the low marsh. The low marsh adjacent to the Gulf is also occupied by mangroves, dominated by A. germinans, with Rhizophora mangle intermixed.
The current Big Bend coastline has very little siliciclastic sediment as much of the sediment carried through rivers gets entrained in estuaries before reaching the coast (Hine and Belknap, 1986; Hine et al., 1988; Davis, 1997). Instead, most sediment in modern-day coastal features comes from the reworking of older siliciclastic sediment by waves scouring older sediments along the shallow inner shelf and the production of carbonate skeletal sediments by marine organisms. Slow rates of RSLR over the past ∼3,000 years have allowed for the development of a nearly constant shoreline position (Wright et al., 2005; Gerlach et al., 2017). Prior to this, RSL during the early to mid-Holocene was lower and likely influenced the positioning of the ground water table in this carbonate-dominated region given its location near the coast, (e.g. Goodbred et al., 1998; Gully et al., 2016). As RSL rose, the groundwater table near the coast would have also risen, changing the environmental conditions from a dry environment to a wetter environment that allowed marsh vegetation to develop (e.g. Goodbred et al., 1998).
Soil Core Collection and Storage
Vibracores 1–3m in length (0.07m interior diameter) were collected from both coasts of Florida at three sites characterized by differing dominant vegetation: salt marsh, mangrove, and a transition (juvenile mangroves currently invading the salt marsh). The aim for each core was to collect soil to a depth in which bedrock or coral sands was sampled. If bedrock or coral sands was not reached, as was the case for the St. Augustine cores, the depth of the cores was based on the length of the core tubes (∼3m). In St. Augustine, the mangrove core was collected at 29°43′41″N, 81°14′43″W; the low salt marsh site was collected at 29°43′43″N, 81°14′28″W, and the transition core was collected at 29°43′44″N, 81°14′36″W. In Waccasassa Bay, the mangrove core was collected at 29°04′39″N, 82°48′57″W; the high salt marsh site was collected at 29°05′49″N, 82°49′15″W, and the transition core was collected at 29°05′47″N, 82°49′15″W. The mangrove site in Waccasassa Bay had an additional core collected only a few meters away from the first mangrove core (termed primary mangrove core from hereon) to test for spatial variability; however, this second core (termed from hereon as secondary mangrove core) was only tested for organic carbon analyses (total organic carbon, TOC, and carbon isotopes, δ13C).
The cores were transported to the University of Florida, where they were split, described, and passed through a Geotek multi-sensor core logger (MSCL) to photograph and measure bulk densities. Bulk density is also calculated from differences in weights before and after freeze-drying. Subsamples of cores were taken in 2cm intervals, only collecting from the middle of each core to avoid draw-down effects of plants or topsoils. Belowground biomass was not separated or removed from soils assuming root biomass turnover would contribute to sediment formation (Twilley et al., 1992; Chmura et al., 2003; Castañeda-Moya et al., 2011; Smoak et al., 2012; Breithaupt et al., 2012). Following subsample collection, samples were freeze-dried, weighed, and transferred into pre-combusted (450°C for 4h) 60ml glass bottles to be homogenized with stainless steel rods on a roller mill (Arnold and Schepers, 2004). Volume for bulk density came from multiplying the square of the vibracore’s interior radius (0.035m) by pi and the height of each subsample (0.02m).
Samples from each core were measured for bulk isotopes (TOC, δ13C, and C/N) every 2cm up to 40cm and then every 6cm starting from 46cm to the bottom of each core. The secondary mangrove core was only tested for bulk carbon isotopes every ∼6cm down to 140cm (core length extended down to 166cm) where there was peaty material observed. Biomarkers (lignin and amino acids) were also measured on these cores (excluding the secondary mangrove core) every 4cm from 2cm to 38cm and then every 6cm starting at 46cm to the bottom of the cores.
Geochronology and Depositional Environment Interpretation
Charcoal and woody plant fragments from the base of each St. Augustine core, as well as the lowest layers containing charcoal and woody plant fragments from each Waccasassa Bay core, were picked prior to homogenization of the soils and subjected to acid-base-acid (ABA) treatment to remove exogenous carbon in or on the picked material (Santos and Ormsby, 2013). Picked charcoal and woody plant fragments were also taken from various points along the St. Augustine cores where there appeared to be changes in lithology. Pre-treated picked samples were submitted to the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS) facility. Radiocarbon ages generated from the St. Augustine picked samples are used to generate an age-depth model, with dates for each subsample obtained by the age-depth R package BACON (Bayesian Accumulation Histories; Blaauw and Christen, 2011; see Supplementary Figures S3–S5 for age-depth models generated by BACON). Conversely, picked samples from the Waccasassa Bay cores almost all came back modern (Fm > 1.0) and are thus not used to generate an age-depth model (Section Dating Challenges). Two other sample sets were submitted for radiocarbon analysis in the Waccasassa Bay cores, one included untreated bulk, unground sediments collected from the same intervals as the samples that were previously picked. The other set included untreated bulk carbonates from the base of each Waccasassa Bay core. Both sets, however, are also not used to create an age-depth model; thus, Waccasassa Bay data is plotted against depth. St. Augustine data is plotted against age in the main text but plots against depth are available as supplemental figures (Supplementary Figures S7–S8, S10–S11, and S12).
Bulk Soil Carbon and Nitrogen Analyses
Soil samples were analyzed for TOC, total nitrogen, and for the stable isotopes of carbon and nitrogen using a Carlo Erba 1500 CN elemental analyzer coupled to a Thermo Electron DeltaV Advantage isotope ratio mass spectrometer in the Stable Isotope Mass Spectrometry Laboratory in the University of Florida’s Department of Geological Sciences. Samples for TOC and the stable isotopes of carbon were treated with acid fumigation (8h) in silver capsules using 12M HCl to remove inorganic carbon (Harris et al., 2001) and immediately dried at 60°C. Nitrogen and OC concentrations are recorded as percentages of dry sediment, while carbon stable isotope data are reported in δ13C (‰) notation relative to the Vienna Pee Dee Belemnite (VPDB) standard. The ratio C/N is based on the molar ratio of total carbon to nitrogen.
Total carbon stock for each sediment core is calculated using:
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Samples are identified by n and sampling interval is the length of the sample (2 or 6cm). Carbon burial rates are calculated by dividing core stocks by the age of the interval studied. A mean relative standard deviation (RSD) of 5% is applied to core stocks based on subsampling errors where a 1mm error in sampling a 2cm section of core leads to 5% error in bulk density (Shields et al., 2017).
Lignin-Phenols
Lignin-phenols were extracted and analyzed along with other cupric oxide (CuO) oxidation products from freeze-dried soil using the cupric oxide method of Hedges and Ertel (1982), modified by Louchouarn et al. (2010), and reported in detail in Shields et al. (2016). Total lignin is quantified as the summation of vanillyl (V), syringyl (S), and cinnamyl (C) phenols and is normalized to 100mg of OC (Λ-8). Similarly, Λ-6 represents the summation of V and S phenols normalized to 100mg of OC. Since lignin is considered a biopolymer found almost exclusively in terrestrial plants (Hedges and Mann, 1979; Ertel et al., 1984; Ertel and Hedges, 1984, 1985; Hedges and Oades, 1997), total lignin represents relative vascular plant inputs to soil organic matter. Ratios of C/V and S/V are often used to indicate lignin sources (Hedges et al., 1988), where V phenols are ubiquitous among plant tissues and types, C phenols are found primarily from soft tissues (needles, grasses, and leaves), and S phenols are found primarily from angiosperms. Thus, C/V is used to estimate nonwoody vs. woody contributions and S/V is used to separate angiosperm and gymnosperm contributions (Ertel and Hedges, 1984). Oxidative degradation and leaching of lignin can alter these ratios (Hedges et al., 1988; Opsahl and Benner, 1995; Hernes et al., 2007; Jex et al., 2014), thus caution should be applied when interpreting changes in these ratios. To better understand degradation state of lignin, acid-to-aldehyde ratios of V and S phenols ((Ad:Al)v and (Ad:Al)s, respectively) have been used as indicators of lignin oxidation by fungi and other microbes (Hedges et al., 1988; Opsahl and Benner, 1995; Otto and Simpson, 2006). For (Ad:Al)v, fresh tissues are typically <0.3 and highly degraded material (via oxidative degradation) have ratios >0.6 (Hedges et al., 1998) (Ad:Al)s in fresh tissues and highly degraded tissues have ratios <0.14 and >0.16, respectively (Hedges et al., 1998).
Amino Acids
Nineteen amino acids were analyzed using methods in Hutchings et al. (2018): hydroxyproline (Hyp), serine (Ser), glycine (Gly), aspartic acid (Asp), threonine (Thr), glutamic acid (Glu), alanine (Ala), proline (Pro), gamma-aminobutyric acid (GABA), muramic acid (MurA), valine (Val), diaminopimelic acid (DAPA), tyrosine (Tyr), histidine (His), lysine (Lys), isoleucine (Ile), leucine (Leu), arginine (Arg), and phenylalanine (Phe). The average instrumental relatively standard deviation for compounds was 10%, ranging from 7% (Pro) to 14% (Gly).
Amino acids form the building blocks of proteins and are more ubiquitous than lignin, making them more representative of total soil organic matter. Total hydrolysable amino acids (THAA) sums the nineteen amino acids normalized to OC. The percentage of which amino acids made of the total nitrogen pool (AA N%) is calculated using (Philben et al., 2014):
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YieldAA/N is the N-normalized concentration of an amino acid in mg AA (100mg·N)−1 and Wt% (N)AA is the weight %N in the amino acid.
The mole percent of each amino acid is used in a principal component analysis (PCA; Supplementary Figure S13) to generate an amino acid degradation index (DI) (Dauwe et al., 1999; Philben et al., 2016):
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Vari is the mole percent of each amino acid, Avgi is the mean of the amino acids in the data set, SDi is the standard deviation of the amino acids, and PC1i represents the score of the amino acids on the first principal component axis. Lower DI values indicate more degraded or altered soils.
Carbon-normalized concentration of individual amino acids can also be used to indicate OC sources to the soil. Hyp is found in plant structural proteins and in some algae (Gotelli and Cleland, 1968; Kieliszewski and Lamport, 1994; Philben and Benner, 2013) and tends to increase with decomposition (Philben and Benner, 2013). Amino acids MurA and DAPA have been used as bacterial OC indicators, while GABA is often used as an OC diagenetic state indicator (e.g. Philben et al., 2016; Hutchings et al., 2019).
Statistical Testing
Statistical testing is used to determine whether measured parameters are significantly different between single cores collected from three different vegetation sites along the two coastlines. Significance is tested using a balanced bootstrap approach with 10,000 iterations using the statistical computing software R (R Core Team, 2019). This gives 95% confidence intervals (CI) of the bootstrapped means for each core. Cores are considered significantly different if their 95% CI do not overlap, equivalent to having a p-value < 0.05.
RESULTS
Core Descriptions
Core lithologies differ between coastlines with the base of the Waccasassa Bay cores consisting of dark and light gray sands with shell fragments (termed Unit WB1, WB = Waccasassa Bay and SA = St. Augustine, see Table 1 for unit depths; Supplementary Figure S1) and the base of the Atlantic coast cores consisting of medium-to dark-brown sands (Unit SA1; Supplementary Figure S2). WB1 progrades up-core into black- to grey-mud lithofacies (Unit WB2), which then progrades to brown muds and peat-like soils (Unit WB3; Supplementary Figure S1). The secondary mangrove core from the Gulf coast displays similar unit depths to the primary mangrove core with respect to the three lithological units; however, part the secondary mangrove core between 118–128cm is missing, likely due to separation from being stored vertically. The top meter of the secondary mangrove core is undisturbed. The St. Augustine cores prograde from SA1 to SA2, which consisted of gray, muddy sands. SA2 then progrades into more brown and peat-like lithofacies near the surface of each core (Unit SA3; Supplementary Figure S2).
TABLE 1 | Depth Intervals (cm) and calibrated radiocarbon ages (cal. yr. B.P.; only for the St. Augustine cores) for the three lithological units of the Waccasassa Bay (WB) and St. Augustine (SA) salt marsh, mangrove, and transition cores.
[image: Table 1]Geochronologies
Picked, pre-treated charcoal and plant fragments were used to generate dates from the bottom of each St. Augustine core (176, 266, and 284cm for mangrove, marsh, and transition, respectively) and for the lowest depths in the Waccasassa Bay cores containing sufficient amounts of charcoal and/or plant fragments (88cm in the saltmarsh and transition cores, 152cm in the primary mangrove core, and 136cm in the secondary mangrove core). Picked samples from Waccasassa Bay yielded modern ages and were not used to generate an age-depth model. The St. Augustine cores had additional picked, pre-treated samples collected from the 50cm depth in all three cores and at 110cm in the St. Augustine transition core.
The bottom of the St. Augustine mangrove, salt marsh, and transition cores give calibrated ages of 2,860cal·yr. B.P., 4,720cal·yr. B.P., and 4,740cal·yr. B.P., respectively. Apparent sedimentation rates based on these ages for the St. Augustine mangrove, salt marsh, and transition cores are all 0.6mm·yr−1. The calibrated ages for the St. Augustine mangrove, salt marsh, and transition cores at 50cm are 310cal·yr. B.P., 860cal·yr. B.P., and 530cal·yr. B.P., respectively. Apparent sedimentation rates based on these ages for the mangrove, salt marsh, and transition cores are 1.6mm·yr−1, 0.6mm·yr−1, and 0.9mm·yr−1, respectively. The St. Augustine transition core at 110cm has a calibrated age of 2,530cal·yr. B.P., which gives an apparent sedimentation rate of 0.4mm·yr−1. Using these dated intervals for the St. Augustine cores, the lithological units have been assigned calibrated ages (Table 1).
Since picked samples from Waccasassa Bay are modern, bulk sediment, which represents the integration of a mixture of components with different ages, and carbonate samples were submitted to look for non-modern sediment ages. The primary mangrove bulk sample at 152cm yields a modern age, whereas the transition and salt marsh bulk samples at 88cm yield uncalibrated ages of 840 (SD ± 20) 14C-yrs B.P. and 1,530 (SD ± 25) 14C-yrs B.P., respectively. Apparent sedimentation rates for the salt marsh and transition cores at 88cm are 1.05 (SD ± <0.002) mm·yr−1 and 0.6 (SD ± <0.0009) mm·yr−1, respectively.
Bulk carbonate samples from the Waccasassa Bay salt marsh, primary mangrove, and transition cores yield uncalibrated radiocarbon ages of 39,400 (SD ± 730) 14C-yrs B.P. at 150cm, 49,200 (SD ± 2,500) 14C-yrs B.P. at 174cm, and 48,400 (SD ± 3,300) 14C-yrs B.P. at 142cm, respectively. These dates are near the limit for reliable radiocarbon dates and the carbonates, which do not take up carbon directly from the atmosphere but from marine DIC, may need a reservoir age effect applied to establish a more accurate age (Mc Connaughey and Gillikin, 2008). Only a few carbonate reservoir effects have been established in the GoM. An average GOM reservoir age was determined to be 238 ± 10 14C yr (Wagner et al., 2009). However, this was based on marine coral and given the proximity of these carbonates to the coastline, these samples may have been influenced by 14C-depleted DIC coming from limestone deposits, (e.g. Pearson and Hanshaw, 1970; Wigley et al., 1978; Hadden and Cherkinsky, 2015). Another reservoir-age correction is based on shell material collected from the panhandle of Florida (further northwest of Waccasassa Bay) in locations affected by high freshwater discharge and depleted 14C signals (Hadden and Cherkinsky, 2015); however, there is a large amount of variability in the age estimates between shells (−3 ± 30 to 659 ± 30 14C yr.). Despite these issues, the reported uncalibrated dates are similar to dates reported in salt marsh soils from similar depths near the Waccasassa River in Waccasassa Bay Preserve State Park (Goodbred et al., 1998). Apparent sedimentation rates throughout the entire mangrove, salt marsh, and transition cores based on these ages are 0.04mm·yr−1, 0.04mm·yr−1, and 0.03mm·yr−1, respectively. Given the modern ages for picked samples, the modern age for bulk sediments in the primary mangrove core, and the much older carbonate ages, an age-depth model is not created for the Waccasassa Bay cores. Instead, isotope and biomarker data for Waccasassa Bay are plotted against depth.
TOC, δ13C, and C/N
TOC for each core is split into the three lithological units (SA1– SA3 and WB1–WB3; Figure 2). Out of all units, TOC is significantly highest in the Waccasassa Bay transition WB3 (Supplementary Table S1). Within St. Augustine cores, the transition SA3 is significantly higher in TOC compared to all other St. Augustine units. Individual SA3 units are all significantly higher in TOC compared to their respective SA2 and SA1 units. SA2 TOC is significantly higher than SA1 in the St. Augustine mangrove and salt marsh cores. Waccasassa Bay TOC displayed similar patterns, with WB3 being significantly higher in TOC than the respective WB2 and WB1 units. WB2 is also significantly higher in TOC than WB1 in all three Waccasassa Bay cores. There are no significant differences between the two Waccasassa Bay mangrove cores for TOC and δ13C (Supplementary Figure S6), suggesting the primary mangrove core can be considered representative of the mangrove coring location.
[image: Figure 2]FIGURE 2 | Down-core measurements of TOC (%), δ13C (‰), and C/N for cores in St. Augustine (top blue plots) and Waccasassa Bay (bottom red plots). St. Augustine cores are plotted against calibrated ages (cal. yr. B.P.) and Waccasassa Bay cores are plotted against depth (cm).
Carbon stocks (mean ± SD) in the St. Augustine mangrove, salt marsh, and transition cores are 9.9 (±0.5) kg·C·m−2, 10.2 (±0.05) kg·C·m−2, and 21.5 (±0.1) kg·C·m−2, respectively. Carbon stocks for the Waccasassa Bay primary mangrove, salt marsh, and transition cores are 10.9 (±0.5) kg·C·m−2, 7.7 (±0.4) kg·C·m−2, and 9.4 (±0.5) kg·C·m−2, respectively. Carbon burial rates (mean ± SD) are calculated for the St. Augustine cores utilizing the calibrated ages and their respective soil depths. The St. Augustine salt marsh core at 860cal·yr. B.P. has a carbon burial rate of 3.7 (±0.2) gC·m2 yr−1, whereas a burial rate of 2.2 (±0.1) gC·m2 yr−1 is recorded in that core at 4,700cal·yr. B.P. The St. Augustine mangrove core at 305cal·yr. B.P. recorded a burial rate of 12.7 (±0.6) gC·m2 yr−1, while 2,860cal·yr. B.P. in the mangrove core recorded 3.5 (±0.2) gC·m2 yr−1. The St. Augustine transition core has three depths dated, recording burial rates of 9.3 (±0.5) gC·m2 yr−1at 530cal·yr. B.P., 4.4 (±0.2) gC·m2 yr−1at 2,530cal·yr. B.P., and 4.5 (±0.2) gC·m2 yr−1 at 4,740cal·yr. B.P.
δ13C in the St. Augustine cores is significantly more enriched in the middle unit (SA2) of the transition and mangrove cores compared to the upper-most (SA3) and lower-most (SA1) units (Figure 2; Supplementary Table S1). The St. Augustine transition is also significantly more enriched in SA3 compared to SA1. The St. Augustine salt marsh has significantly more enriched δ13C in SA3 compared to SA2 and SA1. The salt marsh SA2 is also significantly more enriched than SA1. Within Waccasassa Bay, there is no significant differences in δ13C values between units of the mangrove and salt marsh cores, though some depletion in the bootstrap mean is recorded from the lower-most units (WB1) to the upper-most units (WB3). The Waccasasssa Bay transition is significantly more δ13C enriched in WB3 and middle (WB2) units compared to WB1.
C/N in St. Augustine is significantly higher in SA1 compared to SA2 and SA3 units for all three cores (Figure 2; Supplementary Table S1). The St. Augustine mangrove and salt marsh cores additionally have significantly higher C/N in their SA2 compared to their SA3. In contrast, the Waccasassa Bay transition and salt marsh cores have significantly higher C/N in their WB2 and WB3 units compared to their respective WB1 units. There are no significant differences between units for the Waccasassa Bay mangrove core.
Lignin-Phenols
Not all samples could be analyzed for lignin as the recoveries, based on internal recovery standards (EVAL and MCAD), were low despite replication. These low recoveries occurr near the base of cores with low TOC, (e.g. Atlantic salt marsh ∼4,700–4,100cal·yr. B.P.) and thus may have been the result of sorption of phenols onto soil minerals (Hernes et al., 2007; Hernes et al., 2013).
Total lignin normalized to OC (Λ-8) is not higher in one coast compared to the other (Figure 3; Supplementary Table S2). Within St. Augustine, Λ-8 is significantly higher in SA3 for all cores compared to their respective SA1, with SA3 in the transition core also being significantly higher than the transition’s SA2. For Waccasassa Bay, all cores show significantly higher Λ-8 in WB2 and WB3 compared to WB1. The summation of V and S phenols normalized to 100mg of OC (Λ-6) show similar results, with Λ-6 in Waccasassa Bay being significantly higher in WB2 and WB3 of all cores compared to WB1 (Supplementary Figure S9; Supplementary Table S2). For St. Augustine, two cores (mangrove and transition) have significantly higher Λ-6 in the SA3 compared to SA1.
[image: Figure 3]FIGURE 3 | Down-core measurements of Λ-8 (mg 100mgOC−1), C/V, and (Ad/Al)v for cores in St. Augustine (top) and Waccasassa Bay (bottom). St. Augustine cores are plotted against calibrated ages (cal. yr. B.P.) and Waccasassa Bay cores are plotted against depth (cm).
Lignin source parameters, C/V (Figure 3; Supplementary Table S2) and S/V (Supplementary Figure S9; Supplementary Table S2), have significant differences between units. For St. Augustine, C/V is significantly higher in SA2 and SA3 for all cores compared to SA1. In contrast, S/V in St. Augustine is significantly higher in SA1 compared to SA2 for all cores and compared to SA3 for the salt marsh and mangrove cores. In Waccasassa Bay, C/V is significantly higher in WB3 compared to WB2 for the salt marsh core and to WB1 for the transition. WB2 for the Waccasassa Bay mangrove core is significantly higher in C/V compared to WB3 and WB1. S/V in Waccasassa Bay is significantly higher in WB2 for all cores compared to WB1, whereas only the salt marsh and transition cores have significantly higher S/V in WB3 compared to the WB1.
Lignin degradation parameters (Ad/Al)v (Figure 3; Supplementary Table S2) and (Ad/Al)s (Supplementary Figure S9; Supplementary Table S2) display different relationships between cores and between coasts. In St. Augustine (Ad/Al)v and (Ad/Al)s are not significantly different between units in the mangrove and transition cores. (Ad/Al)v is, however, significantly higher in SA1 and SA2 in the St. Augustine salt marsh compared to SA3. In contrast (Ad/Al)s is significantly higher in SA2 and SA3 of the St. Augustine salt marsh compared to SA1. Similar to St. Augustine (Ad/Al)v in Waccasassa Bay salt marsh and transition cores is significantly higher in WB1 compared to WB2 and WB3. Unlike St. Augustine (Ad/Al)s in Waccasassa Bay is significantly higher in WB1 compared to WB2 for the mangrove, transition, and salt marsh cores with the salt marsh also having significantly lower (Ad/Al)s in WB3 compared to WB1.
Amino Acids
Total amount of hydrolyzable amino acids (THAA) increases up-core for all cores (Figure 4; Supplementary Table S3). THAA is significantly higher in the top two units of the cores (SA2, SA3, WB2, WB3) compared to their bottom unit (SA1, WB1); however, only the St. Augustine mangrove and the Waccasassa Bay salt marsh and primary mangrove cores have significantly higher THAA in the upper-most unit (SA3 and WB3) compared to their middle unit (SA2 and WB2). Waccasassa Bay cores have significantly higher THAA in WB3 compared to SA3 in St. Augustine cores. The St. Augustine mangrove SA3 is significantly higher than the St. Augustine transition SA3. Similarly, the Waccasassa Bay mangrove WB3 is significantly higher than WB3 in the Waccasassa Bay salt marsh and transition cores. Unit WB2 is significantly higher in the Waccasassa Bay transition compared to the Waccasassa Bay salt marsh and mangrove cores.
[image: Figure 4]FIGURE 4 | Down-core measurements of THAA (mmol gOC−1), DI, and Hyp (μmol gOC−1) for cores in St. Augustine (top) and Waccasassa Bay (bottom). St. Augustine cores are plotted against calibrated ages (cal. yr. B.P.) and Waccasassa Bay cores are plotted against depth (cm).
Similar to THAA, AA N% also increases up-core for all cores (one exception being an insignificant decrease from the Waccasassa Bay transition WB2 to WB3; Supplementary Figure S12; Supplementary Table S3). All cores have significantly higher AA N% in the upper-most units (SA3, WB3) compared to their lower-most units (SA1, WB1). For Waccasassa Bay, WB2 for all cores is significantly higher in AA N% compared to WB1 and WB3. In St. Augustine, SA3 within the mangrove core has significantly higher AA N% compared to the salt marsh and transition cores. Comparing between coasts, the Waccasassa Bay WB3 is significantly higher than the St. Augustine SA3 for all cores. In contrast, the Waccasassa Bay WB1 is significantly lower than the St. Augustine SA1 for the salt marsh and transition cores.
Significant differences in the degradation index, DI, are not as consistent as the other amino acid parameters (Figure 4; Supplementary Table S3). DI in the St. Augustine mangrove and the Waccasassa Bay salt marsh cores is not significantly different between units, whereas some cores have significantly higher DI values in the upper-most units compared to their lower-most units (St. Augustine transition and Waccasassa Bay mangrove cores). Others have higher DI values in their lower units compared to their upper-most unit (SA2 is significantly higher than SA3 in the St. Augustine salt marsh and WB1 is significantly higher than WB3 in the Waccasassa Bay transition).
The amino acid DAPA (Supplementary Figure S12; Supplementary Table S3) displays opposing trends between coasts, with significant increases from the WB1 to WB3 occurring in all Waccasassa Bay cores and significant decreases from SA1 to SA2 and/or SA3 occurring in the St. Augustine salt marsh and transition. In contrast, GABA (Supplementary Figure S12; Supplementary Table S3) is consistently the highest in the middle units (SA2, WB2) for all cores, some of which are significantly higher than their respective lower-most or upper-most units. The Waccasassa Bay salt marsh and Waccasassa Bay mangrove WB1 do not have enough data points with detectable GABA concentrations to test for significance. The lack of detection also occurs within these same two cores with the MurA analysis (Supplementary Figure S12; Supplementary Table S3) and may be due to ion suppression caused by the calcium carbonate-rich sediments. MurA is not significantly different between units for both salt marsh cores but is significantly higher in the upper-most units (SA3, WB3) of the mangrove cores compared to the middle units (SA2, WB2). The transition cores show opposing trends in MurA, with SA1 being significantly higher than SA3 and SA2 contrasting with WB3 and WB2 being significantly higher than WB1. Lastly, Hyp (Figure 4; Supplementary Table S3) is significantly higher in the middle and upper-most units (SA2, SA3, WB2, WB3) of all cores compared to their respective lower-most units (SA1, WB1). Both mangrove cores show significantly higher Hyp within SA3/WB3 compared to SA2/WB2. In contrast, the Waccasassa Bay transition has significantly higher Hyp in WB2 compared to WB3.
DISCUSSION
Wetland Migration
Waccasassa Bay
All cores from both coastlines demonstrate changes in lithology, bulk geochemistry, and biomarkers with depth that could indicate these wetlands have migrated inland throughout the Holocene. The bottom lithology of the Waccasassa Bay cores (WB1), consisting of gray sands and shell material, and the uncalibrated ages of 39,400 to 49,200 14C-yrs B.P., suggest these sites were likely part of a carbonate platform deposited from a pre-Holocene RSL highstand (e.g. Goodbred et al., 1998). Black muds within WB2 and increases in TOC (Figure 2), lignin (Figure 3), and amino acid (Figure 4) concentrations likely indicate organic matter input increases from the possible development of a freshwater marsh. Black muds can be associated with marine systems due to Fe-S development, (e.g. Krairapanond et al., 1992). However, they are also seen in freshwater to brackish marshes in Florida, (e.g. Goodbred et al., 1998) and in the northeastern United States, (e.g. McCormick, 1968; Rampino and Sanders, 1980), with broad-leaf freshwater plant remains within the muds. The development of a freshwater marsh in Waccasassa Bay likely occurred when RSL rose and the associated rise in water table flooded the carbonate platform (dated to ∼4,400 14C-yrs B.P. near the Waccasassa River; Goodbred et al., 1998). Woody fragments from Waccasassa River soils have been dated to 1815 14C-yrs B.P., which is closer to the date for our bulk salt marsh sample at 1,530 ± 25 14C-yrs B.P. compared to our bulk transition site sample at 840 ± 20 14C-yrs B.P. Both dates are younger than the Waccasassa River dates, which could indicate a difference in timing for the development of a freshwater marsh environment.
High C/V ratios (Figure 3) in WB2 for all Waccasassa Bay cores suggest grass-dominant vegetation, while depleted δ13C (Figure 2) in the mangrove and transition cores suggests C3 dominance and enriched δ13C in the salt marsh core suggests C4 dominance. This is similar to modern freshwater marshes in the Everglades, consisting of C3 (e.g. Cladium jamaicense) and C4, (e.g. Muhlenbergia capillaris) grasses. C. jamaicense dominates freshwater marshes with 5–9 months of annual flooding (Wade et al., 1980; Doren et al., 1997; Olmsted and Armentano, 1997), while M. capillaris dominates in marshes flooded 2–4 months (Olmsted et al., 1980; Werner and Woolfenden, 1983). Thus, it may be expected that the modern salt marsh site, which is comparatively higher in elevation than the other two sites, would have been higher in elevation in the past and would have thus been flooded less frequently, leading to more C4 dominance.
WB3 within Waccasassa Bay likely represents the development of modern mangrove and salt marsh systems based on the presence of brown, peat-like soils. The shift into WB3 also has changes in δ13C, with the high salt marsh core becoming more depleted and the transition becoming more enriched (Figure 2). The depletion in the salt marsh core may relate to the migration and establishment of J. roemerianus, whereas the enrichment in the transition may relate to the migration of modern low-marsh vegetation (S. alterniflorus). This transition was previously suggested to have occurred ∼1700 ± 160 14C-years B.P. near the Waccasassa River in response to a transgressional event that led to a shoreline retreat of 10–20m·yr−1. Similar to the development of a freshwater marsh, the development of the salt marsh at our sites compared to Waccasassa River may have occurred at a different time. The lack of change in lithofacies and other geochemical parameters following the transition into a salt marsh environment suggest this marsh has been stable since the last transgressional event ∼1700 14C-years B.P., perhaps related to a slow-down in RSLR and the marshes ability to accrete vertically, (e.g. Morris et al., 2002).
St. Augustine
The medium-to dark-brown sands characterizing the bottom lithological unit of the St. Augustine cores (SA1) is consistent with a freshwater and/or brackish wetland. The progression into gray muddy-sands in SA2 is characteristic of a developing intertidal to subtidal environment, (e.g. Long et al., 1998; Goodbred et al., 1998; Wright et al., 2005). Prior to this change, unit SA1 for all cores is characterized by depleted δ13C (Figure 2), low C/V (Figure 3) and high C/N (Figure 2) that increases throughout SA1. All three characteristics could describe C3 terrestrial woody vegetation present within maritime hammocks, the terminal stage of succession in coastal areas (Frazel, 2009). Vegetation in maritime hammocks includes a woody over-story of Quercus virginiana (live oak), Q. laurifolia (laurel oak), and Carya glabra (pignut hickory) along with an understory of sedges and saw palmetto. Low C/N initially at the base of the cores could suggest high freshwater algal presence.
The transition into SA2 enriches δ13C, increases C/V, and decreases C/N, which could describe an increase in C4 terrestrial non-woody vegetation common in modern low salt-marsh environments (dominated by C4 salt marsh grass S. alterniflorus). Although diagenetic alteration can alter δ13C (up to 4‰; Meyers, 1994), shifts towards more enriched δ13C are greater than 4‰ (Figure 2). Similarly, low C/V in SA1 could relate to the preferential decomposition of C phenols over V phenols (Hedges et al., 1988; Opsahl and Benner, 1995), which would alter woody/non-woody interpretations. C/N decreases into SA2 could also indicate diagenetic alteration as nitrogen-rich compounds are preferentially removed over nitrogen-poor compounds; however, lower C/N could also reflect greater algal contributions. Possible algal contribution is supported by an increase in p-hydroxybenzaldehyde (PAL, not shown) up-core, which is derived from lignin and non-lignin sources, (e.g. phytoplankton and algae; e.g. Hedges and Ertel, 1982; Requejo et al., 1991; Onofrejová et al., 2010), and by an increase in Hyp (Figure 4), which has been found in green algae (Gotelli and Cleland, 1968; Voigt et al., 1994). Hyp could alternatively indicate better amino acid preservation, (e.g. Philben and Benner, 2013; Philben et al., 2016) within SA2 given its shallower position in the cores.
The transition in environments, from a possible upland environment to a salt marsh, occurred ∼2,500cal·yr. B.P. in the transition and mangrove cores, which was around the same time RSLR increased in northeastern Florida (Hawkes et al., 2016). However, this increase in RSL rise may be related to local processes for that site and may not reflect regional RSL. Prior to this RSLR increase, RSL had been relatively stable between 5,000–3,000cal·yr. B.P. (Hawkes et al., 2016), which may have allowed for the persistence of a woody, C3-dominant upland environment. If RSL rose in St. Augustine like it did in northeastern Florida, then coastlines may have flooded and forced salt marsh vegetation to transgress inland, replacing less salt-tolerant upland vegetation. Additionally, there may have been shifts to a wetter climate around 2,500cal·yr. B.P. based on the expansion of broadleaf marsh and diatom taxa consistent with long hydroperiods in central Florida (Lammertsma et al., 2015). This agrees with the pollen record in central Florida lake deposits ∼2,700cal·yr. B.P. and in ostracod and stalagmite records from the eastern Gulf Coast ∼2,500cal·yr. B.P. (Alvarez Zarikian et al., 2005; Van Beynen et al., 2008).
The salt marsh core did not shift from SA1 to SA2 until ∼1,250cal·yr. B.P., which occurred when RSLR rates started to slow and plateau (Hawkes et al., 2016). Differences in timing between the salt marsh site and the other two sites may relate to the salt marsh site being further inland from the coastline despite minimal elevation differences in the modern wetland. Prior to ∼1,250cal·yr. B.P., salt marsh vegetation may have been limited to the shoreline, similar to modern-day mangrove positioning. This may have resulted from continued high rates of RSLR. Once RSLR slowed, salt marsh vegetation could have expanded and established itself into the modern day salt marsh site. This is similar to wetlands in the Everglades where the rise in RSL and the Florida aquifer led to the development of freshwater and brackish marshes ∼3,800cal·yr. B.P. and then to modern day salt marshes ∼1,100cal·yr. B.P. (Yao and Liu, 2017).
SA3 likely represents deposition within the modern-day salt marsh with changes in isotopic and lignin parameters reflecting the persistence of salt marsh vegetation or the expansion of mangroves. Following salt marsh development at the salt marsh site, mangroves may have started to develop in the mangrove and transition sites ∼750cal·yr. B.P., as indicated by the depletions in δ13C (Figure 2) and the eventual decreases in C/V (Figure 3). In contrast, the salt marsh core within SA3 has increased δ13C enrichment and C/V values, suggesting more non-woody C4 salt marsh dominance. Further work examining other microfossils such as pollen assemblages, (e.g. Willard et al., 2001; Souza Filho, 2006; Yao and Liu, 2017) would be useful to identify dominant terrestrial and aquatic taxa at different points in the wetland’s development. Additionally, the use of X-ray fluorescence, (XRF; e.g. van Soelen et al., 2012; Yao and Liu, 2017) would be helpful in identifying chemical elements derived from marine, (e.g. Ca, Sr, and Zr) and terrestrial, (e.g. Fe, Ti, and K) environments, which would allow for the interpretation of marine influence on the wetland vegetation.
Blue Carbon Burial
Comparing Blue Carbon Stocks
St. Augustine (9.9–21.5kgC·m−2) has higher total carbon stocks compared to Waccasassa Bay (7.7–10.9kgC·m−2). Analyzing the top meter of soil for a blue carbon stock, as suggested by the IPCC (Hiraishi et al., 2014), the 1-m blue carbon stocks are 7.3 ± 0.4kgC·m−2, 7.0 ± 0.4kgC·m−2, and 8.0 ± 0.4kgC·m−2 for the St. Augustine salt marsh, mangrove, and transition cores, respectively. The 1-m blue carbon stocks for Waccasassa Bay salt marsh, mangrove and transition cores are 6.3 ± 0.3kgC·m−2, 6.1 ± 0.3kgC·m−2, and 8.6 ± 0.4kgC·m−2. Based on these stocks, St. Augustine stores more blue carbon in top meter of the mangrove and salt marsh cores compared to the same cores in Waccasassa Bay. In contrast, Waccasassa Bay site has the highest 1m carbon stock in its transition core while the St. Augustine transition has the highest overall stock.
Higher blue carbon stocks within the top meter in the St. Augustine mangrove and salt marsh cores is opposite from what would be expected based on a recent study that found higher blue carbon stocks within the top meter of Gulf coast carbon stocks compared to Atlantic coast carbon stocks (Thorhaug et al., 2019). This difference is due to scaling, where the previous study is regional, involving several states and another country, while this study is local and likely more representative of a single state (Florida). Waccasassa Bay cores have lower 1m blue carbon stocks because they likely contain non-blue carbon deposits with low concentrations of carbon (represented by Unit WB1) within the top meter of soil. In contrast, the St. Augustine cores have blue carbon-like deposits (represented by Unit SA3), which is more carbon-rich, well below the top meter. Thus, while blue carbon stocks have been standardized to the top meter of tidal wetland soils, there is potentially greater carbon stocks below this benchmark for the St. Augustine wetlands that could improve total geological carbon estimates (Kauffman and Donato, 2012; Gallagher, 2017; Adame et al., 2018; Thorhaug et al., 2019; Kauffman et al., 2020).
Comparing our 1m blue carbon stocks to other blue carbon stocks in the conterminous U.S., our stocks are much lower than the average (27kgC·m−2) but are not out of the range of stocks observed for the U.S. (Holmquist et al., 2018). European tidal marshes report a mean of 26.1kgC·m−2 (van Broek et al., 2016) and southeastern Australian mangroves and marshes report a mean of 25.3kgC·m−2 (Kelleway et al., 2016). The lower stocks here compared to the conterminous U.S. and to European and Australian wetlands may relate to latitude, where subtropical climate wetlands in the conterminous US have lower carbon densities compared to wetlands in temperate and Mediterranean climates (Holmquist et al., 2018). This may relate to temperature, where greater temperatures in subtropical climates could increase soil carbon degradation, (e.g. Kirschbaum, 1995; Davidson and Janssens, 2006). Differences in carbon stocks with latitude could also relate to differences in tidal amplitude and RSLR where greater RSLR throughout the Holocene for more northern states (Engelhart and Horton, 2012; Hawkes et al., 2016) could have created more accommodation space for carbon to accumulate (Rogers et al., 2019) compared to more southern states. The process by which RSLR influences carbon accumulation is described further below when comparing carbon accumulation between northern Florida coastlines.
Drivers of Blue Carbon Differences Between Coasts
When comparing intraspecific differences within coasts, the transition cores contain the highest OC stocks for both sites (includes total and 1m stocks) while the mangrove cores have the lowest, suggesting site location may influence the amount of carbon buried and stored. This is similar to carbon burial results for these cores over the recent ∼120 years with higher carbon burial in the transition core associated with high biomass production and the location of the transition site being further inland than the mangrove site (Vaughn et al., 2020). The mangroves location along the shorelines meant there is likely more organic matter being exported with tidal and wave action, (e.g. Saenger and Snedaker, 1993; Adame and Lovelock, 2011) as well as higher mineral sediment inputs as coarse grained sediments carried by waves and tides tend to settle closer to the shoreline (Stumpf, 1983). Having more inorganic sediment deposition at the mangrove sites means that as RSL rises, there is less available accommodation space for organic matter to accumulate (Morris et al., 2002; Rogers et al., 2019). The concept of location controlling accommodation space availability for organic and mineral sediment could be applied to these long cores, where the further the location is from the shoreline, the more space there is available for organic matter to accumulate (as opposed to mineral sediment accumulation). However, the ability of organic matter to accumulate also depends on its production, thus explaining lower OC burial at the salt marsh sites.
Our ability to explore the influence of RSLR on carbon burial at these sites is improved by utilizing longer records with distinct histories in tidal wetland development. Since tidal wetlands may have formed around similar times in St. Augustine (dated to ∼2,500–1,250cal·yr. B.P., this study) and in Waccasassa Bay (dated ∼2000–1700cal·yr. B.P., Goodbred et al., 1998), a shallower extent of carbon-rich, blue carbon deposits in Waccasassa Bay compared to St. Augustine could result from differences in RSLR over the late Holocene, (e.g. Rogers et al., 2019). High RSLR rates increase tidal inundation frequency, which creates accommodation space for the wetland to grow vertically through the accumulation of organic and mineral sediment. As sediment accumulates with continued RSLR, previously deposited sediments become submerged and create more anoxic conditions, inhibiting aerobic OC breakdown (Rogers et al., 2019). In contrast, regions with slower RSLR do not accrete as much material and thus do not provide the same extent of anaerobic conditions that slow OC breakdown. Based on RSL reconstructions from northeast Florida and the Gulf, the northeastern coast had a gradual decrease in RSLR rates from 1.0mm·yr−1 toward 0mm·yr−1 over the last ∼2,500 years (Hawkes et al., 2016), whereas the Gulf RSLR rates decreased from 1.0mmyr−1 to ∼0mmyr−1 between ∼2,500cal yr. B.P. and ∼2000cal yr. B.P. (Gerlach et al., 2017). This was followed by relatively slow RSLR between ∼2000cal yr. B.P. and ∼750cal yr. B.P. (Wright et al., 2005; Gerlach et al., 2017). The period of slower RSLR in the Gulf could have decreased potential accommodation space and OC accumulation, which subsequently increased potential aerobic OC decomposition.
Almost all of the six cores show decreases in OC with depth (Figure 2), typical of continuous in-situ OC decomposition, (e.g. Dittmar and Lara, 2001; Bianchi et al., 2013), the only exception being the increase in TOC ∼2,500cal·yr. B.P. in the St. Augustine transition core. The spike in TOC ∼2,500cal yr. B.P. also corresponds to slight increases in total lignin (Λ-6 and Λ-8), similar to that seen in the transition core over the last ∼120 years with the recent mangrove expansion (Vaughn et al., 2020). This suggests the spike in TOC and lignin follows another shift in vegetation ∼2,500cal·yr. B.P. (e.g. from upland environment to salt marsh). The driver for possible greater vegetation fluctuations at the St. Augustine transition coring location and not at the other St. Augustine or Waccasassa Bay sites is unknown but may relate to the timing of the vegetation changes at the other sites as well as environmental factors, such as elevation, distance from the shorelines, soil structure, and soil nutrient content.
Other than the lignin increase with the St. Augustine transition TOC increase, all St. Augustine and Waccasassa Bay cores experience overall decreases in total lignin (Λ-6 and Λ-8) down-core (Figure 3; Supplementary Figure S9) and most cores experience increases in lignin degradation indices ((Ad/Al)v and (Ad/Al)s) down-core to values characteristic of moderately to highly degraded lignin (Figure 3; Supplementary Figure S9; Hedges et al., 1998). Combined, both would suggest the lignin decrease down-core is related to its degradation (Hedges et al., 1988; Opsahl and Benner, 1995; Otto and Simpson, 2006). Total amino acids (THAA) also decrease down-core for all St. Augustine and Waccasassa Bay cores (Figure 4); however, it is not matched by decreases in the degradation index (DI, Figure 4; lower values indicate higher degradation) nor by increases in the amino acids DAPA, GABA, or MurA that indicate higher bacterial and/or diagenetic alteration (Supplementary Figures S12; Philben et al., 2016; Hutchings et al., 2019). The decrease in amino acids down-core thus may not strictly be due to degradation but could relate to increased amino acid inputs up-core, possibly related to salt marsh expansion.
Degradation of carbon down-core may have also contributed to the general decrease in sedimentation rates observed down-core using 14C data (e.g. for St. Augustine cores, go from 0.6 to 1.6mm·yr−1 at 50cm to 0.6mm·yr−1 for the entire core lengths). These 14C derived rates are additionally lower compared to 210Pb data at the surface of these cores, which revealed sedimentation rates of 0.4–3.8mm·yr−1 (Vaughn et al., 2020); however, they are in range for millennial-scale sedimentation rates in other salt marsh and mangrove environments (0.3–2.5mm·yr−1; Carter et al., 1993; Parkinson and White, 1994; Nydick et al., 1995; Saintilan and Wilton, 2001; Serandrei-Barbero et al., 2006). Besides an increase in degradation down-core, decreases in sedimentation rates, derived from 210Pb data at the surface to 14C data at the bottom of the cores, may suggest an increase in soil material added over time (or a combination of soil material increase up-core with degradation down-core). An increase in soil material over time, (i.e. an increase in sedimentation) may have occurred as these wetlands experienced ecological transitions whereby, environments higher in elevation, (e.g. high marsh) and further from the coastline, (e.g. coastal forests) tend to have lower sedimentation rates compared to environments lower in elevation and closer to the coastline, (e.g. low marsh; Breithaupt et al., 2018). Additionally, increases in RSLR over time may enhance sedimentation in these coastal environments as they maintain their position relative to the tidal frame (Morris et al., 2002; Rogers et al., 2019).
Dating Challenges
Wood and charcoal fragments from Waccasassa Bay yielded modern radiocarbon ages, indicating modern material has been incorporated into soils at 88–152cm in depth. As a result, we are unable to construct an age-depth model for Waccasassa Bay. The modern ages for the mangrove and transition cores likely resulted from deep mangrove root penetration, giving younger ages for soils at depths to which the roots can penetrate, (e.g. 62 cm in a south Florida wetland; Zhang et al., 2019). Having deeper mangrove root penetration for Waccasassa Bay compared to St. Augustine would not be surprising as mangrove heights were much higher compared for Waccassassa Bay and belowground biomass tends to have positive correlations with mangrove tree height (Yando et al., 2018). Alternatively, there may have been disruptions to the soil profile, such as bioturbators transporting modern woody material from the surface to depth (McCraith et al., 2003) or a re-depositional event where younger wood fragments get deposited before older, eroded soils (e.g. Colhoun, 1986). This could explain the modern ages in the salt marsh core from Waccasassa Bay; however, as noted by the 210Pb data for the surface soils of Waccasassa Bay (Vaughn et al., 2020), soil mixing in these wetlands is minimal. It thus seems unlikely bioturbation or re-depositional events contributed to the younger carbon at depth.
It is also unknown why we encountered modern ages for the Waccasassa Bay salt marsh core but not for St. Augustine, but there may be a connection with elevation given the Waccasassa Bay salt marsh core was collected in a high marsh environment and the St. Augustine salt marsh core was collected in a low marsh environment. Neither environment type though, would be expected to produce differences in root depth (i.e. root depth for S. alterniflorus or J. roemericanus) down to ∼88–152cm. Other research from coastal wetlands and other depositional environments have found modern 14C dates at depth but many do not report these modern ages and instead attribute the modern ages to error (personal communication with others). Thus, in order to better understand what is driving modern carbon ages at depth, future studies that obtain modern values should report them when possible and detail the environmental conditions that may have led to these modern values.
CONCLUSION
Blue carbon and total carbon stocks in Northern Florida wetlands are assessed in sites of varying vegetation types (mangrove and salt marsh) with differing histories of wetland development. North Florida Gulf coast cores were shorter in length compared to north Florida Atlantic coast cores due to the presence of carbon-poor shell material, representing carbonate platform deposits (Goodbred et al., 1998), below the soil. Tidal wetlands likely formed around similar times for both coastlines (∼2.5ka); however, faster RSLR along the Atlantic coast (Hawkes et al., 2016) likely promoted more soil accumulation through the creation of accommodation space (Rogers et al., 2019). Thus, despite the Gulf cores having higher organic carbon concentrations at the surface, the Atlantic cores having a deeper extent of carbon-rich soils led to higher total organic carbon stocks in northern Florida Atlantic coast wetlands (9.9–21.5kgC·m−2) compared to the northern Gulf coast wetlands (7.7–10.9kgC·m−2).
Restricting these carbon estimates to just the top meter within the cores, as suggested by recent IPCC guidelines for estimating blue carbon stocks (Hiraishi et al., 2014), also gave mostly higher stocks for the Atlantic coast sites (7.3kgC·m−2, 7.0kgC·m−2, and 8.0kgC·m−2 for the salt marsh, mangrove, and transition sites, respectively) compared to the Gulf coast sites (6.3kgC·m−2 and 6.1kgC·m−2 for the salt marsh and mangrove sites, respectively), though the highest overall stock is found in the Gulf coast transition site (8.6kgC·m−2). These blue carbon stocks may be low compared to other conterminous U.S. wetlands (Holmquist et al., 2018); however, there is potential for higher stocks in the Atlantic cores if soils deeper than a meter are considered.
The top meter is assumed to represent soils most vulnerable to disturbance globally through the construction of aquaculture and salt production ponds (Hiraishi et al., 2014), but types of disturbance and the depth of sediment in which the disturbances influence varies between regions and localities. The Atlantic coast wetlands are located in some of the most rapidly growing counties in Northern Florida, thus it likely that carbon below the top meter will be exposed as erosive anthropogenic activities, such as dredging for navigation and land-use development increase (Frazel, 2009). Increased boat usage adjacent to these wetlands may also increase the depth of soil exposure as boat wakes reduce salt marshes to intertidal sand flats, which face significantly larger erosion rates compared to undisturbed vegetated salt marshes, (e.g. Kim, 2003; Sheehan and Ellison, 2015). Thus, while the 1m blue carbon stock may be useful for comparisons of wetlands globally, the potential amount of carbon released from these and other wetlands with disturbances may be unaccounted for in carbon financing schemes (Gallagher, 2017) and should be measured when possible.
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