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Mangroves create unique and highly productive wetland communities in intertidal zones of tropical and subtropical coastlines. Despite their many ecosystem services, such as carbon sequestration, mangroves remain threatened by climate change, sea-level rise, and human development. The inclusion of conservation paleobiology and long-term perspectives on how these ecosystems have responded to past environmental change can inform current policy and lead to more effective conservation and restoration management strategies for modern mangrove communities. In South Florida, humified plant debris, or peat, in mangroves provides this historical record. Our research takes a novel paleobiological approach by using plant organ- and taxon-based measures to describe the influence of the taphonomically active zone (TAZ: the zone near the surface of the substrate where taphonomic processes actively formation and degrade accumulated detritus) on the decomposition of mangrove peat with depth. This allows us to understand the taphonomic biases imposed on mangrove peat as it is sequestered into the sedimentological record and provides us with the paleoecological context to better interpret preserved peats and reconstruct past mangrove sub-habitats from peat cores. Accordingly, we collected modern surficial peat cores from two contrasting mangrove sub-habitats in Barnes Sound, FL. These surficial cores were characterized and compared to historical, deep cores from other South Florida mangrove peat deposits. By comparing the proportional abundance of mangrove peat constituents in these samples, we established modern analogs needed to interpret changes in the depositional environment of historical mangrove peats found in sediment cores, which is critical for understanding shoreline responses of mangroves to sea-level rise and anthropogenic change. We demonstrate that (1) leaf mat thickness may be a relative indicator of surficial peat decomposition rates because it correlates with the degree of tidal activity and detritivore access to the leaf litter layer; (2) root percentages are valid tools to differentiate between peats at depth, and can be used as relative indicators for the distance of in situ peat from shorelines; and (3) organismal signals, such as foraminifera and insect parts, provide a means for deciphering precursor mangrove sub-habitats from sequestered peats.
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Introduction

The taphonomically active zone (TAZ) is the zone at the surface of the substrate where physical, chemical, and microbial processes facilitate the breakdown and decomposition of accumulated detritus (Davies et al., 1989). Paleobiologists model the TAZ in marine depositional environments to describe the fossilization process of benthic fauna at the sediment–water interface (Davies et al., 1989; Sadler, 1993; Olszewski, 1999, 2004; Walker and Goldstein, 1999; Tomašových et al., 2014, 2019). Further, the TAZ has been extended to include the dissolution of fauna through the pelagic zone (Petró et al., 2018). In the terrestrial realm, Noto (2011) modeled the TAZ and discussed its implications for vertebrate paleobiology. In this study, we introduce a novel paleobotanical approach and characterize the TAZ in mangrove environments to better understand how taphonomic processes shape accumulated plant litter as it is humified into peat and sequestered into the sedimentological record. This is important because as peat is buried and sequestered with depth, information about the precursor mangrove environment is reduced, or even lost, which may skew interpretations on the succession of mangroves and lead to imprecise reconstructions of mangrove communities.

In mangroves, the peat-forming process starts when leaf litter and other aerial plant organs (e.g., propagules, stems, etc.) are deposited on the substrate surface. As with marine invertebrates in shallow shelf deposits, these plant constituents must pass through the TAZ, and it is here that they will degrade and compact to form peat. The degree of peat decomposition is dependent on the amount of time constituents spend in the TAZ (Davies et al., 1989). Sadler (1993) suggested that the amount of time required for constituents to pass through the TAZ depends on (1) frequency and depth of reworking, (2) degree of bioturbation, and (3) thickness of the TAZ. Easily degradable constituents, such as plant debris, are less likely to survive the TAZ unless they are quickly sequestered, or the rates of decomposition and bioturbation are negligible (Davies et al., 1989). If sequestered plant debris is returned to the surface through peat loss or bioturbation, it likely would not survive a second cycle through the TAZ. Because the probability of exhumation decreases with depth (Sadler, 1993; Olszewski, 2004), buried peats enter the depth of final burial (DFB: Olszewski, 2004). It is here that the coalification process (the peat-to-coal transition) begins (Dai et al., 2020). Because the thickness of the TAZ reflects the depth of the water table (Clymo, 1984), the degree of peat decomposition can be used to interpret past hydrological and other environmental conditions that occurred within the mangrove community during the peat-forming process (Drzymulska, 2016). Generally, the rate of peat decomposition decreases during wet climate conditions when water levels are high and increases during dry climate conditions when water levels are low (Clymo, 1984). In peat-accumulating mangroves, these wet-dry conditions are reflective of the daily tide cycles where the peat decomposition rate accelerates during low tide when the water table depth has retreated and the wetland surface is aerated, and the decomposition rate decreases during high tide when the wetland is inundated with tidal waters limiting oxic decomposition of accumulated plant debris. These fluctuations in the water table facilitate peat decomposition with depth by inducing bacterial respiration processes such as methanogenesis, and the reduction of nitrate, manganese, iron, and sulfate (Aller, 1982; Canfield and Thamdrup, 2009).

Not all mangroves are peat-accumulating and the presence of peat in mangroves depends on the balance between the rate of sediment influx and the rate of organic matter accumulation including root growth (Cohen et al., 1987; Covington and Raymond, 1989; Parkinson et al., 1994; Raymond et al., 2010). On siliciclastic substrates, the rate of sediment influx is high relative to the rate of organic matter accumulation, resulting in allochthonous, organic-rich mud substrates (Woodroffe, 1983). In these environments, pollen data may be more useful to reconstruct past mangroves (Anderson and Muller, 1975; Ishman et al., 1998; Urrego et al., 2009; Willard and Bernhardt, 2011). On carbonate platforms, such as those in Florida, autochthonous mangrove peat forms because the rate of organic matter accumulation exceeds the rates of decomposition and sediment influx (Woodroffe, 1983; Cohen et al., 1987; Parkinson et al., 1994). In these environments, accumulated peat reflects the modern mangrove community, and the burial of modern peat provides a sedimentary archive that can be analyzed to understand how environmental trends, such as shifts in rainfall and sea-level rise, affect the mangrove community (McKee et al., 2007; Ezcurra et al., 2016). The occurrence of mangrove peat in sediment cores thus signals the presence of past mangroves and is commonly used to identify intertidal environments and track relative sea-level change (Cohen and Spackman, 1972, 1977; Davies and Cohen, 1989; Ishman et al., 1998; McKee and Faulkner, 2000; McKee et al., 2007; Ellison, 2008; Jones et al., 2019; Meeder et al., 2021).

Mangrove species zonation patterns coupled with geomorphology of the substrate form distinct mangrove sub-habitats that produce characteristic peat types (Lugo and Snedaker, 1974; Davies and Cohen, 1989; Snedaker, 1989; Woodroffe, 1992; Ewel et al., 1998; McKee and Faulkner, 2000). Each mangrove sub-habitat is characterized by flora, fauna, and organismal-peat interactions reflective of the salinity gradient, tidal inundation, distance from the shoreline, and other environmental factors (Odum and Heald, 1975; Haines and Montague, 1979; Zieman et al., 1984; Fleming et al., 1990; Duke, 1992, 2017; Bouillon et al., 2008). In fringe sub-habitats, the red mangrove (Rhizophora mangle) occurs in monospecific stands along the coastline of mangrove communities, and these sites experience high wave activity, tidal scouring, and the wet-dry conditions of daily tide cycles. Further inland, R. mangle may occur in mixed stands with the black mangrove (Avicennia germinans) in basin sub-habitats, and these sub-habitats experience limited tidal activity and remain inundated with standing pools of water after the tide retreats.

Particle size and the organ composition of plant debris in peats provide a means to measure the rate and infer the processes of peat decomposition in the TAZ (Boelter, 1969; Cohen and Spackman, 1977; Raymond et al., 2001). This is important because the degree of peat decomposition in historical peats can be used to identify and interpret precursor mangrove sub-habitats. Rhizophora-dominated mangrove peats that form in fringe sub-habitats with a more active TAZ have smaller-sized peat particles and more decayed plant tissues compared to mangrove peats formed in basin sub-habitats, which have larger-sized peat particles and more recognizable plant tissue because of a reduced TAZ. Further, characterization of surficial peats from contrasting mangrove sub-habitats may provide necessary information to infer the distance of the depositional environment from the shoreline in sequestered peats, where sequestered fringe peats indicate peats formed on the periphery of the mangrove whereas sequestered basin peats indicate peats formed in the interior of the mangrove.

Although mangroves occupy approximately 1.5% of global tropical and subtropical coastlines with a smaller percentage of these accumulating peat (Davis, 1940; Teas, 1977; Woodroffe, 1983; Tomlinson, 1986; Duke, 1992, 2017; Kathiresan and Bingham, 2001; Nagelkerken et al., 2008; Luther and Greenberg, 2009; Daru et al., 2013; Alongi, 2015, 2018), they are declining at an estimated 0.16% per year globally and 0.22% per year in the United States (Friess et al., 2019; Alongi, 2022). Mangrove communities in the United States are the largest in Florida and it is here that their total coverage has declined ~25% from historical estimates of 260,000 to 200,000 ha between 1985 and 2001 (Lewis, 2001). Sea-level rise, increased storm frequency, changes in rainfall patterns, and anthropogenic alteration of freshwater influx significantly affect mangrove ecosystems (Cahoon et al., 2006; Day et al., 2008; Krauss et al., 2011, 2014; Smith et al., 2013; Koh et al., 2018), and these factors may reduce the potential for mangroves to accumulate peat and store atmospheric CO2 underground via carbon sequestration (Ezcurra et al., 2016; Alongi, 2020, 2022). As for all coastal communities, the inclusion of conservation paleobiology and historical research into conservation management strategies can inform modern restoration efforts for mangrove ecosystems (Dietl and Flessa, 2011; Dietl et al., 2015; Savarese, 2018). These long-term perspectives provide conservation and restoration practitioners with expanded temporal scales on the vegetation and sea-level history of mangrove communities. Not only do these expanded temporal scales provide information on how mangroves responded to past environmental change, but they also are used to predict how mangroves may respond to anthropogenically-induced climate change (Alongi, 2008; Dahdouh-Guebas and Koedam, 2008; Ellison, 2008; Koh et al., 2018; Ong and Ellison, 2021).

Here, we differentiate between peat-accumulating mangrove sub-habitats and track the influence of changing environmental conditions on peat decomposition by using plant organ- and taxon-based measures to determine the presence and the proportional abundance of constituents in mangrove peats from two mangrove sub-habitats in South Florida: (1) a flooded basin site and (2) a tidally influenced fringe site. This will allow us to characterize mangrove peat types with depth, interpret precursor mangrove sub-habitats of deposition, and trace the environmental history of sequestered peats. Analyses into the fate of mangrove peat constituents as they become integrated into the sedimentological record enable us to not only identify the presence of mangroves on past landscapes but also to trace changes in mangrove sub-habitats with time. These establish modern analogs needed to interpret changes in the depositional environments of historical mangrove peats found in sediment cores. This information is critical because it provides insights for resource managers and urban planners to understand the responses of mangrove coasts to sea-level rise and to make management decisions that will enhance coastal resiliency in the decades ahead.



Materials and methods


Study site

We analyzed mangrove peat within a mangrove forest at the southwest corner of Barnes Sound, Florida (Figure 1A), which is the southernmost basin of the Biscayne Bay and the southeastern Everglades ecosystem (Smith, 2001; USACE and USDOI, 2020). Mangrove peats in Barnes Sound are an estimated 1–2 meters thick and mostly organic with few inclusions of fine-grained sand and silt sediments (Wanless, 1974). Destruction of mangroves occurred near our field sites with the construction of the original Jewfish Creek Bridge in 1907 for the Florida Overseas Railroad. Continued alteration to this mangrove community occurred when the bridge was restructured from a railway to a highway in 1944 and when it was converted from a drawbridge to a fixed bridge in 2008 (Garbin and Mann, 2010; Benson and Yuhr, 2016). Over time, this construction may have altered hydrological patterns within the mangrove community that affected peat accumulation within water-logged basins near the construction site. Anthropogenic diversion of freshwater from the coast coupled with sea-level rise has increased salinity over the past 150 years in Barnes Sound (Ishman et al., 1998; Ross et al., 2000; USACE and USDOI, 2020; Wingard et al., 2022). For example, the opening of the C-111 canal in 1968 diverted freshwater flow from naturally entering Barnes Sound, resulting in the shift from historically brackish to hypersaline conditions (Ishman et al., 1998). Because increasing saline conditions can shift the structure and composition of accumulated mangrove peats from brackish to marine (Davies and Cohen, 1989; Chambers et al., 2016; Meeder et al., 2021), we decided to characterize sub-habitats within this mangrove community that experience various levels of tidal exposure. We thus sampled peat from two contrasting mangrove sub-habitats: (1) a Rhizophora-dominated sheltered mangrove fringe site (Figure 1B) that is located behind the seaward mangrove periphery of the wetland where the peat experiences semidiurnal tidal activity and is shielded from direct wave activity; and (2) an interior, mixed forest basin site (Figure 1C), which is generally flooded, experiences microtidal activity, and has an accumulated thick leaf mat. Henceforth, we refer to the mixed forest basin site as ‘basin’ and the sheltered mangrove fringe site as ‘fringe’ sites.
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FIGURE 1
 (A) Map of our field sites within a mangrove forest on the southwest shore of Barnes Sound, Florida. Aerial view of the peat surface from each site: (B) a sheltered mangrove fringe site with a sparse leaf mat that is tidally exposed; and (C) an interior basin site with a thick leaf mat.




Core collection and sampling

Clymo (1988) estimated the TAZ, or acrotelm, in peat bogs occurs at ≤20 cm depths. Cohen (1968) collected and characterized peat cores from South Florida and his shallowest mangrove peat sample occurred at ~18 cm depth. To provide a more informed understanding of the plant debris-to-peat transition as surficial litter is degraded and formed into peats within the upper TAZ, we targeted shallower, surficial mangrove peats not observed by Cohen (1968). In May 2018, we collected five surficial mangrove peat cores (15 cm depth × 15 cm diameter) every four meters along a 20 m transect from our field sites. We followed the coring protocol of Schultz (2015), gently hammering the coring device into the peat substrate. Because large woody debris and roots extended beyond the edge of the coring device, we used a small hand saw to cut through them to facilitate core extraction and placed a hand underneath the core to prevent peat loss during extraction. We extruded the cores into nylon mesh sleeves with the same dimensions as the coring device to prevent diagenetic reactions between the edge of the cored peat and the interior walls of the metal core canister, to retain the shape of the core, and to allow the core to drain. Although the edges of most cores had some surficial debris carried to deeper depths by the coring process, examination of the cores showed that peat in the interior of cores remained undistorted. After most of the water had drained from the peat, we sealed extruded cores in plastic bags and stored them in a temperature-controlled cooler within a dark, air-conditioned room until we could process them. Cores were processed within 6 months of collection.



Leaf mat thickness

We measured the thickness of the surficial leaf mat by counting the number of accumulated, stacked leaves above the peat substrate (Cintra, 1997; Schultz, 2015). We reported leaf mat thickness in terms of stacked leaves because it enables comparisons between modern leaf mats formed from different broad-leaved plant communities, and between modern and ancient leaf mats (Raymond, 1987; Gastaldo and Staub, 1999; Schultz, 2015). Leaf mat thickness reflects the decomposition rate of leaf litter, with thicker accumulated leaf mats indicating slower rates of decomposition (Raymond, 1987; Schultz, 2015). To measure leaf mat thickness, we inserted a wire probe into the center of the substrate and counted the number of stacked leaves with intact margins and large leaf fragments (≥1 cm2) that touched the needle (Cintra, 1997; Schultz, 2015). We stopped counting leaves when they were consistently less than 1 cm2. Because the peat surface is exposed at low tide, we measured leaf mat thickness at the fringe site every meter along a 20 m transect, yielding 21 leaf-mat counts. Because the waterlogged nature of the basin site made it too difficult to make a clear measure of leaf mat thickness in the field, we determined leaf mat thickness in the lab from our collected basin peat cores. We increased our basin sample to 10 measures of leaf mat thickness by supplementing these data with comparable data from Schultz (2015), who conducted research at the same basin site during contemporaneous months. Although sampled during different years, measures of leaf mat thickness from our study and Schultz (2015) yielded similar leaf mat counts. We compared the differences in leaf mat thickness between mangrove sites using the Mann–Whitney U test, performed using the function wilcox.test in the “stats” package of R version 4.1.3 (R Core Team, 2021).



Proportional abundance of peat constituents

In this study, we used the wet-sieve method as a cost-effective and time-sensitive tool to analyze the proportional abundance of peat constituents in mangrove peats from basin and fringe mangrove sub-habitats. In basin cores, the cohesive leaf mat overlies the intact peat; the leaf mat at the fringe site was thin and sparse and was not sampled in fringe cores. We thus removed the intact leaf mat from basin cores. All cores were divided into three levels at 5 cm depth intervals and sampled: upper (0–5 cm), middle (5–10 cm), and base (10–15 cm). The upper level differed from other sampled core depths because it consisted of identifiable plant debris, such as fragmented leaves (<1 cm2), twigs, and rootlets. We thus equated the upper level as the incohesive leaf mat, which was located below the leaf mat in basin cores and at the surface of the peat substrate in fringe cores.

We analyzed peat subsamples (12.5 cm3) from each core to determine the proportional abundance of peat constituents at four levels, including the cohesive leaf mat, for the basin cores and three levels for the fringe cores. For each core, we took two replicate peat subsamples from each core level. We submerged subsamples in 150 mL of water for 12–16 h to disaggregate them before wet sieve processing (Levesque and Dinel, 1977). Disaggregated subsamples were wet-sieved in eight fractions: 8.0 mm, 4.0 mm, 2.0 mm, 1.0 mm, 500 μm, 250 μm, 150 μm, and 106 μm. We used a hand-held Büchner funnel to collect particles that were < 106 μm from the collected liquid.

After wet-sieving, point counts of peat constituents were made for each size fraction. All constituents on the larger sieves (≥1,000 μm) were counted and identified. Because constituents on sieves <1,000 μm were too numerous to count, we made point counts (n = 300) on sieved size fractions between 106 and 1,000 μm using a digital grid that overlays the field of view on a high-resolution dissecting microscope at 10× magnification. The digital grid overlay corresponded with the mesh size of each sieved fraction. For example, we used a 500 μm digital grid on the sieve fraction with a 500 μm mesh. We counted constituents that corresponded with the cross-sections of the digital grid, and we increased the magnification on the microscope to identify them.

Previous studies in South Florida used thin sections to track the proportional abundance of peat constituents to describe peats and measure the particle size distribution of peat (Cohen, 1968; Cohen and Spackman, 1977). These authors divided peat particles into two size fractions: framework (F: plant organs having one dimension ≥100 μm that provide fibrous structure to the peat) and matrix (M: plant tissue remains and particles with dimensions <100 μm) and determined framework percentages of 49–54% for mangrove peat in South Florida. Because of easily available sieve sizes, we defined framework as plant organ particles having one dimension ≥106 μm, and matrix as plant tissue remains and particles with all dimensions <106 μm. The wet-sieve method used here allows us to easily track and compare the size of framework to matrix particles. Since particle size has been used as a proxy to assess the amount of decomposition, the proportion of framework to matrix particles (F:M ratio: as determined by point counts described above) in this study was used to indicate the sub-habitat of deposition in sequestered peats.

Cohen (1968) separated framework peat constituents into roots and subaerial organs. Instead of ‘subaerial organs,’ we used the term ‘aerial organs’ to describe fallen leaf litter and other aerial plant organs deposited on the peat surface. Following Cohen (1968), we used root percentage to refer to the percentage of all framework constituents composed of root debris (see also Cohen and Spackman, 1977). Numerous studies have reported the root percentage, or root-shoot ratio, of peat (Raymond, 1987; Esterle et al., 1989; Middleton and McKee, 2001), enabling comparisons of modern and ancient peat deposits. We also used the term ‘total percent of roots,’ which is the percentage of roots relative to all peat constituents.

Matrix constituents included all constituents that would eventually degrade into small particles (<106 μm). Matrix constituents thus included all particles that were cells, fecal pellets, and miscellaneous debris. Our cells category consisted of plant tissues that were reduced to individual cells, cell fragments, and sheets of cells that were < 500 μm. Miscellaneous debris consisted of sediment grains and unidentifiable particles. We also tracked the occurrence of organismal peat constituents, which include insect parts, foraminifera, and mollusk shells.

After making point counts, we dry-sieved samples for 24 h at 50°C and weighed all constituents on each sieve to estimate their proportional abundance within the peat. Because our data consist of subsample replicates, we averaged our constituent proportional abundance values at each core level for each site. To compare framework to matrix particles among and between field sites, we calculated dry weight ratios of framework particles (≥ 106 μm) to matrix particles (<106 μm). We compared our data for the proportional abundance of peat constituents between sites and depth using a two-way ANOVA with post-hoc Tukey tests to differentiate the significance between depth levels. We used the anova function for the two-way ANOVA and the Tukey function for the post-hoc Tukey tests in the statistical package “stats” of R version 4.1.3 (R Core Team, 2021).



Historical data analyses

To investigate whether peat from different mangrove sub-habitats can be distinguished based on the proportional abundance of peat constituents, we compared our data with the historical mangrove peat data from Cohen (1968). Cohen (1968) categorized peat types based on the relative percentage of root constituents: root-dominated peat (<5% leaf litter and other aerial organs) and sedimentary peat (≥5% leaf litter and other aerial organs). We applied these established peat types to our surficial peat data and created a new category: leaf mat (≥40% leaf litter and other aerial organs).

The peat constituent categories directly comparable between our data and the data of Cohen (1968) were framework, roots, and aerial organs. Cohen (1968) and Cohen and Spackman (1977) included fecal pellets in their matrix category. Accordingly, we combined our fecal pellet data with our miscellaneous debris data to create a comparable fine granular debris category. Because we did not differentiate between cells and cell fragments, and we did not track cell inclusions in our data, we combined these categories from Cohen (1968) into our cells category for comparison. The cells and fine granular debris categories were combined and included in our total matrix category. We were not able to include insect parts or foraminifera proportional abundances in our comparison study because Cohen (1968) did not track their proportional abundances, but instead lumped these data in the matrix category.

For this study, linear discriminant analysis (LDA) was applied to a combined mangrove peat dataset of our modern data and the historical data of Cohen (1968). We used LDA to reduce the dimensionality of the quantified peat properties (proportional abundances of roots, aerial organs, and matrix particles) and determine the combination of peat constituents that best differentiate between peat types. These selected categories form the basis for the LDA that classified each subsample into a peat type: leaf mat, sedimentary peat, and root peat. To test the accuracy of our peat categories, we performed the leave-one-out cross-validation with the combined dataset. Variables for the LDA were z-score transformed before running the test. For the LDA, we use the lda function in the statistical package “MASS” of R version 4.1.3 (Venables and Ripley, 2002).

We used a detrended correspondence analysis (DCA) as an indirect gradient analysis to summarize the primary gradients in peat composition for the different peat types (Kent and Coker, 2011). The DCA has been used in numerous modern and historical studies to place samples along an environmental gradient based on their constituents (McCune et al., 2002; Kleinebecker et al., 2007; Sharon et al., 2021). We z-score transformed the data using the decostand function and performed the DCA using the function decorana from the statistical package “VEGAN” of R version 4.1.3 (Oksanen et al., 2020). Because the scores on DCA axis 1 explain the most variance in the data (Kent and Coker, 2011), we focused on the first axis to determine if the primary variation in peat composition was related to a core depth gradient. We computed the Spearman correlation between the DCA axis 1 score of a peat sample and the core depth from which it was collected. We used the cor.test function for the Spearman correlation in the “stats” package of R version 4.1.3 (R Core Team, 2021).




Results


Leaf mat thickness

The leaf mat in the basin site was significantly thicker than that of the fringe site based on the Mann–Whitney U test (W = 0, p < 0.01). The leaf mat in the fringe site ranged from 0 to 4 stacked leaves accumulated on the peat surface, with a median of zero and a mean of 0.76 (SD = ± 1.04) stacked leaves, whereas the thicker leaf mat in the basin site ranged from 19 to 37 stacked leaves, with a median of 25.5, and mean of 26.75 (SD = 6.39) stacked leaves (Figure 2). Leaves displaying mostly entire margins occurred at the top of cores from the basin site. In all basin cores, the leaf mat consisted of leaves and leaf fragments from R. mangle and A. germinans, non-woody rootlets, wood, bark, A. germinans pneumatophores, and fragments of R. mangle propagules. Well-preserved micro-arthropod fecal pellets and snail fecal strings occurred between and on the surface of leaves. Other important animal remains within the leaf mat included insect parts, foraminifera, and mollusk shells. We identified mollusk shells in the leaf mat and within cores as Melampus coffea, an endemic snail of South Florida that is common in both basin and fringe mangrove sub-habitats (Proffitt et al., 1993; Proffitt and Devlin, 2005). Although shells of the marine snail, Phrontis vibex were observed on the periphery of the fringe site, we did not observe them in the leaf mat nor within cores.
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FIGURE 2
 Boxplot depicting leaf mat thickness for fringe and basin sites. Leaf mat thickness is defined as the number of stacked leaves that overlie the peat substrate. Leaf mat thickness data for the basin site was collected from surficial cores (n = 10), whereas that for the fringe site was collected along a 20 m transect at every meter (n = 21).




Proportional abundance of peat constituents

Framework constituents (≥106 μm) accounted for 51.6–68.7% and 41.3–72.3% of peat cores at basin and fringe sites, respectively (Table 1; Figure 3). Fringe cores had a higher root percentage (i.e., percent of all framework constituents that are roots) than basin cores (41 vs. 34%), with the highest proportion of roots concentrated at 10 cm depth (48%). The highest root percentage in basin sites occurred at the base of the core (45%). Even though basin sites exhibited a statistically significantly thicker leaf mat compared to fringe sites, there was no significant difference in the proportion of aerial organs between sites below the surface (Table 1; Figure 3D). In both sites, the proportion of roots and aerial organs increased significantly with depth, specifically between 5 and 10 cm depths (Table 2; Figures 3C,D).



TABLE 1 Proportional abundances of organic and inorganic mangrove peat constituents within our modern samples and the historical samples from Cohen (1968).
[image: Table1]



TABLE 2 Importance of peat constituents with characterizing and differentiating mangrove peat between sites (fringe vs. basin) and sampled depths, based on a Two-Way ANOVA.
[image: Table2]
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FIGURE 3
 Proportional abundance of peat constituents at depth (cm) for our sampled fringe and basin peats: (A) framework; (B) matrix; (C) roots; (D) aerial organs; (E) cells and cell fragments; (F) fecal pellets; (G) miscellaneous (misc.) debris; (H) foraminifera; and (I) insect parts. There are 10 data points per site at each depth interval (e.g., for each site, five cores were collected, and two subsamples were collected at each depth level = 10 data points). These data points were averaged for each depth level.


Based on a two-way ANOVA, the proportional abundance of foraminifera and insect parts were significantly different between sites: the fringe site had a higher abundance of foraminifera whereas the basin site had a higher abundance of insect parts (Table 3). There was no significant difference in the proportional abundance of mollusk shells found within cores between sites. The interaction of the proportional abundance of mollusk shells between sites and with depth was not significant (Table 3).



TABLE 3 Confusion matrix for different peat types: leaf mat (LM), root peat (RP), and sedimentary peat (SP).
[image: Table3]



Comparison with historical data

LD1 and LD2 had the greatest proportion of trace values (LD1 = 85.80%; LD2 = 14.20%) and sample scores on these two axes provided the best discrimination among peat types. On LD1, root peats had higher discriminate scores, whereas leaf mat peats had lower discriminate scores (Figure 4). Samples with a higher proportional abundance of roots and matrix constituents had higher LD1 scores than samples with a higher proportional abundance of aerial organs. Our basin leaf mat peats had the most negative values on LD1 indicating lower root and higher aerial organs percentages (Figure 4). Sedimentary peats had intermediate values on LD2; these samples had lower percentages of matrix particles and higher percentages of aerial organs compared to root peats (Figure 4). The overall accuracy of distinguishing between peat types was 93.9% (Table 3). Our method of categorizing peat types by the proportional abundance of aerial organs correctly identified root peats (100%) but misidentified one leaf mat sample and one sedimentary peat sample. Thus, our fringe leaf mat sample (1 – FBC2) was reassigned as a sedimentary peat, whereas a sedimentary peat sample (29 – CS1) from the Cohen (1968) data was reassigned as root peat.
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FIGURE 4
 Linear discriminant analysis of mangrove peat types from South Florida, based on proportional abundance data of constituents within sampled peats: aerial organs, roots, and matrix. Our data consisted of leaf mat and sedimentary peat data from basin and fringe mangrove sub-habitats, whereas Cohen (1968) data consisted of sedimentary and root peats. Data labels correspond with the Sample ID number in Table 1.


DCA Axis 1 returned 75.84% of the variance among peat samples. Samples with higher scores on DCA axis 1 had a higher percentage of aerial organs; samples with lower scores had a higher percentage of matrix particles (Figure 5A). Because the percentage of aerial organs in peat declines with depth, sample scores on DCA axis 1 showed a significant covariance with depth, with shallow samples having higher DCA axis 1 scores than deeper samples (rho = −0.96; Figure 5B). DCA axis 2 summarized 8.11% of the variance of peat constituents among sites. Peats with higher DCA axis 2 scores had lower root percentages, whereas those with lower DCA axis 2 scores had higher root percentages.
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FIGURE 5
 Detrended correspondence analyses (DCA) for the different peat types: (A) DCA axis 1 vs. DCA axis 2 scores of samples; (B) DCA axis 1 vs. core depth (cm). Our data consisted of leaf mat and sedimentary peat data from basin and fringe mangrove sub-habitats, whereas Cohen (1968) data consisted of sedimentary and root peats. Data labels correspond with the Sample ID number in Table 1.





Discussion

Mangrove peats retain a wealth of historical data about the composition and interactions within mangrove communities. By characterizing surficial mangrove peats with depth from contrasting mangrove sub-habitats, we were able to assess the influence of the taphonomically active zone on the peat-forming process and create modern analogs that allow us to better decipher historical mangrove peats that were sequestered into the sedimentological record. Through our analyses, we extrapolated downcore trends in a novel paleobotanical approach that allows us to interpret and reconstruct precursor mangrove habitats from cores. The insights provided from these interpretations of historical peats allow us to better understand past responses to change, which in turn provides decision-makers with information to make long-term decisions about coastal resiliency and mangrove conservation. Here, we use the TAZ model to interpret our results and discuss leaf mat thickness and percentages of aerial organs, roots, and faunal constituents in terms of their use for deciphering mangrove peats with depth.


Locating the TAZ in mangrove peat

Because peat types reflect a strong depth gradient (Figure 5B), we interpret the TAZ - DFB transition as the gradational downcore transition from surficial peat with abundant leaf litter and other aerial organs to sequestered peat that is root- and matrix-rich. Concomitant with this downcore transition is the gradual decrease in decomposition rates with depth (Drzymulska, 2016). Although we did not encounter root peat in our surficial samples (≤15 cm depth), it was identified by Cohen (1968) to occur at approximately 8 cm depth. This suggests that the TAZ – DFB transition for surficial root peats may occur closer to the peat surface in wave-dominated fringe sites that experience rapid decomposition and tidal scouring, a depositional environment unlike the mangrove sites that we sampled. This is significant because a shallower TAZ coupled with increased tidal activity would increase the rate of decomposition, leading to faster degradation of aerial plant debris resulting in the peat constituent signature of root peat. Our surficial samples were identified as leaf mats and sedimentary peats that are rich in leaf litter and other aerial organs. These surficial peat types occur in depositional environments with relatively lower decomposition rates and limited tidal influence, such as in the sheltered fringe and basin sites of this study. At these sites, the TAZ – DFB transition occurs at deeper depths than wave-dominated fringe sites. Cohen’s (1968) shallowest sedimentary peat sample (26 – CS1), which has an aerial organs percentage of 24%, occurs near the peat surface (17.78 cm depth) and has as much aerial debris as our deepest basin sedimentary peat (15 cm depth). Taken together, these samples suggest that the base of the TAZ for sedimentary peats occurs at least 18 cm depth. Further, R. mangle produces an abundant root mat at 20–30 cm depth (Wanless, 1974), which suggests that the TAZ extends to this depth of live horizontal rooting. This depth could be deeper in basin sub-habitats that have a higher abundance of A. germinans, which has a deeper rooting depth than R. mangle (Davies and Cohen, 1989). Moreover, fossorial crabs have been observed to burrow to deep depths in mangroves (<1.2 m: Kristensen, 2008). These deep burrows, which introduce oxygen at depth, further extend the depth of the TAZ. The proportional abundance of roots increases with depth in the deep cores (>1 m) from Cohen (1968), suggesting that differential compaction and microbial decomposition of aerial plant debris relative to fibrous rootlets continue to alter peat below the TAZ.



Leaf litter and aerial organs

The leaf mat at the basin site is significantly thicker than at the fringe site, suggesting differences in litterfall dynamics and soil processes lead to leaf mat formation Although mangroves continuously shed leaves throughout the year (Gladstone-Gallagher et al., 2014), litterfall is not uniform (Odum and Heald, 1975); increased litterfall occurs seasonally during hurricanes and other extreme weather events (Kathiresan and Bingham, 2001; Davis et al., 2004; Zhao et al., 2021). Thicker leaf mats occur in supratidal mangrove sub-habitats that experience reduced tidal export compared to those on the seaward periphery of the mangrove (Odum and Heald, 1975; Cohen and Spackman, 1977; Davies and Cohen, 1989; Primavera, 1998). Many studies suggested the disparity in surficial leaf mat thickness among mangrove sub-habitats correlates with slower rates of decomposition in basin sites relative to fringe sites (Woodroffe, 1992; Rivera-Monroy et al., 1995; Reis et al., 2017). Twilley et al. (1986) reported that accumulated leaf litter has longer residence times in interior mangrove sites when compared to sites closer to the seaward periphery of the mangrove, and that leaf litter in sites <100 m from the seaward periphery in mixed forest stands have longer residence times than leaf litter in monospecific stands. This suggests that leaf litter in our fringe site has higher leaf turnover rates than leaf litter in our basin site and could explain the disparity in leaf mat thickness between these sites. Raymond et al. (2001) attributed extremely thick leaf mats in Paleozoic permineralized peat to reduced rates of decomposition. Further, the condition and identity of plant organs in the cohesive leaf mat of peat from Barnes Sound is similar to that described by Raymond et al. (2012) in the permineralized leaf mats of Pennsylvanian (~299–323 Ma) fossilized peat. Although leaves are sporadically present on the peat surface in the fringe site, we expected our uppermost fringe sample (1 – FBC2) to plot with the incohesive leaf mat basin sample (5 – BBC2: 0–5 cm depth). Instead, it was recategorized as a sedimentary peat in the leave-one-out analysis of our LDA. This suggests that the fringe site has neither a cohesive nor an incohesive leaf mat. Both the sparse leaf mat and the lack of an incohesive leaf mat at this site suggest that leaf debris and other aerial organs are exported via tidal surges or decompose rapidly once they fall to the substrate. Leaf litter in the fringe site may fragment and decompose quickly in part because exposure to the substrate surface and the delivery of oxygenated water into the wetland during each tidal cycle increases aerobic decomposition; thus, preventing peat accumulation above the tide line (Benner and Hodson, 1985; Davies and Cohen, 1989).

Invertebrate detritivores could influence the accumulation of a cohesive leaf mat (Swift et al., 1979; Middleton and McKee, 2001; Proffitt and Devlin, 2005; Kristensen, 2008; Santonja et al., 2018). Detritivory is tied to tidal influence because tides and topography control the distribution of bioturbators and aerobic invertebrate detritivores that consume leaf litter and other aerial plant debris (Fell et al., 1975; Davies and Cohen, 1989; Camilleri, 1992; Lavelle et al., 1993; Bouillon et al., 2008). For example, the detritivorous pulmonate snail Melampus coffea is estimated to consume approximately 40.5% of detrital leaf debris in mangroves of South Florida (Proffitt and Devlin, 2005). In the basin site, high standing water levels limit access of air-breathing detritivores, such as M. coffea, to the peat surface and restrict their feeding behaviors to non-flooded areas, which could play a key role in the accumulation of thick leaf mats.

Sedimentary peat, interpreted here as peat formed within the TAZ below the leaf mat, occurs at variable depths throughout Cohen’s (1968) deep cores (Figure 5B), and its presence indicates preserved basin depositional environments that likely accumulated thick, surficial leaf mats. The preservation of cohesive leaf mats at depth in peat deposits would thus require their rapid removal from the TAZ. In both freshwater and estuarine wetlands, flooding and storm events can transport enough sediment to bury the surficial leaf mat below the TAZ (Wanless, 1974; Scheihing and Pfefferkorn, 1984; Wnuk and Pfefferkorn, 1987; Thomas and Cleal, 2015). In modern and ancient peat deposits, comminuted plant debris at the base of an inorganic sediment layer may be the only record of the surficial leaf mat. Exceptions include airborne ash deposits, which conceivably could bury the surficial leaf mat without disruption, and rapid permineralization, which has preserved surficial leaf mats in Pennsylvanian coal deposits from Euramerica (Snigirevskaya, 1972; Raymond et al., 2001), Triassic coal deposits from Antarctica (Slater et al., 2015), and Eocene coal deposits of North America (Schoenhut et al., 2004).

Davies and Cohen (1989) suggested the preservation of Avicennia-Rhizophora sedimentary peats, interpreted here as equivalent to basin peats, results from the rapid accumulation of overlying detrital marine carbonates, which could occur during storm events. Although our samples do not contain evidence of high sediment loading, the presence of large amounts of inorganic sediment in peat cores from hurricane-impacted areas may correlate with a storm event that transported marine sediment into the wetland (Risi et al., 1995; Smith et al., 2009; Whelan et al., 2009; Wingard et al., 2020). The transport and deposition of marine sediments into mangroves promote carbon sequestration via the rapid removal of leaf litter and other aerial organs from the TAZ (Day et al., 2008; Smith et al., 2009), leading to their preservation in peats at deeper depths. Further, marine sediments lead to an increase in mangrove productivity because they provide necessary nutrients that promote new growth as the living mangrove forest recovers from catastrophic events (Smith et al., 2009; Castañeda-Moya et al., 2020).

Wanless (1974) reported that inorganic debris within accumulated peat from Barnes Sound, FL, contains abundant quartz sand. However, shallow cores from both our sites contained negligible amounts of quartz sand, which we included in our miscellaneous debris category. This suggests that our modern peat cores did not experience marine sediment overloading from hurricanes. In the absence of sediment overloading, which could preserve leaf litter and other aerial organs, saltwater encroachment will likely increase the decomposition of accumulated sedimentary peats, altering them to become more indicative of Rhizophora root peats with high root percentages. This could explain why Davies and Cohen (1989) observed that Avicennia-Rhizophora sedimentary peat and Rhizophora root peat, interpreted here as basin and fringe peats respectively, rarely occur in the same core. However, Clymo (1987) reported layers of well-preserved peat surrounded by highly decayed peat in freshwater Sphagnum bogs, which suggests that changes in wetland hydrology may play a pivotal role in carbon sequestration and preservation of aerial plant debris in the absence of inorganic sedimentation.



Root percentages

In both ancient and modern peats, root percentages have been used to indicate the amount of peat decomposition (Cohen and Spackman, 1977; Covington and Raymond, 1989; DiMichele and Phillips, 1994; Hoyos-Santillan et al., 2015). The historical mangrove peats of Cohen (1968) are dominated by roots (Table 1; see also Davies and Cohen, 1989). This suggests that few aerial organs survive the TAZ to become incorporated into the sequestered peat. The root percentages of the historical peats are greater than our surficial sedimentary peats (Table 1: 60–67% at the basin and 73–77% at the fringe site), which have higher abundances of aerial organs. Cohen (1968) considered mangrove peat with leaf percentages as low as 5% as sedimentary peats; however, 26–71% of his samples consists of root debris, with root percentages ranging from 52 to 90% (Table 1). Raymond (1987) reported average root percentages for the upper 35 cm of mangrove peat at five fringe mangrove localities in the Ten Thousand Islands section of the Everglades. At these sites, the average root percentage of mangrove peat varied from 77 to 94%, and individual core increments of 2.5 cm ranged from 61 to 100% root. Gladstone-Gallagher et al. (2014) demonstrated that decomposition rates of leaves and woody root debris decreased with burial depth. The percentage of roots in peat thus is expected to be higher deep in the subsurface than near the surface. However, our observations of horizontal rootlets growing through the surficial leaf mat and relatively high root percentages in surficial cores suggest that mangrove taxa target the upper part of the TAZ to obtain nutrients from quickly decaying leaves. Because aerial organs have a faster decomposition rate than roots and are more likely to succumb to the taphonomic processes within the TAZ (Drzymulska, 2016), fragile leaf debris and other aerial organs will degrade into unidentifiable matrix particles and root percentages will increase in sedimentary peats with depth. Sedimentary peats will thus transition into root peats with depth, creating a taphonomic bias of root peats in the sedimentological record. This could explain why Rhizophora root peat is the most common peat type observed by Cohen (1968) and Raymond (1987).

Additionally, preserved mangrove roots in sequestered peats can be identified at the species level, allowing for reconstructions of the living mangrove community at the time of peat formation (Cohen, 1968; Cohen and Spackman, 1977; Raymond, 1987; Davies and Cohen, 1989; McKee and Faulkner, 2000). Roots may be more abundant in deeper peats because vertical roots may bypass the upper part of the TAZ as they grow into sequestered peat and will decompose more slowly than aerial plant debris once they die (Raymond, 1987, 1988; Raymond et al., 2001). Davies and Cohen (1989) warned that roots alter the characterization of sequestered peats and paleoenvironmental reconstructions because intruded roots from living trees may inflate the root percentages in the sequestered peat at depth. They warned Avicennia communities growing on sequestered Rhizophora root peats could create the false impression of a mixed forest community, particularly because Avicennia is a deeper rooting tree than Rhizophora. Furthermore, other botanical non-root constituents that could be used to define Avicennia peats are rare in sequestered peats, indicating a rapid decomposition of these plant constituents (Davies and Cohen, 1989).



Faunal constituents

Cohen (1973) observed that non-botanical constituents, including foraminifera, insect parts, and fecal pellets, are relatively common in surficial peats. Our data show that foraminifera provide a taphonomically robust signal: higher abundances of foraminifera indicate tidally influenced fringe sites, whereas lower abundances or their absences indicate inundated basin sites. Davies and Cohen (1989) also noted that foraminifera are common in Rhizophora root peats, which experience scouring from daily tides, but rarely occur in Avicennia-dominated basin peats. Foraminifera are common in sequestered sediments of acidic and hypersaline mangrove environments (Woodroffe et al., 2005; Fiorini et al., 2019). If their calcareous tests dissolve, foraminifera in sequestered mangrove peats can be identified by the organic linings of their tests (Tyszka et al., 2021). Further, the identification of foraminifera specimens to their lowest taxonomic rank could provide more detailed information about the mangrove sub-habitat of deposition. Cohen (1973) stated that insect parts have no trend in their depositional environments. However, our data show that insect parts are relatively common in basin peats, and seldom occur in fringe peats. Few research studies track the presence of insect parts in deep cores, and it is possible that these constituents do not survive the TAZ (Martı́nez-Delclòs et al., 2004).

The combined percentage of fecal pellets and other matrix categories in our short cores is very similar to the total matrix percentages reported by Cohen (1968). Cohen (1968) counted all fecal pellets, regardless of size, as matrix, and did not report the proportional abundance of fecal pellets with depth. This approach makes sense for studies of the peat-to-coal transition. Hower et al. (2011) identified coal macerals derived from invertebrate fecal pellets. As peat metamorphoses to coal, the boundaries of individual fecal pellets may disappear, making it difficult to distinguish the finely comminuted debris of the fecal pellet from the matrix. Although Cohen and Bailey (1997) reported that on average 6% of Rhizophora peat contains fecal pellets, they suggested that microbial decomposition may destroy fecal pellets in deeply buried peats. We found that the percentage of miscellaneous debris, which included unidentifiable constituents, increases with depth in the fringe site, but not in the basin site (Figure 3G). This may indicate different microbial decomposition pathways between frequently drained fringe peats as opposed to flooded basin peats.

Unlike Cohen (1968), we report fecal pellet abundance as a unique category because we observed that counting fecal pellets as matrix provides minimal information about the paleoecology of the peat and may inflate the percent of fine granular debris. The proportional abundance of fecal pellets in peat provides insight into detritivore-peat interactions, particularly with estimating the size of detritivores because fecal pellet size directly correlates with the body size of the tracemaker (Paffenhöfer and Knowles, 1979; Wotton and Malmqvist, 2001). In Australia, Camilleri (1992) reported that leaf-shredding crabs, amphipods, and isopods produced fecal pellets that ranged in size from 20 to 1,284 μm. In our South Florida peat samples, the average percent of fecal pellets within our cores from both sites was 11–16%, with most fecal pellets falling in the size category between 150 and 500 μm (Table 1). Although the proportional abundance of fecal pellets does not differ significantly between fringe and basin mangrove sub-habitats (Figure 3F), fecal pellets could provide useful ichnological information about the ecology of the TAZ in mangrove peats.



Applications for mangrove conservation

Current management strategies for mangrove restoration aim to improve coastal resiliency and promote the natural succession of coastal wetland habitats by restoring natural freshwater flow into Barnes Sound and other coastal environments in South Florida (Ishman et al., 1998; Gaiser et al., 2006; NOAA, 2019; USACE, 2019; USACE and USDOI, 2020; Wingard et al., 2022). Identification and delineation of coastal wetlands in sediment cores are crucial tasks for informing management strategies because these tasks provide the historical context necessary for monitoring environmental shifts and the responses of coastal wetlands to current climate change and anthropogenic impacts (Tiner, 2016), particularly in tracking the retreat or expansion of mangrove communities (Davies and Cohen, 1989; Alongi, 2015; Woodroffe et al., 2016). There are successes in localized efforts for mangrove restoration in Florida (USACE, 2019; USACE and USDOI, 2020). Krauss et al. (2011) reported mangrove coverage in the Ten Thousand Islands National Wildlife Refuge from 1927 to 2005 increased by 35%, attributing this increase to the construction of waterways that promoted propagule dispersal and establishment of mangroves. Because environmental factors create complex patterns in mangrove community structure, Kaly and Jones (1998) suggested that mangrove conservation should focus on integrative restoration strategies with well-defined aims that re-establish the self-sustainability of the entire mangrove ecosystem rather than restoration efforts that target precise ecosystem services, such as simply planting monospecific stands of mangroves to promote shoreline stabilization. Several recent studies echoed this call for more informed restoration strategies (Barnuevo et al., 2017; Lee et al., 2019; Gatt et al., 2022).

The plant organ- and taxon-based methods presented in this study demonstrate that historical data in peat from sediment cores provide expanded temporal scales for land managers to reconstruct precursor mangrove sub-habitats that allow them to delineate wetland habitats through time, which could be used to establish restoration targets for specific mangrove sub-habitats. Because accumulation and decomposition are critical components during the peat-forming process, the methods presented here allow for more informed interpretations of the depositional environments for sequestered historical peats. Further, the incorporation of these methods into coastal restoration goals could provide useful insights to understand the long-term effects of hurricanes and other natural disasters on peat collapse, carbon sequestration, and the rebound of functional mangal communities (Cahoon et al., 2003; Smith et al., 2009; Barr et al., 2012; Griffiths and Mitsch, 2021; Peneva-Reed et al., 2021). Although our study highlights mangroves by characterizing and deciphering mangrove sub-habitats from historical peats, the plant organ- and taxon-based methods described here can be applied to other peat-accumulating environments (see Cohen (1968) and Davies and Cohen (1989) for descriptions of other South Florida peats). The identification of distinct peat types thus provides insights into the spatial succession and zonation of plant communities in cores. Here, we applied a conservation paleobiology approach to the analysis of mangrove peats and developed methods to track changes within mangroves communities of South Florida:

1. Root percentages, or root–shoot ratios, in peats are reliable indicators of the relative rate of peat decomposition because roots are more resistant to decay than plant litter. We found that root percentages of surficial peats from fringe and basin mangrove sub-habitats are reflected in their respective sequestered peats, where fringe, or Rhizophora root, peats will have higher root percentages than the basin, or sedimentary, peats.

2. Accumulated leaf litter that overlies mangrove peats enables measurement of leaf mat thickness, which is a tool that can be used to indicate depositional environments that differ in surficial decomposition processes and accumulation rates. For example, we observed that thicker leaf mats accumulate in interior basin mangrove sub-habitats that are sheltered from tidal activity and storm surges. These accumulated leaf mats are likely transformed into sedimentary peats once they pass through the TAZ; thus, the presence of sedimentary peats in cores signals basin sub-habitats. The lack of leaf mats in fringe mangrove sub-habitats and the lower proportional abundance of leaf litter in their sequestered root peats may indicate more rapid decomposition of leaf litter and environments that are more susceptible to tidal scouring and coastal erosion.

3. To differentiate between mangrove sub-habitats in peat cores, we suggest tracking the proportional abundances of invertebrate communities, particularly insect parts and foraminifera. Although insect parts may disappear with depth in peat cores, foraminifera may dissolve into and persist as foraminiferal organic linings (Cohen, 1968). Foraminifera in sequestered peats thus enables us to distinguish basin from fringe peats: their presence indicates tidally influenced fringe mangrove sub-habitats, whereas their absence indicates basin sub-habitats.




Conclusion

We took a paleobotanical approach and developed novel techniques using peat cores to decipher changes in the distribution of mangroves through time that can be incorporated into management strategies and the long-term monitoring of mangrove ecosystems. We demonstrate that the TAZ model is appropriate to characterize taphonomic biases imposed on mangrove peat with depth, which provides insight into the paleoecological context of peat formation. This context allows us to make informed interpretations of sequestered peats and identify mangrove sub-habitats in cores. The identification of mangrove sub-habitats from cores is important because it provides conservation managers with historical evidence that can be used to develop targeted goals and informed management strategies for restoring functional mangrove wetlands within the broader coastal ecosystem and to anticipate and plan for future changes.
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Sample Peat Depth Framework particles Matrix particles

ID type (em)  Total AO R  Rt% FP  Misc Pyrite  FM

1-FBC2 LM -Fringe = 5.00 56.37 15.16 4121 73.11 43.63 17.29 2596 1542 10.54 - 0.38 0.00 0.00
2-FBC2 LM- Fringe | 10.00 5238 | 1203 4035 7703 4762 | 1450 3158 1483 1675 - 133 008 013
3-FBC2 SP- Fringe 15.00 48.24 1232 3592 74.46 51.76 10.72 39.63 14.45 25.22 - 129 0.08 0.04
4-BBC2 LM - Basin = 0.00 55.50 46.64 8.86 15.96 44.50 8.75 34.96 1113 23.83 - 0.00 0.54 0.25
5-BBC2 SP - Basin 5.00 56.79 43.96 12.83 2259 4321 14.63 27.56 1371 13.85 - 0.10 092 0.00
6-BBC2 SP - Basin 10.00 55.21 2224 3297 59.72 44.79 1250 3192 16.21 15.71 - 0.04 025 0.08
7-BBC2 SP - Basin 15.00 57.65 18.82 3833 67.35 4235 10.13 3171 1221 19.50 - 0.00 0.38 0.13
8-CRI RP 38.10 3350 1.00 3250 97.01 66.50 16.60 432 - - 3.10 - - -
9-CR1 RP 55.88 24.80 4.10 20.70 83.47 72.20 14.60 57 - - 3.10 - - -
10-CR1 RP 91.44 54.20 3.60 50.60 93.36 45.80 19.70 244 - - 6.30 - - -
11-CR1 RP 111.76 49.20 0.70 48.50 98.58 50.80 15.80 30.1 - - 5.60 L = =
12-CR1 RP 137.16 43.60 3.60 40.10 91.97 56.40 16.40 364 - - 9.60 - - -
13-CR1 RP 182.88 46.70 290 43.80 93.79 5330 21.00 282 - - 290 - - -
14-CR1 RP 198.12 53.80 0.30 53.50 99.44 46.20 10.80 336 - - 470 - - -
15-CR1 RP 21336 58.80 110 57.70 98.13 4220 12.70 26 - - 130 - - -
16-CR1 RP 304.80 70.10 0.10 70.00 99.86 29.90 7.40 216 - - 1.90 - - -
17-CR2 RP 7.62 41.20 1.00 40.20 97.57 58.80 15.60 42.1 - - 0.30 - - -
18-CR2 RP 1524 54.20 1.20 53.30 98.34 45.50 9.00 356 - - 0.30 - - -
19-CR2 RP 2286 52.00 1.20 50.80 97.69 48.00 9.20 375 - - 0.10 - - -
20-CR2 RP 38.10 55.10 1.00 54.10 98.19 43.20 13.50 297 - - 0.30 - - -
21-CR3 RP 7.62 55.70 0.00 55.70 100.00 43.30 13.00 295 - - 0.50 B - -
22-CR3 RP 15.24 60.90 0.30 57.90 95.07 39.10 1140 257 - - L10 - - -
23-CR3 RP 2286 55.30 L10 54.20 98.01 44.70 14.10 29 - - 1.00 - - -
24-CR3 RP 3048 56.00 1.00 55.00 98.21 44.00 17.80 23 - - 2.10 - - -
25-CR4 RP 7.62 57.90 1.00 56.90 98.27 4210 6.10 333 - - 140 - - -
26-CS1 Sp 17.78 50.00 24.10 25.90 51.80 46.70 9.10 376 - - 2.80 - - -
27-CS1 SP 152.40 58.30 6.80 51.50 88.34 37.90 13.50 244 - - 1.80 - - -
28-CS1 SP 274.32 80.00 8.90 7110 88.88 1930 5.30 14 - - 140 - - -
29-CS1 SP 381.00 30.00 5.00 25.00 8333 68.60 21.70 469 - - 4.20 - - -
30-CS2 Sp 24384 62.20 12.40 49.80 80.06 27.00 10.70 263 - - 0.30 - - -
31-CS3 L4 4572 67.90 1150 56.40 83.06 30.90 4.20 267 - - 6.40 - - -
32-Cs3 SP 5334 66.70 12.70 54.00 80.96 3150 530 262 - - 8.80 - - -
33-CS3 sp 60.96 60.50 5.90 54.40 89.92 38.50 4.60 339 - - 4.00 - - -

Our data consisted of leaf mat (LM) and sedimentary peat (SP) data from fringe and basin sites, whereas Cohen (1965) data consisted of root (RP) and sedimentary peats (SP). Constituent
categories include: ; framework; AO, aerial organs,or leaflter; R, roots and rhizomes; Ri%, root percentage, which i the proportion of roots compared to AO; C, cll,cel fragments, and cel
iclusions; FGD, fine granular debris, which is the sum of the FP and Misc columns; FP, fecal pellets; Misc, miscellaneous and unidentifiable debris; FM, foraminifera; IP, insect parts; and MS,
mollusk shells and fragments. Dashed lines (~) = data not available.
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Two-Way ANOVA Tukey Post-hoc tests

el '”‘f/’:z‘;‘r’)'t‘rff“e Be{{:é? i De:h“d‘:;‘r‘f;)ee” 5vs.10cm  5vs.15cm  10vs.15cm
asin)

Foraminifera 273 (NS) 16,35 (<0.01) 432(0.03) 363 (0.04) 357(0.05) 005 (NS)
Insect fragments 0.23(NS) 649 (0.02) 322(NS) 321 (NS) 299 (NS) 0.22(Ns)
Mollusk shells. 035 (NS) 058 (NS) 146 (NS)

Roots 035 (NS) 101 (NS) 475(0.02) 400 (0.03) 350 0.05) 050 (NS)
Aerial organs 0.58 (NS) 151 (NS) 6.02(<0.01) 387(0.03) 455 (0.01) 0.67 (NS)
Fecal pellets 0.48 (NS) 254(NS) 0.16 (NS)

Fine granular debris 0.20 (NS) 0,06 (NS) 0.12(NS)

Cell fragments 0.04 (NS) 139 (NS) 0.27(NS)

Total framework 081 (NS) 005 (NS) 133 (NS)

Total matrix 0.19 (NS) 029 (NS) 184 (NS)

Tukey post hoc tests were performed to indicate significant differences between peat constituents at targeted subsample core depths. The total framework category is comprised of roots and aerial
organs data. The total matrix category is comprised of cel fragments, ine granular debris, fecal pellets, foraminifera, insect fragments, and mollusk shells data. The F-value for the ANOVA and the
g-value for the Tukey post hoc tests are reported. The corresponding p-value is reported in parentheses. “NS” indicates non-significant p-values. Significance is based on an alpha level of 0.05.
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Predicted peat type

Actual peat LM 6% (2) 0% (0) 3% (1) 9% (3)

type RP 0% (0) 55% (18) 0% (0) 55% (18)
sp 0%(0) 3% (1) 33631 | 36% (12)
Total 6%(2) | 58%(19) | 36%(12) | 100%

For each variable, the accuracy percentage i reported, with the sample size contained within
parentheses. The overall accuracy for our peat categorization method based on our leave-one-
out-analysis is 93.9%.
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