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Abstract: Salt marshes and mangroves are currently being affected by rising temperatures. Mangroves
thrive below −29◦ N latitude in Florida, USA, and have a low tolerance for extreme cold events,
whereas salt marshes dominate further north. One potential effect of climate change is a reduction in
the frequency of extreme cold events, which may lead to mangrove expansion into salt marsh systems.
Our research identified sediment proxy indicators of salt marsh and mangrove environments. These
indicators were applied to soil cores from intertidal wetlands near the current northern limit of
mangrove presence on the east coast of Florida, to determine if mangrove expansion into salt marsh
environments has precedence in the deeper past. Our findings suggest that mangrove and salt marsh
sediments can be distinguished using a combination of stable carbon isotope ratios of sedimentary
organic matter and macroscopic plant fragments, and our results showed that a mangrove stand
that we cored established only recently. This result is consistent with other work in the southeastern
United States that suggests that mangroves established at the current boreal limit only recently
after the end of the Little Ice Age, and that the current mangrove expansion may be fueled by
anthropogenic climate change.

Keywords: mangrove migration; climate change; Holocene; soil core; Florida; multi-proxy

1. Introduction

Current climate change, caused largely by anthropogenic increases in greenhouse
gas concentration, is affecting Earth’s temperatures, weather patterns, and ecosystems.
Increasing levels of greenhouse gasses in the atmosphere have led to increases in global
temperatures and decreases in extreme cold events [1]. These climate changes have resulted
in impacts on different ecosystems and the services they provide.

Coastal saline wetlands in Florida, USA, contain a diverse mosaic of woody man-
groves and herbaceous saltmarsh vegetative communities. On a global basis, mangrove
communities tend to dominate in lower latitudes, generally below −29◦ N, while salt
marshes dominate higher latitude settings [2]. Physiological tolerance to cold is a pri-
mary control on the position of the ecotone between mangroves and saltmarshes, with
cold-intolerant mangrove communities largely being restricted to warmer, tropical, and
sub-tropical latitudes [3,4]. At a local level, the mangrove/saltmarsh ecotone position may
also result from elevation changes, hurricanes, increased predation, or rising sea levels [5–9].
Cavanaugh et al. [10] found that a temperature-related ecological threshold of −4 ◦C pro-
vides a control on mangrove distribution and favors stable-state dominance by herbaceous
saltmarsh ecosystems in northern Florida. Osland et al. [11] found that while leaf damage
occurs close to−4 ◦C for Avicennia germinans (black mangrove, the northern-most species in
Florida), mortality occurs near −7 ◦C. However, Cavanaugh et al. [10] also found, through
analysis of satellite imagery, substantial increases in mangrove area and the northward
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incursion of mangrove distribution along the northeast coast of Florida over the past three
decades. Mangrove expansion has also been documented along the west Florida coast and
northern Gulf of Mexico [12]. This local mangrove expansion is consistent with more global
work by Saintilan et al. [13], who provide evidence of mangrove expansion across at least
five continents over the last half-century.

A logical inference from such observations is that decreases in the occurrence in killing
frosts, as associated with anthropogenic climate warming, are favoring mangrove expansion
in Florida and, more generally, across the subtropical world. The actual mechanism for
mangrove expansion could be the decrease in the frequency of extreme cold events, which
allows freeze-intolerant mangroves to expand [3]. However, it is also clear that periodic
freezes result in the loss of mangrove communities, and that these communities may
require decades to recover [12,14]. Because several historical freezes occurred in central
and northern Florida in the 1980s, there is some question as to whether observed regional
mangrove expansion since that time can, in fact, be cited as evidence of an anomalous
long-term warming trend within the local and regional climate. A study conducted in
Flagler County, FL, based on analysis of historical aerial photography and satellite imagery,
showed multiple episodes of mangrove expansion between 1942 and 2013 [15]. A plausible
alternative explanation is that the mangrove increases documented by Cavanaugh et al. [10]
are simply an indicator of stochastic climate variability and, more specifically, a “rebound”
from the impacts of a series of killing freezes. This line of reasoning is supported by further
work, which has shown that mangrove expansion and contraction may have precedence in
the deeper past, with historical records showing fluctuations in mangrove presence near
its current northern limit in Florida due to a series of extreme cold events over the past
250 years [16]. There is currently only limited, but valuable, evidence that can be used to
determine if the current regional mangrove expansion is anomalous in deeper time or if
there is precedent for past ecotonal shifts before the period covered by aerial and satellite
imagery or historical records [17,18].

Both mangrove and salt marsh communities are important in terms of their capacity to
support commercial and sport fisheries, buffer storm surge, protect groundwater resources,
mitigate sea-level rise, store carbon, and provide other services [19,20]. However, the
biotic communities and specific ecosystem services are qualitatively different between
the communities, and changes in the position of the ecotone will logically affect these
services [21], including quantitative differences in carbon sequestration benefits [22]. For
example, Vaughn et al. [22] found that sites in transition from salt marsh to mangrove
receive increased soil accretion, carbon burial, and refractory carbon than comparable salt
marsh sites, suggesting that they represent a more efficient carbon sink. Local agencies
have committed to shoreline restoration as an optimal means to sustain these ecosystem
services under conditions of urban expansion and sea-level rise. It is essential to know the
historical context, including the likelihood of plant community survival and persistence
with a changing climate, when setting restoration targets and goals [23].

The primary, guiding objective of this study was to elucidate past shifts of the salt
marsh/mangrove ecotone over longer timescales in order to evaluate decadal- to centennial-
scale variability. Intertidal wetlands, including salt marshes and mangroves, accumulate
mineral and organic sediments that potentially reveal information about past environ-
ments [24–26]. Surface soil samples were collected from extant salt marsh and mangrove
environments around the historic transition zone near Ponce Inlet, FL, and proxy indicators
were employed to establish a fingerprint for each type of environment. These indicators
were applied to a series of sediment cores recovered from near the current northern limit
of significant black mangrove stands near St. Augustine, FL, in order to apply the proxy
indicators to ancient sediment deposits and also begin to test for the presence of past man-
grove deposits near the current northern limit. Measured proxy indicators also allowed for
the determination of long-term carbon sequestration rates.

Previous research has shown that specific physical signatures, such as macroscopic
core description, loss on ignition (LOI), and water content, along with chemical signatures
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including carbon content, carbon isotope ratios, and carbon to nitrogen ratios, can be
used to identify and fingerprint different intertidal wetland environments recorded in
sediments [24–27]. Salt marshes are composed of plants utilizing either the C3, C4, or
CAM photosynthetic pathways, whereas only C3 plants comprise mangroves [26]. The
C4 plants are more water-efficient than C3 plants and fix more heavy carbon (13C) during
photosynthesis [28]. The large (−12‰) carbon isotopic difference between the plants
operating under these different photosynthetic pathways can be used to help distinguish
between C3 and C4 species dominance in a mixture of older sediments [29]. Sediment
C/N is also used to help distinguish carbon sources, as this marker is especially sensitive
to higher plant vs. algal contributions to sediments, although these values are affected
by decomposition, with C/N settling to ratios between 10 and 20 through time [26]. We
used a combination of these proxy measures (macroscopic core description, water content,
bulk density, LOI, %C, C/N, and δ13C) to fingerprint salt marsh vs. mangrove surface
soils, because surface soil samples represent a “time average” of contributions to the
sediments [26], and then applied the indicators to core deposits in order to interpret
saltmarsh and mangrove fluctuations through time.

2. Materials and Methods

Surface soil samples were collected in May of 2017 at Ponce Preserve Park in the town
of Ponce Inlet and at the Marine Discovery Center in New Smyrna Beach, Florida (see
Figure 1). Both of these locations occur within the historic transition zone between salt
marsh and mangrove environments and currently contain both ecosystem types. We took
surface samples from Spartina alterniflora (Salt Marsh Cordgrass) dominated salt marshes
at Ponce Inlet Park, where the marsh vegetation was extensive and mostly unmixed
with mangroves, and mangrove surface samples from both Ponce Inlet Park and at the
Marine Discovery Center, where there were extensive, well-developed mangrove systems
dominated by black mangrove (see Supplementary). Rhizophora mangle (red mangrove) and
Laguncularia racemose (white mangrove) were also present in minor abundance near the
black mangrove surface sampling locations [30].

Three soil cores were removed from black mangrove stands in St. Augustine, Florida
on 23 March 2018, using a half-spoon, 1 m length, and 4 cm diameter Eijkelkamp push
corer. Boat reconnaissance along the Intracoastal Waterway north of St. Augustine revealed
that our core sampling locations were at the northern limit of sizable mangrove-dominated
stands in the area, although individual black mangroves and small clumps of black man-
groves were found north of our coring locations, and other researchers have reported
extant black mangrove stands as far north as Fort George Inlet, near Jacksonville, FL [16].
Two of the soil cores were taken at Nease Park near St. Augustine, Florida (29◦55′35′′ N,
81◦17′51′′ W) within a stand of black mangroves that was bounded on one side by Spartina
alterniflora or Batis maritima (saltwort)—dominated salt marsh and on the other side by
upland (Figure 1). Another core was taken within a black mangrove stand surrounded
by Spartina alterniflora-dominated salt marsh near the Vilano Boat Ramp, St. Augustine
(29◦54′43′′ N, 81◦18′22′′ W; Figure 1).

Surface soil samples from the Marine Discovery Center were collected from random
points within the mangrove stands and were collected along transects at Ponce Preserve,
through salt marsh and mangrove separately. A total of 30 surface samples were collected
from mangrove stands, and an additional 30 samples were collected from the salt marsh by
either sub-sampling from the top of shallow soil cores using a modified 1.5 cm diameter
plastic syringe with volume indicators, or by using the plastic syringe to sample the surface
sediments directly. In this way sampled sediment volume was recorded for later bulk
density measurements. Surface samples were described in the field for Munsell color,
texture (using the texture-by-feel method, [31]), and macroscopic sediment characteristics,
such as the presence of woody versus grass fragments. Samples from each location were
returned to the lab for further, immediate processing.



Quaternary 2022, 5, 2 4 of 14Quaternary 2022, 4, x FOR PEER REVIEW 4 of 15 
 

 

 
Figure 1. Base map of FL, USA (Top), and satellite images from Google Earth of the four field sites 
(A–D). The Vilano Boat Launch (A) and Nease Park (B) satellite images were taken in December 
2018, and those core sites are located near St. Augustine. The Ponce Inlet Preserve (C) and Marine 
Discovery Center (D) satellite images were taken in March 2017 and those surface sample sites are 
located near Ponce Inlet. 

Three soil cores were removed from black mangrove stands in St. Augustine, Florida 
on 23 March 2018, using a half-spoon, 1 m length, and 4 cm diameter Eijkelkamp push 
corer. Boat reconnaissance along the Intracoastal Waterway north of St. Augustine re-
vealed that our core sampling locations were at the northern limit of sizable mangrove-
dominated stands in the area, although individual black mangroves and small clumps of 
black mangroves were found north of our coring locations, and other researchers have 
reported extant black mangrove stands as far north as Fort George Inlet, near Jacksonville, 
FL [16]. Two of the soil cores were taken at Nease Park near St. Augustine, Florida 
(29°55’35” N, 81°17’51” W) within a stand of black mangroves that was bounded on one 
side by Spartina alterniflora or Batis maritima (saltwort)—dominated salt marsh and on the 
other side by upland (Figure 1). Another core was taken within a black mangrove stand 
surrounded by Spartina alterniflora-dominated salt marsh near the Vilano Boat Ramp, St. 
Augustine (29°54’43” N, 81°18’22” W; Figure 1). 

Surface soil samples from the Marine Discovery Center were collected from random 
points within the mangrove stands and were collected along transects at Ponce Preserve, 
through salt marsh and mangrove separately. A total of 30 surface samples were collected 
from mangrove stands, and an additional 30 samples were collected from the salt marsh 
by either sub-sampling from the top of shallow soil cores using a modified 1.5 cm diameter 

Figure 1. Base map of FL, USA (Top), and satellite images from Google Earth of the four field sites
(A–D). The Vilano Boat Launch (A) and Nease Park (B) satellite images were taken in December
2018, and those core sites are located near St. Augustine. The Ponce Inlet Preserve (C) and Marine
Discovery Center (D) satellite images were taken in March 2017 and those surface sample sites are
located near Ponce Inlet.

The core samples were transported to the Environmental Science lab at Stetson Univer-
sity, where they were processed further. Modified plastic syringes were used to sub-sample
the cores at 3.5 to 5 cm intervals based on total core length, with shorter cores having
a tighter sub-sampling interval. Sub-sample volumes were recorded, and then samples
were transferred to aluminum dishes and weighed. Samples were then dried to a constant
weight at 65 ◦C. Dry weight was recorded, and bulk density was then calculated by divid-
ing sample weight by volume. Samples were then powdered using a mortar and pestle.
The samples were split, with half of the sediment fraction sent for bulk C, N, and δ13C
analysis and the other half retained for loss on ignition measurements. Surface samples
were processed and split in the same way. Samples were measured for loss on ignition
through combustion at 550 ◦C for 2 h.

Samples sent for bulk C, N, δ13C, and also for radiocarbon analysis were processed
and analyzed in a similar way as described in Tanner et al. [27] and as summarized again
here. Powdered core samples were measured for total organic carbon, nitrogen, and car-
bon isotope composition (δ13C) using a Costech Elemental Analyzer (Costech Analytical
Technologies Inc., Valencia, CA, USA) coupled to a Thermo-Finnigan Delta+ XL Mass
Spectrometer (Thermo Finnigan LLC, San Jose, CA, USA) at the University of Tennessee’s
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Department of Earth and Planetary Sciences Stable Isotope Laboratory. Powdered core
samples were measured for total organic carbon, nitrogen, and carbon isotope composi-
tion (δ13C) using a Costech Elemental Analyzer coupled to a Thermo Delta V Plus Mass
Spectrometer (Thermo Scientific, Waltham, MA, USA) at the University of North Carolina
Wilmington’s Center for Marine Science Isotope Ratio Mass Spectrometry Core Facility.
Carbonates were removed from both surface and core samples through HCl pretreatment
prior to analysis. All δ13C values were reported relative to the V-PDB standard.

Multiple samples from all three coring locations were sent to International Chemical
Analysis for radiocarbon dating of the bulk peat. Indicated sample depths represent the
mid-point of the sediment sections sent for analysis. Radiocarbon analysis was performed
by following standard procedures for organic sediments, and the calibrations were calcu-
lated using CALIB Rev. 7.1.0 (Stuiver, Reimer, and Reimer, Belfast, UK) and the IntCal13
calibration database [32]. These standard procedures included examination of the samples
and manual removal of contaminants like rootlets during the physical pretreatment. Addi-
tionally, samples underwent Acid–Alkali–Acid pretreatment, which included acid (HCl)
treatment to remove acid soluble compounds and secondary carbonates, as well as a base
(NaOH) treatment to remove humic acids, and a final acid treatment (HCl) to eliminate
atmospheric CO2. Linear interpolation was used to assign ages between the dated horizons,
and the age /depth models were based on the mid-point of the sediment section used for
radiocarbon analysis and the median, 2σ age in cal BP (present = 1950).

Carbon sequestration rates were determined for different core segments by multiplying
the sedimentation rate of that core segment (determined through the radiocarbon dating)
by the average carbon content for that segment and the average bulk density for that core
segment. This was done only for core sections where the paleoenvironmental interpretation
(either salt marsh or mangrove) was robust.

Microsoft Excel v. 2013 software with the data analysis tool pack (Microsoft Corpo-
ration, Redmond, WA, USA) was used to test for significant differences in independent
variables (water content, loss on ignition, bulk density, carbon content, C/N, and δ13C)
between mangrove and salt marsh groups for the sampled surface sediments. The same
software was also used to test for correlation between the measured variables using the
coefficient of determination (r2). We performed multiple t-tests (homoscedastic, two-tailed
distribution) to determine significant differences in means of the measured variables be-
tween the two groups (marsh and mangrove) at a significance level of α = 0.01. A Bonferroni
Correction was applied to the alpha value as a conservative method to counteract the prob-
lem of multiple comparisons by dividing that value (0.01) by the number of variables tested
(6). Therefore, a significance of α = 0.01 was achieved by assessing each comparison at
α = 0.0017.

3. Results

Thirty surface samples were recovered from Spartina alterniflora (with minor Batis
maritima and lesser abundance of other species) dominated salt marsh and 30 surface
samples were also recovered from mangrove (black mangrove dominated with minor red
mangrove and Batis maritima and lesser abundance of other species) at Ponce Inlet, FL.
Texture-by-feel grain size analysis revealed clay-rich sediments in both salt marsh and
mangrove environments. Macroscopic description of surface sediments showed that the
deposits can be visually distinguished by the abundant presence of grass fragments in salt
marsh sediments and the presence of woody material in mangrove sediments (Figure 2).
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Figure 2. The top photograph (a) shows a soil core from a salt marsh site with abundant grass
fragments. The bottom photograph (b) shows a soil core from a mangrove site with fibrous roots,
sticks, and woody fragments. Both of these images include the sediment surface (right side of each).

The surface samples from the mangrove sites in Volusia County, Florida, contained
primarily silty clay (30% of samples), silty loam (27%), sandy clay (17%), and clay (13%)
and consisted of fibrous roots, sticks and woody fragments (Figure 2). The surface samples
from the salt marsh sites contained primarily silty clay (47% of samples), clay (33%), and
silty loam (10%). The soil cores from St. Augustine, Florida, had similar texture and plant
fragment content to the surface samples (Figure 3). In all three soil cores, woody fragments
were noted in the upper sections of the cores and only grass fragments were found down
the core.

Table 1 shows values for measured surface sediment physical and chemical characteris-
tics, including water content, loss on ignition, bulk density, percent carbon, C/N, and δ13C
of organic matter. Compared to mangrove surface sediments, salt marsh surface sediments
had a significantly higher (p < 0.01) water content (average 79.3% to 58.6%), loss on ignition
(average 42.2% to 24.6%), carbon percentage (average 20.2% to 10.5%) and δ13C value (aver-
age −19.3‰ to −23.91‰). Conversely, mangrove sediments showed a significantly higher
(p < 0.01) bulk density (average 0.55 g/cm3 to 0.23 g/cm3). C/N showed no significant
difference between salt marsh and mangrove surface sediments (p = 0.14). Loss on ignition
values and percent carbon values were highly correlated (r2 = 0.67), as would be expected
(Table 2). Therefore, the percent carbon values are presented in Figure 3 without the loss on
ignition values in order to avoid redundancy and to save space. Those measurements were
also correlated with soil water content and bulk density (Table 2), as would be expected.
Soils with a higher carbon content had a higher loss on ignition, higher water content, and
lower bulk density. Black mangrove surface sediment samples showed a range of δ13C
values between −27.5‰ to −19.4‰ and Spartina alterniflora salt marsh surface sediment
samples ranged from −24.9‰ to −14.0‰. Thus, Spartina alterniflora-dominated salt marsh
and black mangrove-dominated surface samples had overlapping values between −24.9‰
to −19.4‰ (hence the vertical lines indicating mangrove, mixed, and salt marsh fields in
Figure 3 related to the δ13C values).
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Figure 3. Measured variables (δ13C, Carbon Content, C/N ratios, Bulk Density, and Water Content)
are presented versus depth for the Nease Park cores and versus age for the Vilano Boat Launch core,
where multiple radiocarbon dates allowed development of an age-depth model (negative ages are
possible because present = 1950 by convention). The δ13C plots include vertical lines indicating δ13C
values that were only found for mangrove (M) surface samples, salt marsh (SM) surface samples,
and the range of overlapping values (M/SM) derived from analysis of surface samples. Presence of
identifiable macroscopic fragments from the core description is indicated by black (mangrove woody
fragments) and gray (salt marsh grass fragments) bars. Sediment texture for corresponding depth
or age is also indicated. Median radiocarbon ages (and modern dates) are indicated at the correct
sample depth for both Nease Park cores and sample depths are indicated for the Vilano Boat Launch
core where radiocarbon ages were obtained.



Quaternary 2022, 5, 2 8 of 14

Table 1. Surface sample percent water content, percent loss on ignition (LOI), percent carbon content,
C/N ratio, and δ13C values are presented for salt marsh and mangrove surface sediment samples
along with mean values, standard deviations, and significance values (p) for differences between salt
marsh and mangrove samples (from t-tests). Mangrove C/N was not significantly different than salt
marsh C/N, but all other variables were significantly different (p < 0.01). A Bonferroni Correction
was used to counteract the problem of multiple comparisons (see methods).

Mangrove Samples Salt Marsh Samples
Water LOI Density C C/N δ13C Water LOI Density C C/N δ13C

(%) (%) (g/cm3) (%) (‰) (%) (%) (g/cm3) (%) (‰)

32.3 4.8 1.06 1.2 9.63 −20.06 78.5 36.4 0.22 14.3 13.48 −18.17
32.3 6.4 1.06 1.1 9.53 −21.02 75.9 35.9 0.26 19.1 13.37 −16.29
33.1 5.9 1.04 7.7 11.72 −20.72 76.7 34.4 0.27 16.8 13.47 −17.20
51.1 16.5 0.67 10.1 12.31 −21.13 76.7 40.0 0.26 22.5 13.73 −19.37
32.7 6.2 1.08 7.0 13.36 −21.14 79.0 35.8 0.22 20.5 13.19 −19.02
51.7 27.9 0.79 4.3 11.16 −20.20 78.4 36.9 0.23 25.6 15.85 −14.62
45.4 10.4 0.79 21.3 14.60 −20.63 78.6 37.1 0.23 19.8 12.69 −16.52
51.8 11.3 0.76 4.3 13.16 −22.06 77.5 40.3 0.25 16.3 13.77 −17.72
79.8 45.4 0.24 4.3 13.29 −21.15 77.8 45.3 0.23 14.5 11.64 −18.75
29.5 3.7 1.07 4.5 12.94 −21.89 79.2 39.5 0.26 17.5 13.77 −18.80
52.8 16.7 0.59 1.9 11.58 −20.37 79.7 38.3 0.22 16.2 12.81 −18.56
55.0 21.6 0.55 6.3 14.05 −21.19 79.4 34.1 0.22 16.7 12.48 −18.41
59.3 23.6 0.50 9.2 11.36 −19.40 81.1 40.9 0.20 15.5 11.76 −18.49
52.5 15.2 0.63 4.9 11.29 −20.60 79.3 41.7 0.22 17.8 12.77 −17.55
72.5 37.5 0.31 28.5 14.07 −21.26 79.1 39.6 0.22 25.2 17.79 −14.02
55.6 14.9 0.57 1.9 12.75 −25.95 67.6 23.4 0.38 7.3 11.96 −22.16
61.3 18.3 0.47 4.7 15.33 −26.67 68.7 28.3 0.36 10.3 11.16 −21.85
41.5 6.8 0.83 1.7 13.68 −26.70 70.3 27.8 0.32 2.9 3.40 −21.47
61.7 15.2 0.45 6.1 16.77 −26.61 70.3 26.4 0.34 21.5 12.09 −23.89
73.0 33.3 0.32 11.3 15.06 −27.04 76.7 40.7 0.29 16.2 12.48 −22.42
63.3 21.6 0.45 4.9 14.49 −26.63 79.6 44.5 0.22 18.2 12.83 −23.40
74.2 37.2 0.28 16.1 15.14 −27.12 83.2 51.1 0.17 20.7 13.58 −24.89
72.9 33.3 0.30 15.9 16.01 −27.31 83.0 56.3 0.19 23.6 13.65 −23.80
72.1 42.9 0.29 17.6 15.83 −26.93 84.9 55.2 0.17 27.9 13.76 −21.19
73.2 39.7 0.29 18.1 16.23 −27.03 84.7 55.9 0.17 30.9 14.26 −20.75
74.8 37.8 0.27 18.5 15.28 −27.53 84.6 59.5 0.17 31.1 14.68 −19.36
76.2 43.8 0.25 20.2 15.64 −27.23 85.9 50.9 0.16 29.3 13.85 −19.49
76.0 51.4 0.25 23.1 17.86 −27.13 84.8 57.5 0.16 29.8 14.38 −21.92
75.4 46.6 0.25 18.7 16.99 −27.20 84.2 58.8 0.17 31.7 13.71 −21.54
76.3 41.2 0.24 20.8 16.34 −27.32 94.3 53.9 0.16 26.1 13.74 −20.32

58.6 24.6 0.55 10.5 13.92 −23.91 Mean 79.3 42.2 0.23 20.2 13.07 −19.73

16.0 15.0 0.3 7.9 2.2 3.2 Std.
Dev. 5.6 10.2 0.1 7.1 2.2 2.7

<0.01 <0.01 <0.01 <0.01 0.14 <0.01 p= <0.01 <0.01 <0.01 <0.01 0.14 <0.01

Table 2. Correlation matrix (r2 values) for all of the measured surface sample variables (mangrove
and salt marsh combined) including water content, loss on ignition (LOI), bulk density, percent
carbon, and δ13C.

Water
Content LOI Bulk

Density
Percent
Carbon C/N δ13C

Water Content NA 0.85 0.97 0.55 0.10 0.01
LOI 0.85 NA 0.79 0.67 0.11 0.00
Bulk Density 0.97 0.79 NA 0.49 0.11 0.00
Percent Carbon 0.55 0.67 0.49 NA 0.21 0.03
C/N 0.10 0.11 0.11 0.21 NA 0.11
δ13C 0.01 0.00 0.00 0.03 0.11 NA
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The soil cores from Nease Park were collected to refusal at 76 cm depth (core 1) and
70 cm depth (core 2). The soil core from the Vilano Boat Launch was collected to refusal at
205 cm depth. Radiocarbon ages for all cores are presented in Table 3 along with supporting
information. The upper sample from Nease Park, core 1, and the sole sample from core
2 both returned modern ages. The deeper 66.5 cm sample depth from core 2 returned a
median age of 737 cal BP. We did not attempt to date a deeper sample from core 2 because
of a lack of datable organic material. Given that only one sample returned an age across
both Nease Park cores, an age/depth model was not attempted, and all data are presented
vs. depth for that site. Four radiocarbon ages were obtained for the Vilano Boat Launch
core due to its greater length. All radiocarbon ages for the Vilano core were in stratigraphic
order, and the median ages ranged from 604 cal BP at 52.5 cm depth to 1828 cal BP at 192 cm
(Table 3). An age/depth model for that core was constructed using linear interpolation
(Figure 4), and the age depth model was applied to the proxy data from the core (Figure 3).
For the linear interpolation, the surface sample (1 cm) was assumed to represent the time
of core collection (−78 cal BP).

Table 3. Radiocarbon data are presented for the three cores. Sample depths are in cm below the
ground surface and represent the mid-point of the sediment section sent for dating. The calibration
procedures are described in the methods section.

Conventional
Radiocarbon

Calibrated 2σ
Range

Calibrated 2σ
Range

Core/Depth Age (yrs BP) (cal yr BP) Median
(cal yr BP) Dated Material Laboratory #

Nease Park Core 1
42.5cm Modern NA NA Bulk Sediment ICA-18OS/0449
66.5cm 830 ± 30 688 to 789 737 Bulk Sediment ICA-18OS/0451

Nease Park Core 2
46.5cm Modern NA NA Bulk Sediment ICA-18OS/0448

Boat Launch Core

52.5cm 580 ± 30
533 to 569

604 Bulk Sediment ICA-18OS/0447582 to 649

102.5cm 1240 ± 20
1082 to 1160

1211 Bulk Sediment ICA-18OS/04461172 to 1194
1196 to 1263

152.5 cm 1540 ± 30 1365 to 1524 1451 Bulk Sediment ICA-18OS/0450
192.5 cm 1880 ± 30 1729 to 1884 1828 Bulk Sediment ICA-18OS/0452

The soil cores from Nease Park and the Vilano Boat Launch all showed a general
decrease in organic carbon content and water content with depth, while bulk density gener-
ally increased with depth (Figure 3), as would be expected with temporal decomposition
and compaction of organic matter. C/N varied between 12.5 and 21.8 among the three soil
cores, showing no clear trends. The δ13C values were almost all in the range of overlap
between mangrove and salt marsh sediments for both Nease Park cores. For the Vilano Boat
Launch core, δ13C values were lower just at the surface (within the range of overlapping
mangrove and salt marsh sediment values) and were higher with depth (in the range of salt
marsh sediment values), in line with the trend of woody and grassy fragments recorded for
that core.

The data from the well-dated Vilano Boat Launch core allowed for the calculation
of carbon sequestration rates for both the mangrove-dominated upper sediments and
the remainder of the core, dominated by salt marsh (Table 4). Data were divided into
sections representing interpreted mangrove vs. salt marsh deposition (based on Figure 3)
and then by differences in sedimentation rate between bracketed radiocarbon ages (see
Table 3). Carbon sequestration rates were generally similar between the upper mangrove
sediments (average = 20.01 g C m−2 yr−1) and the underlying, older salt marsh sediments
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(total average for all depth intervals = 21.53 g C m−2 yr−1), with a relatively persistent
sequestration rate over long time periods.
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Table 4. Carbon sequestration data for the Vilano Boat Launch core are presented for depth intervals
based on interpreted wetland environment (mangrove vs. salt marsh) and by differences in sedimen-
tation rate between bracketed radiocarbon ages. The presented carbon percentages, sedimentation
rates, and bulk densities represent averages for those sample depth intervals.

Depth Interval
(cm)

Environmental
Interpretation

Carbon
Sequestration

Rate
(g C m−2 yr−1)

Carbon (%) Sedimentation
Rate (mm/yr)

Bulk Density
(g/cm3)

0 to 10 Mangrove 20.01 7.49 0.77 0.35
10 to 52.5 Salt Marsh 20.99 6.54 0.77 0.42
52.5 to 102.5 Salt Marsh 12.92 1.45 0.82 1.09
102.5 to 152.5 Salt Marsh 38.78 2.26 1.99 0.86
152 to 192.5 Salt Marsh 13.43 1.22 1.06 1.04

4. Discussion

Surface sediment samples collected from salt marsh and mangrove environments
showed significant differences (p < 0.01) in water content, loss on ignition, bulk density,
carbon percentage, and δ13C (Table 1). In addition, salt marsh surface sediments contained
abundant grassy fragments, whereas mangrove surface sediments contained woody mate-
rial (Figure 2). Therefore, water content, loss on ignition, bulk density, carbon percentage,
and δ13C all have potential as proxy indicators to distinguish between salt marsh and
mangrove sediments in core deposits, and several of these indicators have been used
in other locations in this regard [17,18,33]. Our data suggest that C/N is not a metric
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that is useful to distinguish between salt marsh and mangrove sediments for our study
site (Table 1; p = 0.14), although others working in the region have found that mangrove
deposits have a lower C/N, possibly due to additional algal inputs related to increased
tidal inundation [22]. Recorded sediment textures were similar between salt marsh and
mangrove surface sample sites, suggesting that soil texture cannot be effectively applied to
core samples to distinguish salt marsh and mangrove environments for our study sites.

Of the measured proxy indicators that were potentially useful to distinguish salt marsh
from mangrove sediments (water content, loss on ignition, bulk density, carbon percentage,
δ13C, and plant fragments), four logically change with depth. Loss on ignition and carbon
percentages relate to soil bulk density and tend to decline with depth due to decomposition
and soil compaction [34]. Our data showed that water content and bulk density are strongly
correlated (Table 2) with an inverse relationship (data from Table 1). Declines of organic
carbon and bulk density with depth and increases in water content with depth were seen in
our core samples (Figure 3). Given that these four potential proxies were strongly related to
depth down the soil profile as opposed to marsh vs. mangrove sediment input, they have
limited utility in allowing discrimination between salt marsh and mangrove sediments in
core deposits. Therefore, the best proxy indicators that we employed for distinguishing
mangrove and salt marsh deposits included a combination of δ13C values of sedimentary
organic matter and plant fragment information.

Radiocarbon age determinations were obtained for bulk sediments for the Nease
Park and Vilano Boat Launch cores. Plant macrofossils represent an ideal material used
for radiocarbon dating because their carbon source is known and does not represent an
admixture of multiple carbon sources [35]. However, we were not able to identify above-
ground mangrove plant macrofossils that would be suitable for radiocarbon dating in
the sediments. Only woody material was found in the sediments, which could have
represented either above-ground timber or below-ground roots that are not suitable for
radiocarbon age control [36]. Salt marsh grass fragments identified in the sediment deposits
were fragile and we were not able to recover them intact. Bulk sediment is commonly
used for radiocarbon chronologies in mangrove sediments [33,36]. Studies have shown
that organic matter in both mangrove and salt marsh sediments is generally reflective of
autochthonous sources [22,36–39]. In mangrove environments, the primary carbon source
to the sediments is often represented by the mangrove plants themselves, followed by
macro- and micro-algae, and finally transport and deposition from upstream materials and
materials from the adjacent coastal zone [37]. A consistent age-depth model for the Vilano
Boat Launch core with in-sequence radiocarbon ages (Figure 4) and reasonable calculated
sedimentation rates (Table 4) suggested that the bulk radiocarbon ages for that core were
robust and reflective of true ages of deposition for that core.

The two soil cores from Nease Park were relatively short (each <80 cm long), and
only one non-modern radiocarbon age was returned, representing the deeper sediment
sample from core 2 (Table 3). The lack of non-modern radiocarbon ages confounded the
development of age/depth models for core 2. However, plant fragment data indicated
the presence of a mangrove environment underlain by salt marsh deposits for both cores
(Figure 3). Carbon isotope data for these two cores were ambiguous, however, as δ13C
values for both cores were mostly in the field of overlapping salt marsh and mangrove
values, albeit towards the mangrove side of the overlapping range for both cores, and
especially for core 2. The paleoenvironmental interpretation was therefore difficult for both
of the Nease Park cores, given that plant fragment information suggested a mangrove to
salt marsh transition for each core with depth, whereas δ13C values were more suggestive of
a persistent mangrove environment (or at the very least, a mixed salt marsh and mangrove
environment) for both cores.

The interpretation of the Vilano Boat Launch core was facilitated by proxy indicators
that were in good agreement (Figure 3). Also, all four radiocarbon dates obtained for the
core were in stratigraphic order, and the age/depth model obtained through linear interpo-
lation suggested a relatively constant sedimentation rate for the past −1900 cal BP at the
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core location (Figure 4), without any obvious depositional hiatuses. The core was collected
within a black mangrove stand that was surrounded by Spartina alterniflora-dominated
salt marsh. The upper part of the core reflected deposition in a mangrove environment,
with woody fragments and lower δ13C values observed in sediments representing the past
100+ years (Figure 3). Only grass fragments were found deeper in the core, and the shift
to higher δ13C values for the remainder of the core, which were all in the range of C4
plant-dominated Spartina alterniflora salt marsh [24], suggested insignificant input from
mangroves to the sediment pool for the remainder of the core. It was thus apparent that
this core sampling location transitioned to mangrove only recently, after almost 1800 years
of salt marsh deposition. It should be noted that coarse sediments (sand-dominated) were
observed towards the middle and bottom parts of the core (Figure 3), indicating higher-
energy deposition. This was perhaps due to closer proximity of a migrating tidal channel
to the core site during times of coarse sediment deposition, or perhaps deposition from a
high-energy event like a tropical cyclone, which would both increase the coarse sediment
fraction and the deposition rate [40]. If the coarse sediment fraction was driven by a
rapid event, such as a tropical, a high sedimentation rate for that depth interval would
be expected. However, the sedimentation rate for the Vilano Boat Launch core was not
highest where the sand layers were present and was instead higher in between the sand
layers (Figure 3, Table 4).

The results from the well-dated Vilano Boat Launch core suggested a persistent salt
marsh environment from approximately 1900 cal BP to approximately 50 cal BP, when
significant mangrove sedimentation was then indicated to the present. A nearby study
based on historical records and a climate-related “mangrove suitability” index suggested
that mangrove stands were present in the region at least as far back as 1860 AD [16].
Our results do not contradict this record given the uncertainties inherent in radiocarbon
dating and in the development of age/depth models. Our results were also consistent
with research from coastal Louisiana, where researchers suggested the development of
mangrove stands at the current boreal limit only after the Little Ice Age, ending between
1850 and 1890 AD [17].

Our data allowed for the calculation of carbon sequestration rates for the Vilano
Boat Launch core (Table 4). These measured rates were similar to those reported from a
nearby site for mangrove sediments and were higher than those reported for nearby salt
marsh sediments [22]. They were lower by about one order of magnitude than average
global rates of carbon storage for both salt marsh (218 ± 24 g C m−2 yr−1) and mangrove
(226 ± 31 g C m−2 yr−1) systems, although there is considerable variability in carbon stor-
age measurements across the globe [41]. Our carbon sequestration rate results, although
limited, suggested that ecosystem services related to the efficiency of carbon burial are
similar between salt marsh and mangrove systems in the area of our study over longer
time periods (decadal to century scale). The higher percentage of carbon measured for
the mangrove-dominated sediment was offset by the higher bulk density measured for
the salt marsh sediments. Vaughn et al. [22] suggested that recalcitrant lignin associated
with woody mangrove sediments allows for the potential for higher long-term carbon
sequestration rates given slower potential decomposition. Our data suggest that salt marsh
sediments can also store carbon efficiently over longer timescales in the region of our study.

5. Conclusions

Our results from surficial sediments suggest that mangrove sediments in northern
Florida can be distinguished from C4 plant-dominated salt marsh sediments using a
combination of stable carbon isotope ratios of sedimentary organic matter combined with
macroscopic plant fragment material (woody vs. grassy). These indicators were applied to
three soil cores recovered from near the modern black mangrove boreal limit in northern
Florida, from within stands of black mangrove. Paleoenvironmental interpretation for two
of the soil cores (from Nease Park) was ambiguous, and the short sediment record preserved
at that site confounded the development of an age/depth model. The paleoenvironmental
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proxy record developed from a core from the other site (Vilano Boat Launch) suggested
C4 plant-dominated salt marsh deposition from the bottom of the core to around 50 cal
BP, where there was a transition to mangrove-dominated sediments that persisted to the
present time. This finding was consistent with work by others that suggests mangrove
presence at its current boreal limit in the southeastern United States only within the past
several hundred years and is also consistent with the hypothesis that the current observed
mangrove expansion in the region is due to anthropogenic climate change.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/quat5010002/s1, Figure S1: photograph taken at Ponce Preserve Park showing mangrove and
salt marsh, Figure S2: photograph of core collection at Nease Park, Figure S3: photograph of Vilano
Boat Launch core showing sampling scheme.
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