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Abstract: Upper estuarine forested wetlands (UEFWs) play an important role in the sequestration of
atmospheric carbon (C), which is facilitated by their position at the boundary of terrestrial and mar-
itime environments but threatened by sea level rise. This study assessed the change in aboveground
C stocks along the estuarine–riverine hydrogeomorphic gradient spanning salt-impacted freshwater
tidal forested wetlands to freshwater forested wetlands in seasonally tidal and nontidal landscape
positions. Standing stocks of C in forested wetlands were measured along two major coastal river
systems, the Winyah Bay in South Carolina and the Savannah River in Georgia (USA), replicating
and expanding a previous study to allow the assessment of change over time. Aboveground C
stocks on these systems averaged 172.9 Mg C ha−1, comparable to those found in UEFWs across
the globe and distinct from the terrestrial forested ecosystems they are often considered to be a part
of during large-scale C inventory efforts. Groundwater salinity conditions as low as 1.3 ppt were
observed in conjunction with losses of aboveground C. When viewed in context alongside expected
sea level rise and corresponding saltwater intrusion estimates, these data suggest a marked decrease
in aboveground C stocks in forested wetlands situated in and around tidal estuaries.

Keywords: upper estuarine forested wetlands; tidal freshwater forested wetlands; blue carbon;
ecosystem carbon; climate change; salinity intrusion

1. Introduction

Blue carbon ecosystems such as seagrass beds, salt marshes, and mangroves have
rates of carbon (C) burial (138–218 g C m2 yr−1) that greatly outpace those of terrestrial
forests (4–5 g C m2 yr−1) [1], distinguishing these habitats as being of critical importance
in understanding the global C cycle and driving extensive scientific investigation on their
potential to reduce atmospheric C concentrations [1–8]. While the precise definition of a blue
C ecosystem is inherently qualitative and subject to ongoing debate [9,10], exceptionally
high C sequestration potential remains a consistent descriptor. Only recently included in
global blue C inventories, Upper Estuarine Forested Wetlands (UEFWs), also referred to as
tidal freshwater forested wetlands (TFFWs), are found worldwide spanning the estuarine
gradient between traditional freshwater nontidal wetlands and lower elevation blue C
ecosystems [10–13]. This estuarine gradient is composed of contributory hydrogeomorphic
transitions in elevation, salinity, and tidal influence [10] that are typical of the riverine–
estuarine boundary. The position of UEFWs along this complex interface of terrestrial
and maritime environments enables them to play critical roles in local ecology [2,5,14,15]
and coastal biogeochemistry (i.e., sediment and nutrient retention [11]), while exhibiting
large [16] but often imprecisely quantified [17] aboveground standing C stocks and burial
rates [1,14,18]. These diverse UEFWs are subjected to a complex set of environmental
drivers including the presence of freshwater tidal flushing at their landward distributional
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limit and salinity pulsing more seaward [15,19,20], creating a rarely described series of
drivers to the ecology of any functionally freshwater ecosystem. Because UEFWs are not
identified by a specific vegetation type, they are difficult to map, often seen as simply
transitional, and therefore overlooked [21]. However, UEFWs occupy thousands of hectares
in the Southeastern US alone [22] and are present in many other countries (e.g., [13,23]).

To quantify C stocks in UEFWs along two Southeastern US river systems, our study
sites span the estuarine gradient, including nontidal freshwater floodplain swamps bor-
dering the estuarine boundary, past the head of tide into TFFWs and down to the lowest
extent of forested wetlands. There, salinity and hydroperiod have transitioned the tidal
forests into oligohaline marshes [15,19,24,25], and the remnant standing dead trees are
referred to as “ghost forests”. This gradient represents a space-for-time substitution design,
allowing inference of potential migration of lower estuary wetland systems to more up-
stream locations with future sea level rise (SLR) [15,16,24,26]. The relative SLR on the lower
Atlantic coastal plain has averaged 3.5 mm yr−1 since the 1920s (NOAA gauge 8665530,
Charleston, South Carolina), but regional accelerations as high as 9.8 mm yr−1 have been
reported in the Southeastern US [27]. Modeling efforts based on similar SLR rates predict
an increase of 14% in the area occupied by nontidal swamps and a decrease of 24% in the
area occupied by TFFWs in the Southeastern US over the next 100 years [26]. Historical
data for all blue C ecosystems indicate annual decreases in spatial extent of 0.7%–7%, due
primarily to land-use changes [1]. Thus, regional rates of loss reported by Craft et al. [26]
strongly exceed rates from other blue C ecosystems due primarily to damming, diking,
ditching, and development.

Assessments of spatial C allocation across UEFWs are exceedingly rare [2,4,11], except
for recent work in blue C systems such as tidal marshes and seagrass beds [1,5]. While
the majority of C is stored belowground in blue C ecosystems [28], aboveground biomass
dynamics are more uncertain in time owing to episodic events and stress-imposed structural
shifts. However, as noted by the Global Climate Observing System, aboveground biomass is
a critically important variable in linking C dynamics to climate modeling [18]. The temporal
dynamics of aboveground C have been investigated in many other blue C ecosystems
(e.g., [29,30]) but not for UEFWs. Here, we contribute to filling this research gap by
investigating three new aspects of aboveground C dynamics for UEFWs. First, we extend a
pre-existing record of aboveground C change on the Winyah and Savannah systems [4]. This
previous study raised concern for how rapidly aboveground C changes may occur along
these and other transitional UEFW environments both naturally and in model simulations
(e.g., [31]) by reporting changes in total aboveground C of between +15.1% to −74.4% over
a 7-year period and changes in standing dead biomass of as much as 142%. We extend this
record for another 8–10 years to focus specifically on this metric of change. Second, we
augment the landscape context for aboveground C storage by adding sites farther inland
where we hypothesize that future sea-level-rise-driven change is imminent. Third, we add
to the salinity-stress literature, which often focuses on seedlings [32], by adding information
on how salinity affects the coastal C balance at the ecosystem scale.

2. Materials and Methods

UEFW C standing stocks were assessed on two series of 5 study sites each along
estuarine gradients of both the Savannah River and the Winyah Bay systems, which
comprise sites on the Waccamaw, Pee Dee, and Sampit Rivers. This study leveraged three
pre-existing UEFW research areas per system, which were established in 2004 and exhibit
hydrologic conditions including semidiurnal tidal inundation and ranging from oligohaline
to entirely freshwater [20]. In 2020, two additional study areas were established on each
estuary system to include an area near the upper extent of tidal influence that has a seasonal
belowground tidal signature (“head of tide”) and an area that experiences no tidal flooding
throughout the year (“nontidal”), but which still experiences tidal influence within the
channel of the adjacent river (Figure 1). These new sites add to the landscape context
of the original 3-site series. Each study site contained two 20 × 25 m subplots which
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included 2 water monitoring wells and five 0.25 m2 litter traps. Long-term soil porewater
salinity conditions at the 3 estuarine sites were previously described [4], ranging from
exceeding 4.0 ppt at heavily salt-impacted UEFWs (“lower” sites), to generally 1.2–1.4 ppt
at moderately salt-impacted UEFWs (“middle” sites), and very low or nonexistent salinity
(~0.1 ppt) at continuously fresh UEFWs (“upper” sites). The data for this study were
collected from the summer of 2020 to the spring of 2022.
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Figure 1. Site locations within the southeastern Atlantic coast of the United States, including the
Savannah River, Georgia, and Winyah Bay, South Carolina.

Porewater salinity was measured monthly using a handheld water quality instrument
(model Pro30, YSI Inc., Yellow Springs, OH, USA). Four salinity monitoring wells were
installed near the corners of the plots. The monitoring wells were constructed from 3.2 cm
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diameter slotted Schedule 40 PVC with the bottom end of the well permanently capped but
vented. These wells were inserted to a depth of ~60 cm, and all the wells were slotted and
wrapped in a fiberglass screen to help reduce the infiltration of sediments. Any residual
water was pumped out of the wells, which were allowed to refill before salinity was
measured. The heights of the wells above the ground varied to allow researchers access
during flooding events. The water level data were collected using a continuously deployed
non-vented pressure transducer (models LT/LTC 3001 and Levelogger Edge M10, Solinst
Canada Ltd., Georgetown, ON, Canada) which were post-processed using atmospheric
pressure data collected simultaneously from on-site barometric pressure sensors (model LT
3001 Barologger Edge M1.5, Solinst Canada Ltd., Georgetown, ON, Canada).

Carbon stocks of trees, snags, shrubs, and saplings were estimated using the Forest
Inventory Analysis Component Ratio Method (FIA-CRM) as established by the US Forest
Service [33]. Many authors in the allometric modeling field have argued that uncertainty
related to the selection of allometric equations (i.e., species-specific vs. generic models)
contributes significantly to modeling errors [34–37]. It is likely that trees in transitional
environments such as salinity-impacted swamps exist in conditions that deviate from
established allometry, thus contributing a potential source of error [17,34]. Nonetheless,
the need for standardization is clear in the context of nationwide datasets with which we
intend our UEFW observations to be compatible [17,38]. For this reason, we chose to use
the FIA-CRM rather than generic (i.e., [39]) or simple linear (i.e., [38]) methods of allometry.

To assess total aboveground C stocks, we measured live trees, live shrubs, live saplings,
live and dead herbs, litterfall, standing dead trees, coarse woody debris (CWD), and fine
woody debris (FWD). Woody stem measurement in our study follows the methods laid out
in the FIA field guide 9.0 [33]. Stems within our plots were sorted by size into trees, saplings,
shrubs, and snags during the analysis. All live woody stems greater than 2.5 cm diameter
at breast height (DBH, 1.3 m aboveground) and taller than 1.3 m were DBH-measured.
The height of each stem was measured using a digital hypsometer (models Vertex IV and
Transponder T3, Haglof Inc., Långsele, Sweden). The diameters were measured using
standard D-tapes when the stems were larger than 2.5 cm, while analog calipers were used
for smaller stems. The levels of decay on dead standing trees were estimated following
Domke et al. [40]. The percentage cull for snags was estimated based on decay class: classes
1 and 2 were 0%, class 3 was 20%, class 4 was 50%, and class 5 was 75%. Dead trees
(snags) were not included in the survey if their DBH was <10.0 cm. Due to the frequently
flooded nature of our plots, we placed less subjective weight on a snag’s basal decay than
is indicated in Domke et al. Table 1 [40], under the assumption that rot at the base of a
snag was accelerated by site conditions and did not accurately reflect the decay state of the
entire bole.

The biomass (kg) of the woody stems was calculated using the component ratio
method (CRM) as established by Woodall et al. [41] and adopted by the US Forest Inventory
Analysis [33] program. In this method, tree height, diameter, and cull are figured into
region- and species-specific equations to calculate the biomass of stems including bark
and stumps, but not foliage. The classification of small woody stems as either shrubs or
saplings is a noted source of discrepancy between researchers [42]. In this study, all woody
specimens were sorted by stem diameter alone; trees were defined as any stem ≥10.0 cm
DBH, saplings were defined as any stem between 2.5 cm and 10 cm DBH, and shrubs were
defined as any stem that was <2.5 cm DBH but ≥2.5 cm at 0.3 m above the root collar.
While this results in some very small saplings being treated as shrubs and some large
specimens of stereotypical shrubs being treated as saplings, it is necessitated by the fact
that the equations used for our smallest specimens (shrubs) are calibrated for relatively
small DBH (<2.5 cm) values, while sapling and tree equations do not function when DBH
inputs are under their intended cutoff values (12.5 and 2.5 cm DBH, respectively) [42].
Sapling biomass was calculated according to Heath et al. [42], which adapts the CRM to
smaller stem sizes seen in this size class. Shrub biomass was calculated using a generalized
hardwood model [43], which permits the calculation of even smaller stems than the Heath
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method. Snag biomass was calculated according to Domke et al. [40]. All the live wood
biomass was assumed to be 50% C by dry weight.

Foliar biomass (Mg C ha−1) was measured for each site using ten 0.25 m2 litter traps
distributed evenly throughout the area. The litter traps were approximately 1.2 m tall
and thus represent both overstory and understory woody plant litterfall. Samples were
collected monthly between April 2021 and March 2022 and dried at 70 ◦C for at least 3 days
before weighing. Foliar mass was also assumed to be 50% C by dry weight, as established
by previous work in the system [4]. Average monthly litter weights (g C m−2) were then
summed across the study duration to assess the total annual foliar production at a given
site, which is treated as the plot’s foliar standing stock in Mg C ha−1.

The understory herbaceous stocks were estimated following the methodology of
Ensign et al. [24]. Herbaceous plants were sampled quarterly between spring 2021 and
winter 2022 utilizing two 25 m transects perpendicular to the river channel placed outside
our existing forest inventory plots, making them ~50–100 m apart. Five 0.25 m2 plots were
located pseudo-randomly along each transect. The species within the plot were identified,
sorted into live and dead biomass, dried at 70 ◦C for ≥5 days, and weighed. The herbaceous
biomass for each site was calculated by averaging the ten samples per site for each season.
The four seasonal herbaceous values were then averaged to annualize the herbaceous C
standing stock. The herbaceous dry mass values were converted to C using established
ratios [4] of 38.35% C for live mass, and 36.25% C for necromass. Necromass and live mass
were both included in the herbaceous biomass inventory values.

Downed woody debris (DWD) was measured using the line-intercept technique origi-
nally presented by Van Wagner [44]. In each site, 20 m transects originating from the centers
of the two subplots were established. We divided each subplot into quarters, delineated
by the cardinal directions as measured from the center point; a transect was placed within
each quarter along a random heading. In this way, 4 transects per subplot were established
in an attempt to overcome the high variability often observed in DWD data [12]. Along
the full length of each transect, all debris with a diameter > 7.5 cm (“coarse woody debris”,
CWD) was recorded for diameter and decay class. Decay class was separated into one of
three categories: sound, intermediate, and rotten. Sound debris was fresh and possessed no
detectable decay, while rotten wood was easily penetrated by measurement calipers [45].
For the first 4 m of the transect, fine woody debris with diameters between 1 cm and
7.5 cm were tallied. Ultra-fine woody debris with a diameter <1 cm was tallied for the first
2 m of the transect as well. These two classes are referred to collectively as fine woody
debris (FWD). The total mass of DWD was calculated at line intercept, where each debris
fragment’s volume (V) in m3 is calculated by the following formula:

V =
[
π2

(
∑ di

2
)

/8 L
]
× k (1)

where di is the diameter of a fragment in m, L is the sample line’s length in m, and k is
the per-ha conversion constant [44]. As our data for fine and ultra-fine debris were tallied
based on size class, these counts were assumed to have the median value for their range.
Fine woody debris was assumed to be 4.25 cm in diameter, and ultra-fine was assumed to
be 0.5 cm in diameter.

To extend and examine the pre-existing record of aboveground C change and the
influence of salinity on the three sites for which data has been previously reported (“upper”,
“middle”, and “lower”) [4], a simple linear regression was run between the % change in
tree carbon between each 7-year time step and the average salinity therein. Only tree
C was assessed for this analysis due to irregular time steps in the collection of other C
pools such as vegetation and DWD. The data available at these sites are neither normally
distributed (according to Shapiro–Wilk testing, salinity is non-normal) nor extensive enough
(n = 12) to allow for more robust statistical hypothesis testing or modeling methods;
however, the slope of this simple regression is unbiased and provides a reasonable first
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estimation of aboveground tree C stock loss per unit change in salinity in the UEFWs of the
Southeastern US.

3. Results

On the Savannah River, salinity ranged from 1.6 to 6.5 ppt (avg 3.4 ppt) on the most
seaward site (“lower”), and 0.2 to 1.3 ppt (avg 0.4 ppt) on the next site upriver (“middle”).
Similarly, salinity values on the Winyah system were 0.4–4.1 ppt (avg 1.6 ppt) on the “lower”
site and 0.1–2.2 ppt (avg 0.5 ppt) on the “middle”. Salinity values on the “upper”, “head
of tide”, and “nontidal” sites on both systems were consistently low, averaging below
0.2 ppt throughout the study duration. Inundation patterns varied across the estuarine
gradient, driven by river flow rates and the low relief of the southeastern coastal plain.
Sites toward the riverine boundary of the estuary (“nontidal” and “head of tide”) tended
to be dominated by low-frequency, high-duration flooding, while sites on the seaward
side of the estuarine gradient (“upper”, “middle”, and “lower”) were defined primarily
by semidiurnal tidal cycles (Figure 2). The water levels at tidal sites (“upper”, “middle”,
and “lower”) on the Savannah River showed a range of −0.5–0.5 m relative to the soil
surface, while on the Winyah River, they fluctuated by −1.5–1.1 m across the duration of
the study. The water levels at “nontidal” and “head of tide” sites on the Savannah River
ranged from −1.4 to 1.3 m, while on the Winyah River, they ranged from −0.4 to 1.2 m. The
“upper” sites on both rivers were just upstream of salinity intrusion, showing negligible
porewater salinity values akin to the “nontidal” and “head of tide” sites, but still within the
elevational range to be subject to semidiurnal tides akin to the “middle” and “lower” sites.
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Figure 2. Water level patterns vary across the estuarine gradient of the systems, being characterized
as either low-frequency, high-magnitude (left), or semidiurnal (right) flood patterns. Note that the
two hydrographs show different temporal scales on the x-axes, but the same meter scale on the y-axes,
and retain the same color designation for each river throughout.

On the Savannah River, the total aboveground C storage in vegetation ranged from
28.1 Mg C ha−1 to 287.0 Mg C ha−1. On the Winyah system, the total C values ranged
from 38.0 Mg C ha−1 to 221.6 Mg C ha−1. Both rivers showed markedly similar total C
values across their UEFW gradient (Table 1). On both systems, we observed the expected
decrease in aboveground C corresponding with the increasing salinity of the lower-estuary
plots (“lower” and “middle” sites, Figure 3). On all the sites except for one (Savannah
“lower”), trees dominated the total aboveground C makeup of our plots, accounting for an
average of 88.2% of aboveground C. Savannah “lower” has had near complete die-off of
trees since its original establishment in 2005, and consequently trees accounted for only
9.5% of aboveground biomass there, with the majority of C being stored instead in standing
snags (16.9 Mg C ha−1, 60.1%).
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Table 1. Carbon (C) stocks at study sites along the Winyah and Savannah systems.

Winyah Savannah

Nontidal Head Upper Middle Lower Nontidal Head Upper Middle Lower

Total aboveground C 217.2 221.6 210.8 123.7 38.0 287.0 207.8 222.7 172.2 28.1

Live Trees 197.0 192.0 200.0 111.9 23.9 254.1 189.1 208.0 164.0 2.7

Saplings 1.7 5.4 1.8 0.3 0.2 2.0 1.3 4.1 0.2 0.0

Shrubs 0.00 0.00 0.15 0.02 0.00 0.27 0.00 0.66 0.00 0.57

Foliage 3.16 2.48 3.49 2.39 0.43 2.92 2.51 2.51 1.55 --

Herbs 0.01 0.00 0.26 0.87 1.04 0.05 0.05 0.24 0.49 4.04

Snags 1.3 7.8 0.4 1.7 9.9 0.0 6.8 2.0 1.5 16.9

FWD 11.9 11.1 3.6 5.0 1.3 13.8 4.2 4.3 3.6 1.7

CWD 2.1 2.8 1.1 1.5 1.3 13.8 3.8 1.0 0.8 2.2

Mean Salinity (psu) 0.2 0.2 0.1 0.5 1.5 0.1 0.2 0.1 0.5 3.7

Range (0.1–0.2) (0.1–0.3) (0.0–0.1) (0.2–1.9) (0.3–3.6) (0.0–0.1) (0.1–0.2) (0.1–0.3) (0.2–1.0) (1.8–5.4)

Values represent average Megagrams of carbon per hectare (Mg C ha−1) of a given biomass pool in each of our
sites. Two subplots per location were averaged. The Savannah “lower” site did not have enough trees to warrant
the placement of litter traps and therefore does not have a foliage value. FWD; fine woody debris. CWD; coarse
woody debris.
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Figure 3. Observed total aboveground carbon (Mg C ha−1) by estuary position of every
individual plot.

On all the plots, bald cypress (Taxodium distichum L. Rich.) and water tupelo (Nyssa
aquatica L.) dominated the live tree C biomass pools, except for “lower” plots where water
tupelo has been excluded by excessive porewater salinity (Table 2). Associate species such
as swamp tupelo (Nyssa biflora Walter), red maple (Acer rubrum L.), ash (Fraxinus spp.), and
water elm (Planera aquatica J.F. Gmel.) were common, but rarely rose above 10% of overall
tree C, with the notable exceptions taking place at the “upper” plots, where moderate stress
may be driving higher diversity. Herbaceous C was distributed across a higher number of
species, with no single species contributing more than 35% of overall yearly C (Table 3).
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Table 2. Tree species contributions to standing biomass stocks.

Nontidal Head Upper Middle Lower

W
in

ya
h

Species C (Mg/ha) % Species C (Mg/ha) % Species C (Mg/ha) % Species C (Mg/ha) % Species C (Mg/ha) %

w.tupelo 102.85 52.2 w.tupelo 115.59 60.21 baldcypress 161.61 80.79 baldcypress 109.13 97.52 baldcypress 23.94 100.00

baldcypress 93.25 47.35 baldcypress 54.82 28.56 red maple 21.03 10.52 w. tupelo 1.53 1.37

water elm 0.74 0.37 water elm 6.88 3.58 s. tupelo 17.16 8.58 s. tupelo 1.24 1.11

red maple 0.12 0.06 laurel oak 4.64 2.42 ash 0.18 0.09

s. cottonwood 2.47 1.29 laurel oak 0.03 0.02

ash 2.43 1.26 waxmyrtle 0.02 0.01

white oak 1.70 0.88

sweetgum 1.54 0.80

red maple 1.24 0.64

s. tupelo 0.51 0.27

deciduous holly 0.15 0.08

Nontidal Head Upper Middle Lower

Sa
va

nn
ah

Species C (Mg/ha) % Species C (Mg/ha) % Species C (Mg/ha) % Species C (Mg/ha) % Species C (Mg/ha) %

baldcypress 130.41 51.33 baldcypress 91.59 48.44 baldcypress 91.74 44.11 baldcypress 162.65 99.17 baldcypress 2.35 88.54

w. tupelo 115.72 45.55 w. tupelo 83.13 43.97 w. tupelo 63.26 30.42 s. tupelo 1.36 0.83 c. tallow 0.30 11.46

red maple 5.95 2.34 s. tupelo 7.97 4.22 s. tupelo 34.98 16.82

a. elm 1.27 0.50 red maple 4.23 2.24 laurel oak 8.67 4.17

water elm 0.57 0.22 ash 1.56 0.82 red maple 5.63 2.71

hornbeam 0.11 0.04 sweetgum 0.35 0.19 water oak 2.04 0.98

hawthorn 0.05 0.02 water elm 0.23 0.12 ash 1.57 0.76

american elm 0.10 0.05

All species present are included. Latin binomials are available in Table S1.
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Table 3. Herbaceous species contribution to standing biomass stocks.

Nontidal Head Upper Middle Lower

W
in

ya
h

Species C (Mg/ha) % Species C (Mg/ha) % Species C (Mg/ha) % Species C (Mg/ha) % Species C (Mg/ha) %

panicgrass 0.22 30.62 whitegrass 0.06 68.18 sensitive fern 2.56 19.49 waterparsnip 9.01 22.30 cattail 6.90 23.28

whitegrass 0.10 13.52 unknown 0.03 31.82 lizards tail 1.85 14.03 giant cutgrass 7.60 18.81 giant cutgrass 3.13 10.56

beaksedge 0.09 12.10 necromass 0.00 0.00 annual wildrice 1.08 8.20 seaside goldenrod 5.21 12.89 annual wildrice 3.12 10.54

clearweed 0.05 7.56 halberdleaf 0.74 5.61 annual wildrice 1.99 4.92 softstem bulrush 2.64 8.91

Elliot’s ast. 0.05 7.20 water hemlock 0.73 5.52 water hemlock 1.63 4.03 cordgrass 1.82 6.15

necromass 0.00 0.00 necromass 0.36 2.73 necromass 1.17 2.90 necromass 5.66 19.11

Nontidal Head Upper Middle Lower

Sa
va

nn
ah

Species C (Mg/ha) % Species C (Mg/ha) % Species C (Mg/ha) % Species C (Mg/ha) % Species C (Mg/ha) %

carex 2.32 27.93 panicgrass 1.11 22.83 giant cutgrass 2.90 25.52 cattail 2.79 18.30 cordgrass 24.90 34.83

panicgrass 2.25 27.11 marsh seedbox 0.83 17.07 haspan flatsedge 1.48 13.00 Virginia peltandra 2.33 15.28 giant cutgrass 10.95 15.33

cordgrass 1.52 18.38 Lizards tail 0.80 16.52 cordgrass 1.24 10.87 giant cutgrass 1.65 10.86 cattail 10.80 15.11

lizards tail 0.86 10.39 s. smartweed 0.67 13.86 panicgrass 1.24 10.91 sturdy bulrush 1.58 10.34 sturdy bulrush 1.76 2.46

beaksedge 0.75 9.04 seedbox 0.29 5.96 carex 0.64 5.62 lizards tail 0.81 5.31 bur marigold 1.75 2.45

necromass 0.24 2.92 necromass 0.85 17.56 necromass 0.60 5.64 necromass 0.82 5.38 necromass 19.40 27.14

Only the top 5 species by mass (except where <5 species were observed) and necromass values in each plot are listed. Latin binomials are available in Table S1.
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In our plots, we observed that herbaceous C pools were negligible in sites approaching
the uppermost estuarine extent (“nontidal” and “head of tide” sites), ranging from 0.0% to
0.26% of non-tree aboveground C in these areas (Figure 4). The herbaceous C pool became
much more meaningful in the semidiurnally tidal plots towards the seaward side of our
estuarine gradient, increasing from 1.7% in continuously freshwater tidal forest (“upper”
sites) to 15.9% in oligohaline tidal forest converting to tidal marsh (lower sites). When
CWD and FWD are added together to represent all downed woody debris (DWD), this pool
takes up between 15.4% and 83.9% of non-tree biomass across the estuarine gradient. Sites
at the uppermost estuarine extent tended to have more DWD, while seaward estuarine
sites showed a higher proportion of their non-tree biomass in still-standing snags. Snags
made up 70.2% and 66.4% of non-tree biomass in Winyah and Savannah “lower” sites,
respectively. Snags also had large contributions to biomass in the “head of tide” sites,
accounting for 26.2% of non-tree biomass on the Winyah River and 36.3% on the Savannah
River. Foliage made up between 3.0% and 32.4% of non-tree biomass in all the plots other
than Savannah “lower”, with this mass corresponding tightly to tree biomass. Sapling
biomass was nearly non-existent in the “lower” and “middle” sites, ranging from 0.0% to
3.1%. Sapling biomass increased in the “upper”, “head of tide”, and “nontidal” sites, where
biomass ranged from 6.2% to 27.8% of non-tree C.
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4. Discussion

With total aboveground C stocks on the Savannah River and within the Winyah
estuary averaging 172.9 Mg C ha−1 and ranging from 28.1 to 286.9 Mg C ha−1, storage
rates in these southeastern deepwater swamps appear broadly comparable to those values
found by other efforts in similar systems (Table 4). The community composition of our
sites closely matches the Taxodium/Nyssa association described for the southeastern coastal
plains [15], and aboveground biomass thereon is stored overwhelmingly in live trees,
followed by either DWD or snags (Table 1). As UEFWs are not yet routinely delineated
in terms of national- or global-scale C accounting, these ecosystems are nested within the
southeastern oak/gum/cypress forest designation used by the United States Department
of Agriculture’s (USDA) Forest Inventory and Analysis (FIA) database [46], or within the
IPCC’s designation as “American humid subtropical forest”, where “American” refers to
both the northern and southern American continents [47,48]. The Southeastern US UEFWs
measured here show significantly higher storage capacity in comparison to either of these
broader benchmarks and are roughly analogous to the UEFWs found in the northwestern
US (Table 4). The comparatively high C storage rates found in the “head of tide” and
“nontidal” sites in this study provide support for their consideration as UEFWs, in addition
to those sites already established by previous work [4], in turn supporting the expansion of
the spatial extent of UEFWs in the US Southeast to include locations only rarely impacted
by tidal forces, analogous to supratidal wetlands [10]. These ecosystems on the uppermost
extent of current tidal influence are likely to experience more frequent tidal events under
the predicted impacts of climate change [16,27], driving the need to understand these future
loci of critical ecosystem migration.

Table 4. Ranges (or averages ± SD where ranges were not presented) of aboveground carbon (C)
reported in the present study and relevant benchmark ecosystems.

Region Aboveground
C (Mg ha−1) Source

Southeastern US UEFWs (deepwater swamps)

55.9–184.7 a Krauss et al. [4]

68.5–177.0 b Ricker et al. [12]

28.1–286.9 Present work

Northwestern US UEFWs (spruce swamps) 74–395 c Kauffman et al. [2]

Southeastern oak/gum/cypress forests 72.9 ± 52.4 d USDA database [46]

IPCC American subtropical humid forest 39.7 ± 20.2 e Rozendaal et al. [47]
All values in aboveground dry C, including live mass and necromass. Inclusion or exclusion of roots and stumps
as well as allometric method selection varies slightly across studies, contributing some amount to observed
variations. a: Values from Krauss et al. (Table 1) [4], excluding “Marsh” sites. b: Values from Ricker et al.
(Table 5) [12] include stumps and utilized diameter-only allometry [39]. c: Range of aboveground C stock in “tidal
forests” only. d: Obtained 6 June 2024 [46]. Includes surveys from South Carolina and Georgia from 2015 to 2022.
See Hoover and Smith [49] for further exploration. e: Values from Rozendaal et al. (Table 1) [47], converted from
aboveground biomass to C by multiplying by their reported conversion factor of 0.47. Includes both North and
South Americas.

Our extension of the previous work on these systems provides evidence that salinity
intrusion of relatively low magnitude (~1.0 ppt) can result in meaningful loss of above-
ground biomass in southeastern UEFWs, potentially driving much of the observed rapid
changes in aboveground C that prompted the initiation of this project [4]. C storage in
trees at “middle” plots on both the Winyah and Savannah systems maintained equilibrium
(+0.8%) or incurred minor losses (−5.5%), respectively, between 2005 and 2012 when their
salinities averaged 1.5 ppt, but experienced C increases (+19.2%, +40.2%, resp.) between
2013 and 2020 when relatively fresh (avg = 0.65 ppt) conditions prevailed (Table 5). “Lower”
sites, which were originally established at the lowest extent of the UEFW ecological range,
were observed to completely transition from forests to oligohaline marshes, with consistent
losses of live tree biomass ranging from −22 to 75% over 7-year time steps and community
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composition in 2021 dominated by genera such as Spartina, Typha, and Zizaniopsis (Table 3).
“Upper” sites on both rivers, which experienced no salinity intrusion, demonstrated highly
variable (ranging from +6.8% to +45.7%) but consistently positive (avg = 19.7%) tree growth
across all three observational studies of the systems. These observations, especially the
apparent release of growth at bald cypress-dominated “middle” sites (Table 2) in response
to a low magnitude but consistent decrease in interstitial salinity, demonstrate the plasticity
of response by bald cypress trees to cope with low levels of salinity.

Table 5. Comparison of codominant tree carbon (C) values from Krauss et al. [4] and the current work.

River Position 2005 2012 2020
sal Mg C ha−1 ‘06–‘12 sal Mg C ha−1 (∆ %) ‘13–‘20 sal Mg C ha−1 (∆ %)

Winyah

Nontidal n/a n/a 197.0
Head n/a n/a 192.0
Upper 0.1 128.6 0.1 137.3 (+6.8%) 0.1 200 (+45.7%)
Middle 0.8 93.2 1.7 93.9 (+0.8%) 0.7 111.9 (+19.2%)
Lower 1.9 49.9 2.7 30.6 (−38.7%) 1.5 23.9 (−21.9%)

Savannah

Nontidal n/a n/a 254.1
Head n/a n/a 189.1
Upper 0.1 162.6 0.1 187.1 (+15.1%) 0.1 208.0 (+11.2%)
Middle 0.6 123.8 1.3 117.0 (−5.5%) 0.6 164.0 (+40.2%)
Lower 2.5 42.2 4.3 10.8 (−74.4%) 3.8 2.7 (−75.0%)

Interim salinity values in ppt from 2005–2012 are recalculated with slightly different temporal ranges from data
previously published in Krauss et al. [4]. Note that 2020 C values used height- and diameter-based allometry [41],
while previous work used diameter-only equations [39], which accounts for some of the observed variations.

A preliminary assessment of the magnitude of salinity’s effect suggests that a chronic
1 ppt increase in groundwater conditions may reduce aboveground tree C by approximately
26% (Figure 5). While the data and conclusions drawn from these sites are limited in scope,
this simple linear regression analysis provides a preliminary estimation of the magnitude
and directionality of salinity-induced aboveground tree C stock change in the UEFWs of
the Southeastern US. The expected drivers of this loss include the direct imposition of
osmotic stress by the presence of salinity [4,21], as well as the concurrent sulfide-induced
transition from a methanogenic soil condition to a sulfate-reducing condition [19] and the
structural changes incurred by resultant shifts in vegetation. Soil condition and porewater
salinity have been shown to have significant impacts on not only overall stand density
and community [25] but also resource partitioning by plants under stress [50,51]. Similarly,
salinity changes of 1 ppt have also been shown to reduce tree water use by roughly 20% [32],
indicating a potential coupling of consistent magnitude between water use and C storage
capacity. The trees in our sites exist along salinity gradients that can cause a reduction in
canopy crown size, which is associated with lower individual tree water use and growth
rates, and is analogous to crown sizes in highly competitive stands [32]. Freshwater
swamps, as well as other floodplains, have been found to contain more dead woody debris
than upland forests [12,52], which may drive additional C storage in these systems. Our
data also suggest that the abundance of woody debris, both fine and coarse, is inversely
related to salinity (Table 1), despite the opposite being true for the abundance of standing
dead snags (Figure 4). This is potentially explained in part by greater tidal flushing and
less obstruction by stems and hummocks at downstream sites leading to greater export
rates, although the noted high variance in dead wood survey methods [12,53] suggests that
these trends require a more focused study design to assess with greater confidence.
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Figure 5. The % change in aboveground tree carbon (C) between sampling years and the average
salinity across the intervening years (Table 5). This simple linear regression fails to fully account
for the repeated measures data structure and should be interpreted with caution, but provides a
preliminary value of an approximately 26% loss in tree C per 1 ppt.

5. Conclusions

We investigated three aspects of aboveground C dynamics in the UEFWs of the
Southeastern US. In the pursuit of our first goal to extend the observational record of these
UEFW sites, we replicated earlier studies on the same systems, again finding rapid changes
in ecosystem C. In this timeframe (2012–2021), changes in tree C ranged from +46% in
freshwater sites to −75% in sites undergoing full transition into oligohaline marsh. Our data
further suggest that salinity intrusion of magnitudes as low as 1 ppt can cause significant
changes in aboveground C storage capacity and growth over sub-decadal timescales. Our
efforts towards the second goal, the addition of sites farther inland at or just beyond tidal
influence, provide novel assessments of highly C-dense ecosystems that are routinely
poorly quantified. As sea levels rise, we can predict that these currently nontidal sites
will trend towards the conditions observed at the more tidally influenced freshwater sites.
More frequent freshwater inundation at nontidal sites and increasing salinity stress at
freshwater sites may result in significant mobilization of C currently sequestered within
woody biomass and reduction in aboveground C storage, although the latter is likely to be
offset by the belowground productivity from encroaching marshes. Finally, our assessment
of salinity stress at an ecosystem scale has suggested a decrease in aboveground C of about
26% per 1 ppt. While needing additional inference from other rivers, this metric presents
great potential utility for land managers in the region interested in projecting changes in
forest C storage with salinity intrusion onto their lands.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f15091502/s1, Table S1: Common and latin names of all species
identified.
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