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Abstract: This study assessed the soil carbon storage potential in terms of the total carbon (TC)
and total carbon stocks (TC stocks) and associated soil physicochemical properties (i.e., soil pH,
bulk density (Db ), and gravimetric soil moisture (GSM)) for four forested wetlands in the urbanized
region of Northern Virginia (NOVA). The study sites were balanced between the two physiographic
provinces of the region (Piedmont vs. Coastal Plain); at each site, soils were sampled and analyzed
(n = 180) at three depth intervals (0–10 cm; 10–20 cm; 20–30 cm). There was no significant difference
in TC stocks between physiographic provinces (p > 0.05); however, wetland soils had higher TC
contents at the Coastal Plain (4.32 ± 0.41%) than in Piedmont (2.57 ± 0.22%; p < 0.05). Both Db and
GSM significantly differed by physiographic province and were highly correlated to TC, indicating
that the TC variability is strongly explained by Db (R2 = 0.38) or GSM (R2 = 0.39), respectively
(p < 0.01 for all). These outcomes highlight the capacity of urban forested wetlands to store carbon,
especially in their topsoil (top 10 cm). Elucidating the carbon storage potentials of forested wetlands
in an urbanized landscape may assist with future efforts to combat urban carbon emissions.
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1. Introduction
In wetland ecosystems, soil acts as the primary medium for biogeochemical transformations and storage of nutrients that provide important ecosystem services, such as
carbon sequestration and storage [1,2]. A wetland’s role in the global carbon cycle depends
on the net flux of carbon in or out of the wetland system [3,4], but the total soil carbon
contents (TC) and carbon stocks (TC stocks) can serve as a starting point for identifying how
effective a site is at accumulating and storing carbon [5,6]: for example, the International
Organization of Standardization (ISO) calls for the determination of TC and TN to be
monitored over time and used in modeling sequestration rates [7]. Thus, tracking and
assessing wetland soil carbon stocks is key to understanding how certain physicochemical
and physiographic settings may affect a wetland’s capacity to store carbon in the era of
anthropogenic climate change.
Monitoring soil carbon may be particularly useful in urbanizing and urbanized landscapes where green space conservation, preservation, and restoration serve as promising
climate resilience strategies. However, modeling carbon sequestration and storage potentials from in situ carbon stocks requires knowledge of the relationships between a given
site’s soil carbon and soil physicochemical properties [7]. Previous efforts to quantify and
track the carbon storage potential have provided useful insights into these relationships,
indicating that plot-specific soil physicochemical properties such as bulk density (Db ), pH,
and gravimetric soil moisture (GSM) can inform measurements of soil functional properties,
including carbon stocks [8–12]. Soil carbon investigations that capture geographic and site
variability in soils can therefore provide context to a study on urbanized wetland soils at
a regional scale [13–15].
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Forested wetlands are abundant within the Piedmont (P) and Coastal Plain (CP) physiographic provinces of the United States Mid-Atlantic region; distinct geomorphologies,
hydrologic regimes, and soil series may give rise to significant variability in TC stocks
between and within regional forested wetlands [16,17]. Moreover, the Northern Virginia
(NOVA) region of the Washington, D.C. metropolitan area—Fairfax, Loudoun, and Prince
William Counties—has endured extensive conversion of natural habitats into urban landcover, having lost over 60% of pre-development forest and wetland cover as of 2013 [18,19].
NOVA thus provides an opportunity to investigate the interplay between physiographic
setting and wetland soil properties within the context of urbanized landscapes [20–27].
While high extents of impervious surface coverage have ultimately changed the cycling of
nutrients and water in NOVA, the region’s forested wetlands, whether highly impacted or
more remote, may have high carbon storage potentials as demonstrated within forested
wetlands of other urbanized regions [14,28].
Our study aimed to assess the soil physicochemistry and its potential to inform
soil carbon storage potentials of four forested wetlands across NOVA’s Piedmont and
Coastal Plain. Wetland soil properties were characterized and compared with respect
to soil physicochemical properties (Db , GSM, and pH) as well as carbon and nitrogen
contents (TC, TC stocks, and TN (total nitrogen). The results of the study were compared
to previous assessments of Piedmont and Coastal Plain wetland soil carbon contents and
stocks through a literature review of studies between 1990 to 2020 focused on similar types
of freshwater wetlands.
2. Materials and Methods
2.1. Site Descriptions
Field research was carried out between March and August 2020 at four NOVA forested
wetlands, within which 5 plots were studied to investigate intra-site heterogeneity. Wetlands were balanced between the Piedmont and Coastal Plain physiographic provinces;
Piedmont (P) sites include Algonkian Regional Park, Loudoun County (ARP; 39◦ 590 9” N,
77◦ 370 36” W) and Banshee Reeks Nature Preserve, Loudoun County (BR; 39◦ 360 73” N,
77◦ 590 17” W), and Coastal Plain (CP) sites include Julie J. Metz Wetlands Bank in Prince
William County (JJM; 38◦ 360 23” N, 77◦ 160 38” W) and Mason Neck National Wildlife Refuge
in Fairfax County (MN; 38◦ 630 94” N, 77◦ 190 19” W) (Figure 1). Table 1 describes site
watersheds (including urbanization extent, higher at ARP and JJM than BR and MN),
geomorphology, and dominant soils, and vegetation communities.
Table 1. Site setting as described by landscape, site, and wetland properties.
Algonkian Regional Park
(ARP)

Banshee Reeks
(BR)

Julie J. Metz—Neabsco Creek
(JJM)

Mason Neck
(MN)

Watershed Name

Sugarland Run

Big Branch—Goose
Creek

% Impervious
Surface Cover
Physiographic Province

≥25% (high)

<5% (low)

≥25% (high)

<5% (low)

Piedmont (P)

Piedmont (P)

Coastal Plain (CP)

Geomorphology

Drainageways,
floodplains, terraces

Drainageways,
floodplains

Terraces, floodplains

Coastal Plain (CP)
Fluvomarine terraces,
interfluves,
drainageways

Nonhydric
soil series

Linside silt loam
Huntington silt loam

Hydric
soil series

Kinkora–Delanco complex

Major Habitats

Black walnut and oak
forested floodplain;
freshwater forested
wetlands; freshwater
emergent wetland

Leedsville cobbly silt
loam
Oatlands gravelly silt
loam
Manassas silt loam
Codorus, Albano,
and Hatboro silt loams
Hardwood forests;
riparian zones and
wetlands;
Mountain-Piedmont
basic seepage swamp

Neabsco Creek

Occoquan Bay—
Potomac River

Dumfries sandy loam
Lunt loam

Gunston silt loam
Matapeake silt loam
Mattapex loam

Featherstone mucky silt loam
Hatboro-Codorus silt loam

Elbert silt loam
Elkton silt loam

Forested, scrub, and emergent
wetlands

Hardwood oak-hickory
forest; palustrine
forested wetlands

loam
Black walnut and oak
forested floodplain;
Major Habitats freshwater forested
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wetlands;
freshwater
emergent wetland

Hardwood forests; riparian
zones and wetlands;
Forested, scrub, and
Mountain-Piedmont basic emergent wetlands
seepage swamp

Hardwood oak-hickory forest; palustrine
forested wetlands 3 of 15
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ble
1). BR
acreacre
preserve
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to to
Goose
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with
across
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wetlands,
and
Mountain-Piedmont
basic
seepage
across its hardwood forests, riparian wetlands, and Mountain-Piedmont basic seepage
swamp[31,32].
[31,32].Soils
Soilsinclude
includethe
thenonhydric
nonhydricLeedsville
Leedsvillecobbly
cobblysilt
siltloam,
loam,Oatlands
Oatlandsgravelly
gravelly
swamp
silt
loam,
and
Manassas
silt
loam,
as
well
as
hydric
silt
loams
including
the
Codorus,
silt loam, and Manassas silt loam, as well as hydric silt loams including the Codorus, AlAlbano,
Hatboro
series
[33].
bano,
andand
Hatboro
series
[33].
JJM and MN lie in the Coastal Plain, which contains broader and flatter interfluves and
valleys with thicker and sandier soils that have higher water-infiltration rates [29]. JJM sits
adjacent to Neabsco Creek and contains over 200 acres of forested, scrub, and emergent
wetland communities. In contrast to its other sites, JJM includes 17 acres of wetland
constructed in 1996 by Wetland Studies and Solutions, Inc. (WSSI; Gainesville, VA, USA)
that were modified by flattening alluvial fans and providing earthen berms as “pod”
boundaries [34]. Soils are mapped as the nonhydric Dumfries sandy loam and Lunt loam
in occasionally flooded areas, and Featherstone mucky silt loam and Hatboro-Codorus
silt loam in frequently to permanently flooded areas. Finally, MN plots lie adjacent to
a 2 km trail consisting of high points (hummocks) and occasionally ponded low points
(hollows) within the hardwood forests and palustrine forested wetlands of the Mason Neck
peninsula [10,35,36]. Hummocks are dominated by nonhydric soils including Gunston and
Matapeake silt loams while hollows are dominated by hydric soils including Elbert and
Elkton silt loams [33] (Table 1).
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Per site, five 1 × 1 m randomly selected plots were chosen to represent local wetland and site heterogeneity (n = 20) using ESRI ArcGIS software (raster cells of 100 m2
size). Randomly chosen plots were modified if necessary to ensure accessibility and
maintain ≥ 200 m between plots (Chi et al., 2018). Plot centers were pinpointed by flags,
from which 3 subplot locations approximately 50 cm from the plot center and ~90 cm from
one another (generalized per equilateral triangle geometry) were selected for each plot
(total subplot n = 60).
2.2. Soil Collection and Field Methods
Soil core samples were collected down to 30 cm at each subplot between March and
August 2020 using a PVC pipe with handcrafted jigsaw teeth (radius = 3.8 cm) modified
from other designs [37,38] and following procedures of previous studies [9,39,40]. After removal, each core (n = 60) was trisected into three depth intervals of equal length using
notches on the PVC pipe at 10 cm, 20 cm, and 30 cm. Subplots at JJM plot 2 were only
sampled down to 20 cm due to the soil’s cobbly nature, yielding 177 total depth interval
samples from all sites (0–10 cm: n = 60; 10–20 cm: n = 60; 20–30 cm: n = 57). Documented
issues included heavy inundation at some sites, causing issues with the integrity of soil
cores. Trisected core samples (length = 10 cm; n = 177) were then wrapped in aluminum
and placed in a prelabeled paper bag for weighing.
Separate soil samples were collected to measure the soil pH at three subplots per
plot spaced ~10 cm from Db subplots. A 2.5 cm-diameter soil probe was pushed ~30 cm
into the soil then divided into three soil depth layers: 0–10 cm, 10–20 cm, and 20–30 cm
(n = 177). Soil pH was measured using a Hach IQ160 meter after creating a 1:1 homogenized
slurry of soils and distilled water.
2.3. Analysis of Soil Physicochemistry and Soil Carbon
Wet masses were obtained for soil cores using a Sartorius Miras 2 scale with 5 g
readability. Samples were placed into drying oven at 85 ◦ C to 105 ◦ C for at least 72 h until
a constant dry mass was achieved. The mass of aluminum foil and paper bag (15 g) was
subtracted from measured wet and final dry masses. The volume of each soil core sample
was calculated as the volume of the trisected soil core (453.656 cm3 , or π · [3.8 cm]2 · 10 cm).
GSM (%) was calculated using the formula 100 × (wet mass [g] − dry mass [g])/(dry
mass [g]). Finally, Db was calculated as (dry mass [g])/453.656 cm3 .
To prepare soils for elemental carbon and nitrogen analysis, dried soil core samples
were ground using a mortar and pestle then passed through a 2 mm sieve at least three
times to remove any non-soil debris (e.g., organic material or cobbles) and homogenize the
samples. Percent TC and TN were determined by dry combustion of samples using a Perkin–
Elmer 2400 Series II CHNS/O Analyzer (Perkin-Elmer Corporation, Norwalk, CT, USA).
To convert percentages into a carbon storage metric comparable between sites of different
bulk densities, TC stocks (kgC·m− 2 ) were calculated from TC contents (%) and Db (g·cm−3 )
of the upper 10 cm of soil [TC stocks = (Db · 104 ) · (TC/100)/1000], which is the most
biogeochemically active layer of wetland soil [35,41].
2.4. Data Analysis
Statistical analyses were performed on Db , GSM, TC, TN, and TC stocks using version
15 of JMP® [42]. Soils were assessed by subplot samples (0–30 cm; n = 60) and by depth
interval (n = 177). Additionally, to separate the most biogeochemically active layer of
soil—the top 10 cm—from remaining collected soil samples, 10–20 cm and 20–30 cm samples
were pooled to provide a comparison between topsoil (0–10 cm) and 10–30 cm samples.
Data were screened for normality and linearity through visual assessments and residual plots. One-way analysis of variance (ANOVA) was performed for all soil physicochemical properties measured among the wetland sites (α = 0.05 significance level). A twoway ANOVA was also performed using the depth and physiographic province as factors.
Fisher’s least significant difference (LSD) post hoc test was conducted to determine the
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main effects of the two environmental factors. The degree of urbanization (high vs. low;
Table 1) was not used as a factor in analysis due to diverse land use, planning, and management histories that obscure the impact of urbanization. Pearson correlation analysis
was performed among all the soil physicochemical properties, including soil carbon and
nitrogen contents and stocks. Finally, bivariate linear regression analyses were conducted
between each physicochemical property and TC and TC stocks using pooled data from
all sites, and regression statistics were obtained to evaluate the goodness of fit for each
resulting equation.
3. Results and Discussion
3.1. Soil Physicochemistry across Sites
ANOVA revealed significant differences in all soil physicochemical properties as well
as carbon content and nitrogen content between sites when separated into 10 cm intervals,
and differences in all but Db when considering the top 30 cm overall (p < 0.05; Table 2).
An examination of the standard errors (Table 2) highlights heterogeneity of the plot and site
soil properties that may be more dependent on smaller-scale variability in microtopography,
vegetation, and hydrology [35]. Nonetheless, significant between-site differences indicate
that the physicochemistry can aid in distinguishing wetland sites, which may be attributable
to broader watershed and/or landscape factors such as physiographic province. JJM had
the highest GSM out of all the sites (58.03 ± 5.01%), corroborating high levels of inundation
observed during collection at JJM for plots 3, 4, and 5. In contrast, GSM was lowest at BR
(33.67 ± 2.06%; p < 0.05), where several plots did not show signs of seasonal saturation
despite being mapped as hydric by Loudoun County. Soil pH was significantly more
acidic at MN (4.67 ± 0.03) than other sites, despite measuring ~0.5 pH units higher than
that of previous research at the same sampling locations [35] (p < 0.01). While the overall
(0–30 cm) soil Db did not significantly differ between sites, Db was consistently highest
for the top 10 cm soil (1.01 ± 0.04 g·cm−3 ) than other depth layers at all sites except
JJM (p < 0.01). Homogeneity in soil physicochemistry within JJM suggests that the site’s
hydrologic conditions—engineered and managed to have a biogeochemically active top
30 cm [34]—are the most stable of all sites down to 30 cm (Table 2).
Table 2. Soil physicochemical properties measured for four sites along the depth scale reported as
averages ± standard errors. Total carbon stocks were calculated with the carbon values of the upper
10 cm of soil. GSM: gravimetric soil moisture; Db : bulk density; TC: soil total carbon content; TN: soil
total nitrogen content; TC stock: soil total carbon stocks.
Piedmont (P)
Depth

ARP

Coastal Plain (CP)
BR

a,b

JJM
b

MN
a

GSM (%) *

0–30 cm
0–10 cm
10–20 cm
20–30 cm

43.36 ± 1.72
55.27 ± 2.52 a,b,c
38.06 ± 1.75 b,c,d
36.74 ± 1.52 b,c,d

33.67 ± 2.06
42.85 ± 3.02 b,c,d
32.46 ± 3.79 c,d
25.70 ± 2.46 d

58.03 ± 5.01
76.92 ± 10.30 a
44.09 ± 6.65 b,c,d
51.83 ± 4.76 b,c,d

40.16 ± 3.44 b
57.65 ± 8.12 a,b
32.12 ± 2.40 c,d
30.71 ± 2.65 d

Soil pH *

0–30 cm
0–10 cm
10–20 cm
20–30 cm

6.09 ± 0.03 a
5.96 ± 0.05 a
6.09 ± 0.04 a
6.21 ± 0.04 a

6.11 ± 0.08 a
6.14 ± 0.08 a
6.13 ± 0.15 a
6.06 ± 0.18 a

5.96 ± 0.04 a
5.79 ± 0.25 a
5.89 ± 0.22 a
6.28 ± 0.21 a

4.67 ± 0.03 b
4.68 ± 0.08 b
4.68 ± 0.05 b
4.65 ± 0.03 b

Db (g·cm−3 )

0–30 cm
0–10 cm
10–20 cm
20–30 cm

1.27 ± 0.03 a
1.11 ± 0.04 b,c,d
1.38 ± 0.06 a,b
1.31 ± 0.04 a,b,c

1.37 ± 0.06 a
1.14 ± 0.07 b,c,d
1.32 ± 0.08 a,b,c
1.65 ± 0.12 a

1.15 ± 0.08 a
0.94 ± 0.12 d
1.26 ± 0.14 b,c,d
1.29 ± 0.14 a,b,c,d

1.25 ± 0.05 a
0.96 ± 0.07 c,d
1.36 ± 0.06 a,b
1.44 ± 0.06 a,b

TC (%) *

0–30 cm
0–10 cm
10–20 cm
20–30 cm

1.25 ± 0.09 c
1.93 ± 0.13 d,e
1.03 ± 0.13 d,e,f
0.80 ± 0.08 e,f

2.09 ± 0.22 a,b
3.21 ± 0.46 b,c
1.73 ± 0.37 d,e,f
1.34 ± 0.33 d,e,f

2.76 ± 0.25 a
4.21 ± 0.74 a,b
2.03 ± 0.29 c,d
1.88 ± 0.48 c,d

2.03 ± 0.35 b
4.43 ± 0.94 a
0.90 ± 0.10 d,e,f
0.66 ± 0.15 f
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Table 2. Cont.
Piedmont (P)

Coastal Plain (CP)

Depth

ARP

BR

JJM

MN

TN (%) *

0–30 cm
0–10 cm
10–20 cm
20–30 cm

0.14 ± 0.01 b
0.20 ± 0.01 b,c
0.12 ± 0.01 c,d
0.10 ± 0.01 d

0.18 ± 0.02 ab
0.27 ± 0.04 a,b
0.16 ± 0.03 c,d
0.12 ± 0.03 c,d

0.21 ± 0.02 a
0.31 ± 0.05 a
0.16 ± 0.02 c,d
0.15 ± 0.02 c,d

0.16 ± 0.02 b
0.30 ± 0.08 a
0.09 ± 0.02 d
0.07 ± 0.02 d

TC Stock (kg·m−2 )

0–10 cm

2.12 ± 0.24 b

3.49 ± 0.61 a

3.50 ± 0.55 a

3.67 ± 0.45 a

* Statistically significant (p < 0.05).
at α = 0.05.

a,b,c,d,e,f

letters indicate significant differences between sites and depth intervals

This study’s measurements of wetland soil physicochemistry are comparable to some,
but not all, previous studies of freshwater wetlands between 1990 and 2020, several of
which were within the Mid-Atlantic Piedmont and Coastal Plain. High variability in wetland soil pH has been reported for freshwater marshes, swamps, and riparian systems;
the riparian system range (4.2 [13] to 6.73 [43]) encompasses our measurements (Table 3).
While several wetlands of Table 3 report bulk densities below 1.0 g·cm−3 , previous Coastal
Plain (Craft and Chiang: 1.28 g·cm−3 [44]; Axt and Walbridge: 1.05 g·cm−3 [13]) and Piedmont measurements (Axt and Walbridge: 1.26 g·cm−3 [13]; Peralta et al.: 1.25 g·cm−3 [45])
were comparable to our measured values of 1.15 ± 0.08 g·cm−3 and 1.25 ± 0.05 g·cm−3 )
in the Coastal Plain and 1.27 ± 0.03 g·cm−3 and 1.37 ± 0.06 g·cm−3 in the Piedmont
(Table 2). Differences may be attributable to nonidentical site and plot selection, where soil
physicochemical heterogeneity between spatial scales—evidenced by Table 2 between-site
differences and within-site differences (i.e., standard errors)—is likely an artifact of habitat
and microhabitat variability (e.g., below versus outside of tree canopies) [46].
Comparing our results to studies investigating the same sites elucidates changes
in soil properties that may be attributed to seasonal and hydrologic variability in sampling conditions along with nonidentical plot choices leading to variability. In contrast
to Ahn et al.’s [35] measurements of soil physicochemistry at MN in 2006, current measurements indicate that MN has developed higher—but still acidic—soil pH (4.09 (historical); 4.57 (current)), along with higher Db (0.45 g·cm−3 (historical); 1.25 g·cm−3 (current)).
While more circumneutral pH values in 2020 may relate to higher precipitation totals within
a month of sampling in 2020 compared to 2006 [47], vast differences in Db were obtained
because of differences in the sampling depth [35], with the current study relying on soils to
a deeper depth, i.e., higher density. Finally, Peralta et al. [45] identified higher pH and GSM
values at BR in 2010 and 2011 than observed in our study; this discrepancy may simply
be a result of seasonal differences in sampling, as their soil collection occurred between
October and June [45] versus the current study’s June to August collection.
Table 3. Soil physicochemical and total carbon (TC) and nitrogen (TN) contents in various types of
freshwater wetland soils as reported from selected references (from 1990 to 2020).
Wetland Type

Soil pH

Freshwater marshes
P*
5.6
P*
4.95
other
8.76
other
7.33
Freshwater swamps
CP
CP
6.24
other
other
5.29
Riparian systems
CP
4.2

Db (g·cm−3 )

TC (%)

TN (%)

n

Source

1.07
1.29
0.98
-

-

0.17
0.84

3
4
20
1

Ahn and Jones 2013 [20]
Dee and Ahn 2012 [23]
Galatowitsch and van der Valk 1996 [48]
Rodríguez-Murillo et al., 2011 [49]

0.71
0.95
0.43
-

1.73
5.24

0.3
0.52

2
1
42
1

Korol and Noe 2020 [50]
Nair et al., 2001 [51]
Ausseil et al., 2015 [52]
Yoon et al., 2015 [53]

1.05

-

-

3

Axt and Walbridge 1999 [13]
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Table 3. Cont.
Wetland Type

Soil pH

Db (g·cm−3 )

TC (%)

TN (%)

n

Source

CP
CP *
CP
CP
P
P
P
both *
both
both *
other
other
other

4.83
4.97
5.62
4.9
5.55
6.40
6.85
5.3

1.28
0.78
1.26
0.88
1.25
1.01
-

2.2–2.9
8.48
2.89
2.5
0.85–2.32
3.85
1.20
2.17
-

0.12
1.45
0.17
0.32
0.30
0.13
-

3
3
13
3
3
1
2
10
2
2
8
1
1

Craft and Chiang 2002 [44]
Giese et al., 2000 [54]
Hansen and Nestlerode 2014 [55]
Johns et al., 2004 [56]
Axt and Walbridge 1999 [13]
Noe 2011 [57]
Peralta et al., 2013 [45]
Fajardo 2006 [58]
Stolt et al., 2000 [59]
Stolt et al., 2000 [59]
D’Angelo 2005 [43]; D’Angelo et al., 2005 [60]
Liggett et al., 2019 [61]
Taylor and Middleton 2004 [62]

* Constructed wetlands in literature.

3.2. Soil Carbon and Nitrogen
Carbon and nitrogen contents followed similar trends across sites and depths (Figure 2a–d).
Corroborating the highly generalizable relationship between the soil carbon and depth,
the majority of our study site’s soil carbon and nitrogen was measured in the top 10 cm
(p < 0.05); specifically, 54.6% of TC and 50.1% of TC stocks from 0 to 30 cm were derived
from the top 10 cm. On average, topsoils (0–10 cm) contained 3.45% TC (1.93 ± 0.13%
(ARP) to 4.43 ± 0.94 (MN)) and 0.27% TN (0.20 ± 0.01 (ARP) to 0.31 ± 0.05 (JJM)) across all
sites (Figure 2b,d), in comparison to an average of 2.03% TC and 0.17% TN in the top 30
Sustainability 2022, 14,
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The TC contents at all sites except ARP were exclusively above 2.0% (Figure 2a), supporting the observation that such soils host wetland storage potentials comparable to riparian mineral wetlands of the area (Table 3). While upland soils may still be rich in carbon and surpass TC contents of 2.0% [63], a comparison of plots with hydrology more
congruent to that of wetlands—e.g., the hollows at MN, a semi-permanently flooded
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The TC contents at all sites except ARP were exclusively above 2.0% (Figure 2a),
supporting the observation that such soils host wetland storage potentials comparable
to riparian mineral wetlands of the area (Table 3). While upland soils may still be rich
in carbon and surpass TC contents of 2.0% [63], a comparison of plots with hydrology
more congruent to that of wetlands—e.g., the hollows at MN, a semi-permanently flooded
floodplain section of JJM, and a flooded depression at the bottom of a hill at BR where
%C contents ≥ 5%—and plots with less frequent flooding/ponding—e.g., the hummocks
at MN, a drier portion of the floodplain at ARP, and a low-moisture plot next to a creek
at BR where TC contents < 5%—indicates that plot hydrological characteristics are key
to sustaining site heterogeneity in carbon storage (Table 2). As the plot vegetation and
microbial biomass likely contributed significantly to the variation in soil carbon contents
and stocks, future research may consider incorporating vegetation biomass as a factor in
evaluating soil carbon differences.
TC was significantly different between and within sites (p < 0.05), indicating high
spatial heterogeneity despite general similarities in ecosystem functions. Both TC and TN
contents were highest at JJM (2.76 ± 0.25%; 0.21 ± 0.02%; Figure 2a,c; p < 0.05), which
could be due to the consistent presence of a hydrologic regime more conducive to wetland
ecosystem functions such as seasonally anoxic conditions responsible for reducing organic
matter decomposition rates. Furthermore, polluted run-off downstream of a watershed
such as Neabsco Creek with impervious surfaces surpassing 25% (Table 1), in combination
with prolonged oxidizing conditions during certain periods of the year, may lead to nitrogen
mineralization and nitrification that sustains soil nitrogen stores without proportional
removal via denitrification [64]. Conversely, ARP soils hosted the lowest TC and TN
contents of the sites (1.25 ± 0.09%; 0.14 ± 0.01%; Figure 2a,c; p < 0.05) despite similar
watershed impervious surface cover (ISC; Table 1), which may be explained through
land management: ARP was cleared farmland as opposed to forest as late as 1957 [65].
Additionally, plots experience occasional as opposed to frequent flooding [66]. These
results indicate that watershed carbon storage can be maximized by deliberately planning,
designing, and managing urban areas to act as hydrologic sinks and develop wetland
functions, be it with constructed wetlands such as JJM [34], restored wetlands, or sustained
site management.
ARP had significantly lower TC stocks than all other sites (2.12 ± 0.24 kg·m−2 ;
p < 0.05), while TC stocks at BR (3.49 ± 0.61 kg·m−2 ), JJM (3.50 ± 0.55 kg·m−2 ),
and MN (3.67 ± 0.45 kg·m−2 ) did not significantly differ from one another (Table 2;
p < 0.05). The plot hydrology and geomorphology at ARP were relatively homogenous,
which may explain less variability in the site’s TC stocks. The heterogeneity at BR, JJM,
and MN may be explained by microtopographic controls on hydrology and vegetation,
as well as distinct geomorphological dynamics; for example, depressions such as hollows
at MN are prone to receive hydrologic inputs from rainfall and runoff, and will retain
inundation from periodic river flooding, unlike higher hummock areas [35].
3.3. Soil Carbon Storage and Physicochemistry as Affected by Soil Depth and Physiographic Province
Understanding the urban wetland physicochemistry and carbon storage potential in
the context of NOVA’s Piedmont and Coastal Plain has implications for evaluating and managing their ecosystem services through land and waterscape planning, development, and
management [67,68]. The two-way ANOVA (Table 4) builds upon previously established
trends and relationships to tease apart the effects of, and interactions between, the soil
depth and physiographic province. Disparate soil carbon contents and physicochemical
attributes were apparent by site that were not necessarily explained by physiographic
setting or depth (Table 2). Our wetlands may have shown similarities in TC stocks due to
variability in sedimentation accumulation, hydrologic regime, geomorphology, or vegetation community at the plot or site level [69,70]. Nonetheless, Table 4 indicates that both
physiography and depth could explain certain wetland soil characteristics.
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Table 4. Two-way analysis of variance (ANOVA) of soil carbon and physicochemical properties by
two factors and their interaction: soil depth (i.e., 0–10 cm and 10–30 cm) and physiography (i.e.,
Piedmont or Coastal Plain). GSM = gravimetric soil moisture (%); Db = bulk density (g·cm−3 );
TC = total carbon (%); TN = total nitrogen (%).
GSM

Depth
Physiography
Depth X Physiography

Db

pH

TC

TN

F

Sig

F

Sig

F

Sig

F

Sig

F

Sig

9.84
3.44
0.94

**
-

9.26
2.02
0.29

**
-

0.23
33.23
0.03

**
-

33.03
8.06
4.52

**
**
*

27.74
1.42
1.76

**
-

** significant at the 0.01 level; * significant at the 0.05 level; - is non-significant (p > 0.05).

Independent of physiography, the top 10 cm had significantly higher TC and TN
compared to the deeper depth layers (Figure 2b,d), attributed to a moderate negative linear
correlation between Db and TC (r = −0.62; R2 = 0.38; Figure 3b), and Db and TN (r = −0.61;
R2 = 0.37; p < 0.01 for both). These results corroborate the established inverse relationship
the carbon
Sustainability 2022, between
14, x FOR PEER
REVIEW content and depth from the surface [71], which has been explained
through the reductions in SOC due to lessened inputs of carbon from organic additions
and translocations when soils have greater compaction [1,21,72–77].
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that can influence the stabilization of organic carbon within the soil and result in greater
TC in soils with more clay [78], the Piedmont sites hosted greater variability in soil carbon
than Coastal Plain sites (p < 0.05; Table 2); however, between 0 and 10 cm, the Coastal Plain
soils at JJM and MN had significantly higher TC (4.32 ± 0.41%) than the Piedmont soils
at ARP and BR (2.57 ± 0.22%) (p < 0.01; Table 2). This result is statistically limited in its
comparison of two sites per physiographic province but persists despite studying both
relatively remote (watershed %ISC < 5%) and highly impacted (watershed %ISC ≥ 25%)
urban wetlands in both physiographic provinces. Further study is necessary to determine
if this result may be attributable to biological factors such as vegetation cover, microbial
community density, and biomass, in addition to contrasting hydrology, geomorphology,
and land management. In contrast, there was no significant difference in TC stocks between
physiographic provinces (p > 0.05), which may simply be explained by bulk density’s
correlation to TC but not TC stocks (see Section 3.4; Figure 3b,d). Further research with
more study sites may be warranted to better understand the interplay between soil carbon,
bulk density, and physiographic province.
Landscape position and changes are known to impact carbon and nitrogen cycling
and stocks of wetlands [44,79], with disturbances such as urbanization causing immediate function disruptions; therefore, alterations to the soil physicochemistry and carbon
storage not only act as indicators of present urbanization but also time since urbanization
began [80]. Our study results cannot ascertain the footprint urbanization has had on soil
physicochemical properties and carbon stocks but highlights the potential for urban Coastal
Plain wetlands to sustain larger soil carbon pools than those in the Piedmont (Table 2),
despite the CP sites having similar watershed urbanization to the P sites (where JJM~ARP
and MN~BR). Studies including more study sites are warranted to identify the inherent
properties of Coastal Plain versus Piedmont wetland soils after considering the role of
factors such as status as constructed versus natural wetland, hydrologic regime, and—since
the Coastal Plain transitioned to suburban and urban development decades before the
Piedmont in NOVA [18]—years since surrounding urban and/or agricultural development. Nonetheless, regional carbon sequestration strategies focused on green spaces may
be more successful if restoration and conservation focuses on Coastal Plain rather than
Piedmont sites.
3.4. Correlations and Regressions between Soil Physicochemistry and Soil Carbon
Additional considerations of soil physicochemical properties may pointedly aid urban
planners and designers focusing on soil carbon by providing strong and easily accessible
indicators of soil carbon storage potential. Our regression analyses indicated that variability
in the soil carbon content—but not stocks—is modestly explained by GSM and Db , such
that the use of such soil physicochemical properties in a model enhanced by further
investigation can provide support in capturing plot-level characteristics related to carbon
storage potential than can generalize landscape characteristics [21].
While GSM and Db regressions were significant when assessing samples from all sites,
a significant relationship was apparent between soil pH and soil carbon and nitrogen only
for ARP (TC: r = −0.35) and JJM (TC: r = −0.55; TN: r = −0.55; p < 0.05 for all), but not
BR or MN. Mature wetlands are more capable of buffering soil pH rending pHs that tend
toward circumneutral values [1] such that this disparity may indicate relatively younger
ecosystems at ARP and JJM. As the pH may provide more valuable information when
contextualized by wetland maturity, it may not be a suitable indicator of soil carbon storage
potential when compared to other physicochemical properties.
In contrast, GSM—a soil property that that may vary depending on rainfall or season
but which is inevitably linked to soil water retention—was observed to be correlated with
TC (r = 0.62; p < 0.01) [81], providing evidence for the theoretical link between hydrologic
regime and carbon storage. Linear regression indicated that 39% of TC variability could
be estimated by GSM using the equation TC = 0.043 · GSM + 0.930 (R2 = 0.39; p < 0.01;
Figure 3a), with increases in the soil moisture relating to increases in the carbon content.
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Nonetheless, the relationship between GSM and TC stocks was insignificant, with less than
5% of TC stock variability attributable to GSM (p > 0.05; Figure 3c). TC is known to correlate
with GSM for soils with high TC and GSM that can exceed 300% [82]. GSM for the sites of
this study did not exceed 150%; an inclusion of soils with a greater range in both TC and
GSM may have resulted in a stronger positive relationship between GSM and TC and/or
TC stocks. The explanatory power of GSM is modest but indicates that, in conjunction with
Db measurements, GSM can provide insight into wetland carbon contents but not stocks.
Similar to GSM, Db shared a moderately strong negative correlation with both TC and
TN (r = −0.62; r = −0.61; p < 0.05 for both). The regression model for TC from Db resulted
in a negative slope (−3.83; p < 0.05) and a modest regression coefficient (R2 = 0.38; p < 0.05;
Figure 3b), suggesting that small increases in bulk density can have significant but variable
impacts on the soil carbon content. The incorporation of Db into the metric of carbon
storage potential via TC stocks rendered a regression model that was much weaker, with
Db unable to provide any explanatory power for TC stocks (R2 = 0.05; p > 0.05; Figure 3d).
The inverse relationship between Db and both carbon and nitrogen contents was expected:
Db is known to relate positively to the processes of carbon and nitrogen mineralization such
that increasing Db would be related to a decrease in soil TC and TN [73]; additionally, Db
decreases with increasing organic content [20,52,82,83]. While the total rather than organic
carbon was measured in this study, our data can be suggested to support this relationship
given the lack of soil inorganic carbon contents of the Mid-Atlantic Piedmont and Coastal
Plain evidenced in previous studies [84,85]—in other words, the results are generalizable
to the soil organic carbon (SOC) contents and stocks.
The importance of Db in modeling TC but not TC stocks is reasonably deduced
through the mathematical derivation of TC stocks, in which a concentration of soil carbon—
TC—is multiplied by bulk density (Section 2.3). It is reasonable that high variability in soil
properties such as texture, porosity, and structure (e.g., micro- versus macro-aggregates) can
influence the carbon storage independent of the bulk density [86]; as carbon stocks rather
than carbon contents are often the topic of carbon dynamics and conservation strategies,
further investigation of the relationship between TC stocks and bulk density that considers
these additional physicochemical attributes is necessary.
4. Conclusions
Our results indicate that forested wetlands existing within urbanized landscapes—
whether more remote or highly impacted with surrounding impervious surfaces—can
sustain important ecosystem functions by hosting carbon contents and stocks significant
to regional carbon pools, regardless of variability in geomorphologic, physiographic, and
soil physicochemical environments. However, the Coastal Plain as opposed to Piedmont
wetlands in NOVA may be better targets for planners interested in relying on green spaces
for carbon sequestration strategies. Our results also corroborate that forested wetland
topsoils (0–10 cm) are the most capable of storing carbon, but consequential stores of carbon
are nonetheless present down to 30 cm. Continuous monitoring of soil physicochemical and
carbon properties at various sites across an urbanized landscape provides an opportunity
to better forecast soil carbon sequestration in urban forested wetlands and is a necessary
step for adequate planning of conservation and restoration strategies. Our study further
promotes the continued monitoring of both soil physicochemical and carbon and nitrogen
properties in areas where urbanization may threaten wetland functions such that localities
can better track and understand carbon dynamics.
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