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Abstract: Bottomland Hardwood Forests (BHFs) are commonly acknowledged worldwide for their
vast carbon sequestration potential and carbon storage capacity. However, the paucity of forest carbon
stock data from BHFs along the Lower Mississippi Alluvial Valley (LMAV) in Northeast Louisiana is
an existing knowledge gap in understanding the carbon sequestration and storage dynamics across
the region. This study was carried out in the Russell Sage Wildlife Management Area (RSWMA) in
Northeast Louisiana using a protocol modified from the Terrestrial Carbon Observations Protocol for
Vegetation Sampling. Comprehensive analyses of carbon stocks in trees, woody shrubs and seedlings,
herbaceous vegetation, downed woody debris, leaf litter, and soil were carried out to quantify the
carbon stored in each ecosystem component. Trees accounted for a carbon stock of 132.4 Mg C ha−1,
approximately 99% of the total stock for the area. Woody shrubs and seedlings and leaf litter stored
0.4% (0.62 Mg C ha−1) and 0.3% (0.4 Mg C ha−1), respectively. Considering the sparse understory in
a BHF, the carbon stored per hectare is comparable to other temperate forests in the conterminous
United States. These findings highlight the importance of the BHF ecosystem in carbon storage and
their overall role in regional and global ecosystem management in light of climate change.

Keywords: allometric equation; Bottomland Hardwood Forest; aboveground biomass; carbon stock;
Lower Mississippi Alluvial Valley; climate change

1. Introduction
Forest Carbon Stocks

Evidence continues to mount in support of climate change due to a significant increase
in carbon dioxide concentrations in the atmosphere [1–4]. Forests around the world are
regarded as effective natural means of vast carbon sequestration potential and carbon
storage capacity [5–8]. Bottomland Hardwood Forests (BHF), deciduous forested wetlands
located in broad floodplain areas bordering large river systems such as the Mississippi,
can help mitigate climate change due to their high carbon sequestration and subsequent
storage potential [9,10]. However, land-use changes such as deforestation and agriculture
continue to be the second most important source of CO2 emissions, exacerbating the climate
impacts [11–14]. Reducing the occurrence of deforestation and preserving current forests
alongside afforestation and reforestation efforts are both viable methods of mitigating
climate change [15–18].

There are recognized variations in carbon storage among forests [9,12]. Therefore,
it is important to determine the carbon stocks of individual forest types when possible.
Various methods exist for estimating the aboveground biomass (AGB) and carbon stocks of
vegetation, such as the use of species-specific allometric regression models [19–21], recent
advances in remote sensing, and LIDAR [22–24]. Rapid assessments of AGB and carbon
stocks for forests are often based on allometric regression models [25–28].

Forest ecosystems in the United States contain approximately 57.8 billion tons, around
4% of the total carbon stored in the world’s forests [19]. Previous regional studies based on
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statistical samples designed to represent a broad range of forest conditions report that forests
in this region store on average 131 Mg C ha−1; however, these studies are at a regional
scale, e.g., the forest in our study site has been clubbed with forests from West Texas to
East Tennessee, which in itself encompasses a wide diversity of forest types [19]. While
such studies are important, management recommendations and conservation strategies
are often developed and implemented at local scales. Thus, a species-specific dedicated
carbon assessment, representative of this ecosystem, is crucial for strategic management and
informed decision making for this ecosystem. We believe that the information derived will
subsequently contribute to heightening the conservation status of these forests since it has
seen unprecedented loss (from 101,000 km2 in the LMAV in the 1920s to only 21,000 km2 in
the 2010s) due to severe deforestation and agriculture [29–32]. This is the first study of the
carbon stock in the region’s inland BHFs and, thus, fills in a data gap in the carbon budget
from this region. Due to a lack of data from BHFs, the current state of regional and national
carbon flux models remains incomplete. Therefore, it is timely to research the contribution
of these unique forested ecosystems in maintaining the carbon balance and mitigating the
impacts of climate change at regional and global scales. The need to better understand this
ecosystem is further accentuated by the fact that the loss of these forests is associated with
the loss of several ecosystem services, such as habitats for diverse flora and fauna, upland
protection from flood and hurricanes, the storage of carbon, recreation, and the purification
of water [33]. This study aims to quantify the standing AGB and carbon stock for major
forest components such as trees, seedlings, and understory vegetation in a BHF.

2. Methods
2.1. Site Description

The study was carried out in the Russell Sage Wildlife Management Area (RSWMA,
32◦27′25.02′′ N and 91◦58′27.7′′ W), which comprises 8882 ha of land spanning three
parishes within the Bayou Lafourche floodplain (Figure 1). A total of 4.48 ha area was
sampled for this study. The RSWMA is located within the Bayou Lafourche floodplain and
is subjected to annual winter to early spring flooding.
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Figure 1. Map of Louisiana, showing the location of Russell Sage Wildlife Management Area (black
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(Basemap source: Esri Canada. “Topographic/Topographie” [Web Map]. Scale Not Given. “National
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The physiographic forest positions of Southeastern United States forests are considered
uplands, terraces, and floodplains [34]. The soil type is Perry Clay, fine-textured sediment
that has low permeability and a moderate capacity to hold water [35]. The forest stand
that was sampled for this study was estimated to be 70–90 years old (pers comm Larry
Savage, Louisiana Department of Wildlife and Fisheries). In the Central and Southeastern
United States, deciduous forested wetlands located in broad floodplain areas bordering
large river systems such as within the LMAV are referred to as BHFs [36]. The BHFs in
Northeast Louisiana are characterized by a unique flooding pattern in which much of the
forest remains inundated during one half (December–May) of the year, resulting in alter-
nating annual wet and dry seasons [37]. Typically, there are five recognized plant species
associations of BHFs in the LMAV, Louisiana: overcup oak–water hickory, hackberry–
American elm–green ash, black willow–cottonwood, live oak forest, and sweetgum–water
oak [38]. However, the dominant association at the research site was oak–hickory, with
several species under each genus. These highly productive and diverse ecosystems provide
valuable ecosystem services and wildlife habitats [30].

The BHF of the RSWMA conforms best to the overcup oak–water hickory forest
type [39]. Common tree species of the site include Nuttall oak (Quercus texana Buck-
ley.), overcup oak (Quercus lyrate Walter), willow oak (Quercus phellos L.), water hickory
(Carya aquatica (F. Michx.) Elliott), and sugarberry (Celtis laevigata Willd.). The understory
vegetation for the site is dominated by Southern dewberry (Rubus trivialis Michx.), Ameri-
can buckwheat vine (Brunnichia ovata (Walter) Shinners), Alabama supplejack/rattan vine
(Berchemia scandens (Hill) K. Koch), and poison ivy (Toxicodendron radicans (L.) Kuntze). The
total leaf area index (LAI) was calculated to be 3.8 m2 for the site. AGB and carbon stock
were determined using extensive field sampling and allometric equations. Additionally,
forest components such as downed woody debris (DWD), soil, and leaf litter were also
analyzed for their carbon stock. Other stores of carbon (belowground microorganisms,
fungi, standing dead wood, etc.) were not sampled during this study but are understood to
contribute to the overall carbon stock of the study area.

2.2. Data Collection
2.2.1. Vegetation Plot Layout

Sixteen 1-ha sites were established within the RSWMA using Google Earth imagery
and a random number generator. Each site contained four plots consisting of one center plot
and three other plots located at 0◦, 120◦, and 240◦ from the center (Figure 2a). The distance
from each of these plots from the central plot was 35 m and each plot was 15 m in radius. The
plots were established using a protocol modified from the Terrestrial Carbon Observations:
Protocols for Vegetation Sampling and Data Submission (TCO) [40]. Within each plot,
all trees with a diameter at breast height (DBH) ≥10 cm were counted, taxonomically
identified, and measured. Next, the species name, height class (0.5–<1 m and 1–2 m), basal
diameter, percent cover, and the number of individuals for all woody shrubs and seedlings
were recorded in a nested 2 m radius plot (Figure 2b). In addition, estimation of vegetation
biomass and visual obstruction measurements (VOM) were taken in a 1 m2 plot, 10 m north
of each plot center. The coordinates for each plot center were recorded using a GPS unit,
and a PVC pipe was used to mark the center. Species identification of all plants sampled
was accomplished using a combination of field guides, the United States Department of
Agriculture (USDA) Plants database, and the university herbarium at the University of
Louisiana Monroe.
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Figure 2. (a) Study design depicting the plot placement within a site. Within the four areas, there
were 16 sites and 64 plots (15 m radius). (b) Detailed sampling design depicting the 15 m radius plot
for sampling trees, 5 m radius subplot for estimation of understory cover, 2 m radius subplot for
sampling shrubs and woody seedlings, 1 m2 subplot for estimating ground cover and VOM, and two
intersecting transects (30 m) for sampling downed woody debris (DWD) in the study site at Russel
Sage Wildlife Management Area in Northeast Louisiana.

2.2.2. Trees

A total of 896 trees were sampled for this study. Species’ names, DBH, and height
were recorded for each tree. If a tree had a bifurcated stem, it was treated as two separate
trees when bifurcation occurred below the DBH (1.35 m).

2.2.3. Woody Shrubs and Seedlings

Basal diameter was measured to the nearest 0.01 mm using a pair of calipers. To
develop a regression model for predicting AGB from basal diameter, woody shrubs and
seedlings were randomly selected and harvested from areas of representative vegetation,
outside of the permanent plots.

2.2.4. Understory Herbaceous Vegetation and Visual Obstruction Measurement

Vegetation cover in each 5 m radius plot was categorized as grasses/sedges/rushes,
woody, herbaceous, forbs, moss/lichen, detritus, bare ground, and water. An ocular
estimate of percent cover was measured for each of the categories. VOM was taken using a
modified Robel pole. VOM for the plot was taken from each cardinal direction and averaged
for the plot. Ground cover estimates were also taken for each of the aforementioned
categories using a 1 m2 plot.

To estimate understory vegetation AGB, 10 sacrificial plots were used to develop a
regression model of VOM and understory AGB. Ten additional 1 m2 sacrificial plots were
located outside the permanent plots, ensuring that they contained representative vegetation
of the study plot, and equations were developed for AGB estimates.

2.2.5. Downed Woody Debris

Downed woody debris (DWD) was measured in each plot along 15 m transects
radiating from the center to the NE, SE, SW, and NW directions. Woody debris with a
diameter ≥7.6 cm was categorized as coarse woody debris (CWD) and measured along
the entire transect. Woody debris with a diameter of less than 7.6 cm was categorized as
fine woody debris (FWD) and sampled along the entire transect. The total number of “hits”
of FWD was tallied according to size classes (0.6–2.5 cm and 2.5–7.6 cm) and the diameter
for each piece of CWD was recorded. All CWD diameter measurements and FWD hits
were made at the point of intersection along transects. AGB estimations for DWD were
conducted following protocols put forth by Law et al. (2008) [40].
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2.2.6. Soil

Based on the Natural Resource Conservation Survey (NRCS) soil survey map of the
area, the soil in the area was Perry Clay. Due to the expected homogeneity of soil across
the area, soil cores were obtained from 16 plots using a soil probe. One sample was taken
from each of the sites to obtain representative samples for the overall area. The depths
of each sample and plot number were recorded and brought back to the lab for carbon
content analysis.

2.2.7. Leaf Litter

The protocol for collecting leaf litter samples was adopted from methods put forth
by Giese and Law [40,41]. Litter samples were collected from ten 1 m2 plots spread across
the study area to determine the carbon content. Litter (detritus) for this study is defined
according to the surface layer of the forest floor containing fresh/dry, dead, and partially
decomposed plant tissue [40].

2.3. Estimation of Aboveground Biomass and Carbon Stocks
2.3.1. Trees

AGB for trees (DBH ≥ 10 cm) was estimated using allometric equations obtained from
previous research [26,41–43] and the GlobAllomeTree database [44]. Based on the findings
of previous literature, the carbon content for trees in the area was calculated as 50% of
AGB [12,15,21,41,45,46]. Carbon stock was then summed for all trees in each plot and the
results were scaled from kg C per plot to Mg C (103 kg) per hectare.

2.3.2. Woody Shrubs and Seedlings

Woody shrubs and seedlings harvested in the sacrificial plots were brought back to
the lab and weighed to the nearest 0.01 g to obtain the wet weight. The samples were then
dried at 60 ◦C for 4 days until a constant dry weight was reached. AGB was determined
using a regression model developed from this study and carbon content was calculated
based on the literature as 47% of AGB [12,46].

2.3.3. Understory Herbaceous Vegetation

Samples collected from the field were weighed and placed into a drying oven. Samples
were dried at 60 ◦C for 3–4 days until a constant weight was reached. The carbon content
for understory vegetation was calculated as 47% of AGB [46].

2.3.4. Downed Woody Debris

The volume of CWD and FWD was calculated for each plot using methods from the
USDA Forest Service and the Terrestrial Carbon Observations (TCO) manual [40,47]. The
volume per unit area (m3 m−2) for CWD was determined by using Equation (1), where
9.869 is a constant used in the TCO manual, Vcwd is the volume per unit area of CWD, d is
the diameter (m) of the piece, and L is the length of the transect (m).

Vcwd = 9.869 ∗ ∑ (
d2

8L
) (1)

The volume of FWD was calculated for each size class using Equation (2):

VFWD = (kfac)(
π2

8L
)

n

∑
i=1

d2
i (2)

where VFWD is the volume per unit area of FWD, k (0.1234) is a unit conversion constant [47],
f is a constant for per hectare conversion, a is the angle correction factor, c is the slope
correction factor, L is the total transect length (m), di is the diameter at the intersection (cm),
and n is the number of “hits” or pieces intersected.
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The AGB (DWDbm) of all DWD was calculated as in Equation (3) using the volume (y)
and specific gravity (G) conversion factor.

DWDbm = Gy (3)

For CWD and FWD, the volume (y) calculated in the previous steps was multiplied
by a conversion factor of 0.57. This conversion factor is used for various species of trees
in the genus Quercus [47]. The carbon content of CWD and FWD was then calculated by
multiplying the AGB of each component by 50% [12,48].

2.3.5. Soil

Bulk density (BD) and the percent organic carbon (%) were calculated for each soil
sample. To determine BD, the volume of each soil sample was determined using the depth
of the sample and the radius of the soil sampler. The sample was air dried for one day and
then ground using a mortar and pestle. The sample was then passed through a No. 10,
2 mm sieve. All material that passed through the sieve was weighed and recorded to the
nearest 0.01 g. The volume of all material that did not pass through the sieve (unpassed
material) was determined using water displacement. BD was then calculated by dividing
the mass of passed material (p) by the total sample volume (t) minus unpassed material (u)
(Equation (4)) [40].

BD =
p

t− u
(4)

The percentage of organic carbon was also determined for each soil sample using
methods outlined in the USDA Soil Survey Laboratory Methods Manual [49]. A 10 to 15 g
soil sample was placed into a crucible and dried at 110 ◦C for 16 h in a drying oven. The
sample was cooled to room temperature and then weighed to the nearest 0.01 g to obtain
the “oven dry weight”. The sample was then placed into a muffle furnace at 400 ◦C for
16 h. The sample was later removed and cooled before weighing to obtain the “residue
weight” [49]. The percentage of mineral content (Mc) for each sample was obtained using
Equation (5), where r is the residue weight and o is the oven dry weight.

Mc = (r/o) ∗ 100 (5)

Organic content (Oc) was then calculated by subtracting 100 from the mineral content.
The percentage carbon for each sample was then calculated by dividing the organic content
by a conversion factor of 1.724 (Equation (6)) [50,51].

%C =
Oc

1.724
(6)

The total amount of organic carbon present in the soil was obtained using the values
calculated from the BD and % organic carbon. The total organic carbon (TOC) in kg C/m2

was calculated using the depth of sample (d) in centimeters multiplied by the bulk density
(BD) in grams per cubic centimeter and the product multiplied by the % carbon (%C). Per
convention, a unit conversion factor of 10−1 was multiplied (Equation (7)) [40].

TOC = d∗BD ∗%C ∗ 10−1 (7)

2.3.6. Leaf Litter

Loss on ignition (LOI) was used to determine the percent carbon content for each leaf
litter sample [41,52]. An initial weight was obtained for each sample and recorded to the
nearest 0.01 g. The AGB per unit area (g m−2) for each sample was obtained by first oven
drying samples at 60 ◦C for 5 days until a constant weight was reached [40,41].

A sample ranging from 2 to 3 g of litter was placed into a crucible and weighed to the
nearest 0.01 g. Each sample was then placed into a muffle furnace at 550 ◦C for 4 h [52].
Samples were then allowed to cool and the “ash dry weight” was recorded to the nearest
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0.01 g. The percent carbon content (%C) for each sample was obtained by dividing the ash
dry weight (aw) by the oven dry weight (ow) obtained previously, and multiplying the value
by 100 (Equation (8)) [41,52,53].

%C =
aw

ow
∗ 100 (8)

2.4. Data Analysis

Linear regression models were used for (1) predicting the height of trees from their
DBH, (2) predicting the AGB of seedlings from their basal diameter, and (3) predicting
the AGB of understory vegetation from visual obstruction measurements. Allometric
equations (power regressions) were also used to estimate tree height and AGB from DBH
measurements for specific species as needed.

2.4.1. Trees

The AGB for each tree species sampled was determined using the allometric equations
gathered from previous literature and one equation derived from this study (Table S1). There
were no species- or genus-specific equations available for Quercus lyrata, Quercus texana, or
Quercus phellos; however, equations for Quercus alba were reported by multiple sources.
An equation for estimating the AGB of Quercus texana was developed in this study using
data from 28 mature trees harvested in 2013. AGB for all Quercus was determined using
the average AGB estimated from the equations of Quercus alba and Quercus texana due to
the close relation and growth form of the species. AGB estimates for Diospyros virginiana,
Forestiera acuminata, Gleditsia triacanthos, and Planera aquatica were calculated using a general
allometric equation for hardwood trees. If a species had more than one equation available,
the average AGB of all the equations from similar ecosystems was used to estimate the AGB
for the species. All equations were chosen based on similarities in climate and proximity in
geographic location.

The AGB for each species was derived by averaging the AGB per plot for a species
and adding it up for all the plots used for this study. The average AGB for each species
(estimated from multiple equations) was summed by plot (kg m−2), and then averaged for
all the plots within a site, and results were reported in kg ha−1. Similarly, carbon stock for
each species was summed for each plot to determine plot-level carbon stock (kg C m−2)
and then averaged for all plots, finally reported as kg C ha−1 for site-level carbon stock. To
examine the carbon stock by species, a weighted mean was obtained for each species. The
weight was obtained by dividing the number of individuals for each species by the total
number of individuals sampled.

A regression model was developed to predict tree height from tree DBH. A total of
896 trees, representing 20 species, was used in regression analysis to generate a general
height equation [H = 7.184 × ln(DBH) − 4.431, R2 = 0.879] (Figure 3). Individual species-
based regression analysis was used to calculate species-specific height estimates based on
DBH for use in certain allometric equations (Table 1). It should be noted that tree height
equations based on one site are primarily for local use only since tree morphology may
vary due to differences in ecosystem dynamics [54].

Table 1. Species-specific equations for estimating tree height based on DBH for trees sampled in
Russell Sage Wildlife Management Area, Northeast Louisiana. The alphanumeric acronyms used for
species are standard codes assigned by USDA, NRCS for all plant taxa.

Species-Specific Height Equations

Species N Equation R2

ACRU 9 H = 4.5844 × ln(DBH) + 0.2578 0.8624
CAAQ2 142 H = 6.2917 × ln(DBH) − 3.4539 0.8232
CELA 56 H = 5.3685 × ln(DBH) − 1.2017 0.7894

CEOC2 10 H = 3.4878 × ln(DBH) − 1.1739 0.5880
COFO 1 N/A due to sample size -
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Table 1. Cont.

Species-Specific Height Equations

Species N Equation R2

CRVI2 2 N/A due to sample size -
DIVI5 35 H = 5.5713 × ln(DBH) − 1.1284 0.8452
FOAC 37 H = 2.8701 × ln(DBH) + 0.8398 0.5749
FRPE 57 H = 5.0789 × ln(DBH) − 1.0896 0.8548
GLTR 15 H = 8.1933 × ln(DBH) − 7.0103 0.8993
ILDE 71 H = 2.3271 × ln(DBH) + 1.4227 0.5935
PLAQ 11 H = 5.0546 × ln(DBH) − 2.8941 0.9338
QULY 138 H = 8.0379 × ln(DBH) − 7.0009 0.7805
QUTE 131 H = 8.4535 × ln(DBH) − 8.658 0.6064
QUPH 68 H = 7.7845 × ln(DBH) − 3.818 0.6277
STAM4 5 H = 3.6215 × ln(DBH) + 0.6896 0.8828
TADI2 1 N/A due to sample size -
ULAL 21 H = 4.0795 × ln(DBH) − 1.0297 0.7952
ULAM 27 H = 7.3993 × ln(DBH) − 7.355 0.7553
ULCR 59 H = 6.3431 × ln(DBH) − 4.823 0.8655
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2.4.2. Woody Shrubs and Seedlings

Species with the growth habit of tree, shrub, or tree/shrub were used in the estimation of
woody shrubs and seedlings AGB [55]. A regression model, AGB = 12.58(Db)− 2.25 [R2 = 0.84,
p < 0.0001], was used to estimate plot-level AGB, where Db is the basal diameter. Site-level
AGB was then estimated by summing AGB across all plots.

2.4.3. Understory Herbaceous Vegetation

A regression model, AGB = 3.35(VOM) − 5.53 [R2 = 0.78, p = 0.008], was used to
estimate biomass for understory vegetation in each plot. Site-level AGB was then estimated
by averaging the AGB of understory vegetation for all plots.

2.4.4. Downed Woody Debris

The total DWD carbon stock for each plot was determined by FWD and CWD carbon
estimates summed per plot. The carbon content of DWD (kg C ha−1) was then calculated
by multiplying the AGB of each component by 50% [12,48].
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2.4.5. Soil

The average bulk density (BD) and average percent organic carbon of 16 soil samples
were calculated using Equation (4) and Equation (6), respectively. Total organic carbon
(TOC) was calculated using Equation (7). Study-area-level carbon stock was calculated by
multiplying the calculated TOC by the size of the study area (4.48 ha).

2.4.6. Leaf Litter

An equation for determining the carbon content in leaf litter was developed using 10
sacrificial leaf litter plots (Equation (8)). The average AGB, average percent carbon content,
and percent cover of the sacrificial plots were used to develop an equation to estimate leaf
carbon content.

CS = [299.348 ∗ (%cover/100)] ∗ 0.166 (9)

This equation was then used to estimate the carbon stock of leaf litter for each plot
(g m−2). Study-area-level carbon stock (CS) of leaf litter was obtained by summing CS
across all sites.

3. Results
3.1. Carbon Stock

Total aboveground carbon stock for each vegetation component was calculated for
the entire study area in terms of kg carbon per hectare (kg C ha−1) and later scaled to
Mg (106 g) carbon per hectare (Mg C ha−1). Carbon stock per hectare was log transformed
due to the disproportionate contribution by trees to the overall total carbon stock (Figure 4).
The total carbon stock of all sampled “ecosystem components” [19] (trees, woody shrubs
and seedlings, understory vegetation, DWD, soil, and leaf litter) in the 4.48 ha study area
was 598.503 Mg C (133.594 Mg C ha−1). Trees dominated the carbon stock, contributing to
132.4 Mg C ha−1 (99%) of the estimated total stock. While standing dead trees (snags) were
sporadically encountered, all outside the plots, we acknowledge the contribution to the
total aboveground carbon stocks, albeit marginally so in our study site. However, studies
have reported snags to contribute to 3.30 Mg ha−1 for oak–hickory stands and 5.80 Mg ha−1

for elm–ash–cottonwood stands of around 80–90 years old [56].
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Figure 4. Average carbon stock (log) of each sampled ecosystem component in the Russel Sage
Wildlife Management Area in Northeast Louisiana. Error bars represent log-transformed standard
error (1SD) values.

3.1.1. Trees

A total of 20 tree species, representing 13 families, were encountered during vegetation
sampling, and a total of eight families representing 15 species were documented within
density plot (15 m radius) boundaries (see Table S2). Stand density in the study area was
calculated to be 311 stems ha−1. The total AGB (Table 2) and carbon stock (Figure 5) was
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calculated for each tree species. Overall, the total AGB and carbon stock for trees sampled
was found to be 264.5 Mg ha−1 and 132.4 Mg C ha−1, respectively.
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Sage Wildlife Management Area in Northeast Louisiana.

Table 2. Height, DBH, AGB, and carbon stock of each species sampled in Russell Sage Wildlife
Management Area, Northeast Louisiana. The alphanumeric acronyms used for species are standard
codes assigned by USDA, NRCS for all plant taxa.

Species Average
Height (m)

#
Individuals

Average
DBH (cm)

Total
Biomass

(Mg)

Total Carbon
(Mg)

ACRU 5.4 8 15.9 1.1 0.6
CAAQ2 5.6 218 20.3 81.1 40.6
CELA 11.1 166 20 40.8 20.4
DIVI5 6.6 27 16.6 3.7 1.9
FOAC 3.8 3 21.2 0.6 0.3
FRPE 7.3 84 23.9 27.9 13.9
GLTR 15.6 17 30.9 14.2 7.1
PLAQ 6.9 20 19.5 3.9 1.9
QULY 22.8 269 36.9 392.1 196.5
QUTE 22.7 312 35 321.6 161.1
QUPH 25.6 90 47.3 182.3 91.2
TADI2 23.8 1 77.5 4.7 2.4
ULAL 6.2 5 13.1 0.3 0.2
ULAM 14.5 119 21.6 38.1 19.1
ULCR 8.9 57 18 72.2 36.1

Some species were underrepresented in the sample; therefore, the average carbon stock
per species was weighted by the number of each species sampled (Figure 6). The largest
carbon stocks were contributed by Quercus lyrata, Quercus texana, and Quercus phellos (196.5,
161.1, and 91.2 Mg C, respectively), while Ulmus alata (0.2 Mg C) had the least. A similar
trend was observed for carbon stocks per unit area with Quercus lyrata, Quercus texana, and
Quercus phellos (43.9 Mg C ha−1, 36.0 Mg C ha−1, and 20.4 Mg C ha−1, respectively).



Forests 2023, 14, 974 11 of 16

Forests 2023, 14, x FOR PEER REVIEW 11 of 17 
 

 

Table 2. Height, DBH, AGB, and carbon stock of each species sampled in Russell Sage Wildlife 
Management Area, Northeast Louisiana. The alphanumeric acronyms used for species are standard 
codes assigned by USDA, NRCS for all plant taxa. 

Species Average Height 
(m) # Individuals Average DBH 

(cm) 
Total Biomass 

(Mg) 
Total Carbon 

(Mg) 
ACRU 5.4 8 15.9 1.1 0.6 

CAAQ2 5.6 218 20.3 81.1 40.6 
CELA 11.1 166 20 40.8 20.4 
DIVI5 6.6 27 16.6 3.7 1.9 
FOAC 3.8 3 21.2 0.6 0.3 
FRPE 7.3 84 23.9 27.9 13.9 
GLTR 15.6 17 30.9 14.2 7.1 
PLAQ 6.9 20 19.5 3.9 1.9 
QULY 22.8 269 36.9 392.1 196.5 
QUTE 22.7 312 35 321.6 161.1 
QUPH 25.6 90 47.3 182.3 91.2 
TADI2 23.8 1 77.5 4.7 2.4 
ULAL 6.2 5 13.1 0.3 0.2 
ULAM 14.5 119 21.6 38.1 19.1 
ULCR 8.9 57 18 72.2 36.1 

Some species were underrepresented in the sample; therefore, the average carbon 
stock per species was weighted by the number of each species sampled (Figure 6). The 
largest carbon stocks were contributed by Quercus lyrata, Quercus texana, and Quercus phel-
los (196.5, 161.1, and 91.2 Mg C, respectively), while Ulmus alata (0.2 Mg C) had the least. 
A similar trend was observed for carbon stocks per unit area with Quercus lyrata, Quercus 
texana, and Quercus phellos (43.9 Mg C ha−1, 36.0 Mg C ha−1, and 20.4 Mg C ha−1, respec-
tively). 

 
Figure 6. Average estimated carbon stock by species sampled in Russell Sage Wildlife Management 
Area in Ouachita Parish, Louisiana. Error bars indicate 1 standard deviation. 

3.1.2. Woody Shrubs and Seedlings 

0.003 0.01 0.03 0.04 0.06 0.07
0.11

0.29

0.62

0.68

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

C
 (M

g)

Species

Figure 6. Average estimated carbon stock by species sampled in Russell Sage Wildlife Management
Area in Ouachita Parish, Louisiana. Error bars indicate 1 standard deviation.

3.1.2. Woody Shrubs and Seedlings

Understory vegetation sampling recorded 33 species representing 21 families (see
Table S3). The carbon stock (g C m−2) for each woody shrub and seedling species was
calculated and then scaled to carbon stock per hectare (kg C ha−1). The total carbon stock of
woody shrubs and seedlings was found to be 615.93 kg C ha−1 in the study area. Seedlings
of Quercus phellos, Crataegus viridis, and Gleditsia triacanthos were found to be the dominant
carbon stores, with 0.653 kg C ha−1, 0.595 kg C ha−1, and 0.41 kg C ha−1, respectively.

3.1.3. Understory Herbaceous Vegetation

The total AGB and carbon stock for understory herbaceous vegetation sampled in the
study area were estimated to be 1440.9 g and 677.2 g C, respectively. Carbon stock per hectare
was calculated to be 105.8 kg C ha−1 for all combined understory vegetation sampled.

3.1.4. Downed Woody Debris

The total AGB for CWD was calculated to be 0.011 kg ha−1. Total AGB for FWD of
0.6–2.5 cm and 2.5–7.5 cm size classes was 2.97 kg ha−1 and 0.043 kg ha−1, respectively.
Carbon stock for CWD was calculated to be 0.006 kg C ha−1. Carbon stock was determined
to be 1.482 kg C ha−1 and 0.021 kg C ha−1 for FWD of 0.6–2.5 cm and 2.5–7.5 cm size classes,
respectively. Total DWD carbon stock was calculated to be 1.5 kg C ha−1.

3.1.5. Soil

The average bulk density (BD) of 16 soil samples was 1.10 g cm−3. The average percent
organic carbon of the samples was 3.58% C. Total organic carbon of soil (0–25 cm depth)
was calculated to be 7.13 g C m−2. Soil carbon stock was then scaled to kg C per hectare at
71.33 kg C ha−1.

3.1.6. Leaf Litter

The average AGB for 10 sacrificial plots was found to be 299.35± 36 g, with an average
carbon content of 16.6% (0.166 g). In each sacrificial plot, leaf litter comprised 100% of the
ground cover. Equation (9) was used to determine AGB (g m−2) for each 1 m2 plot. The
total carbon stock of leaf litter was calculated to be 39.52 g C m−2 for all 64 1 m2 vegetation
plots, which equals 395.2 kg C ha−1.



Forests 2023, 14, 974 12 of 16

4. Discussion and Conclusions

Forested wetlands such as BHFs primarily store carbon in AGB and soil [57]. The
vegetation structure [29,32] and high productivity [58] of BHFs increase the potential
for carbon storage and therefore necessitate the quantification of carbon stores in such
ecosystems. Approximately 99% (132.4 Mg C ha−1) of the total aboveground carbon for the
RSWMA study area was stored in the tree component. The remaining 1% was distributed
among leaf litter (395.2 kg C ha−1), understory herbaceous vegetation (105.8 kg C ha−1),
soil (71.33 kg C m−2), seedlings (615.93 kg C ha−1), and DWD (1.51 kg C ha−1). The total
AGB of trees (264.4 Mg ha−1) at the site was close to that reported in the Forest Inventory
Analysis (FIA) for AGB estimates of oak–hickory forests (244.2 Mg ha−1). Therefore, it is
evident that the total amount of AGB and associated carbon stock is primarily stored in
trees, as expected since BHF ecosystems typically have sparse ground vegetation due to
the flooding regime and fewer sciophytes. However, it should be noted that for this study,
an estimate of 47% carbon stores was used for determining carbon stock in understory
herbaceous vegetation, which is within the 41–47% range [40]. Although using the higher
end of the reported range might have overestimated the carbon stock for this component, it
is unlikely that these estimates would influence the overall carbon storage, since understory
herbaceous vegetation accounted for less than 1% of the total forest carbon stock.

In comparison, the total aboveground carbon stock per hectare of the RSWMA is
similar to that of other deciduous forests in the United States, especially in the distribution
of carbon among forest components. Our findings concur with those of studies carried out
at coastal plain forested wetlands in South Carolina [57], where the greatest carbon storage
in these ecosystems is in trees. However, reports of research from a Panamanian tropical
moist forest [12] indicated that only 41% of the system’s carbon stock was in trees. This
could be due to the dense under-canopy and ground vegetation present in such forests.

Forested systems tend to store large amounts of carbon in their tree components, with
the remaining carbon being distributed among soil, understory vegetation, DWD, and leaf
litter differently depending on the ecosystem [59]. The BHF ecosystem of the RSWMA can
expectedly differ from these previously mentioned studies as the carbon stock amounts
per ecosystem component will differ from the forest type and vegetation [59]. Kirby and
Potvin (2003) [12] reported greater overall storage in understory vegetation and woody
debris compared to that found in the RSWMA, and a transition of dominant carbon storage
in understory vegetation to trees was observed with an increase in forest age. The large
contribution of tree carbon to the total carbon stock of the site could be an artifact of stand
maturity and the dominance of overstory trees [60,61].

When the carbon stock of trees only in the site was examined, a significant difference in
total carbon stored among species was observed. The genus Quercus dominated the carbon
stock among all other tree genera, accounting for approximately 76% of the overall carbon
stored in trees for the sampled site. The species Celtis laevigata and Carya aquatica and the
genus Ulmus were the next largest stores of carbon, accounting for approximately 3.5%, 7%,
and 9% of the total tree carbon, respectively. Although the contribution of each species was
weighted to account for trees that may have been underrepresented, Quercus contained
more stored carbon than any other genus. The RSWMA is considered an oak–hickory
dominant BHF association, and it can therefore be expected that Quercus, Carya, and Ulmus
would contain more carbon compared to other species in the site.

The second largest store of carbon, 615.93 kg C ha−1, was in woody shrubs and
seedlings, albeit only 0.5% of the total. This is because relatively sparse vegetation capable
of tolerating these flood-shade conditions in bottomlands can be established in such BHFs.

The third most important carbon store at 0.3% (395.2 kg C ha−1) was leaf litter. Due to
the dominance of the site by overstory tree species, it was expected that leaf litter would
also constitute relatively high levels of carbon storage, although only a small fraction of the
total. As suggested by [62], foliage AGB and its potential effects on forest carbon should
not be undermined, especially in systems where the dominant vegetation component is
large trees, as supported by the findings in this site.
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Wetland soils are thought to be potentially large stores of carbon [63]. This storage
of carbon can be closely related to the inputs from leaf litter and DWD. As leaf litter and
DWD decay, the dead plant material contributes to soil organic matter and subsequently
soil carbon [59]. In this study, we carried out an on-site rate of decomposition experiment
using leaves from three predominant tree genera—Carya sp., Ulmus sp., and Quercus sp.
Decomposition rates were calculated by allowing leaf samples to decompose for 90 days.
The mean decomposition rate for the study area was estimated to be −0.004 g day−1.
Therefore, input from a 395.2 kg C ha−1 leaf litter pool has the potential to add large
amounts of organic carbon to the site’s soil pool. Although the carbon stock of DWD was
the smallest pool of carbon for the site, its contribution to the soil carbon stock should be
accounted for. Future research that dedicates efforts to the analysis of the decomposition
rate of DWD could offer insight into carbon inputs for BHF soils in the site.

The planar intersect method was efficient for estimating the volume and AGB of wood
debris. However, sites that experience flooding, such as the RSWMA, may experience
events where DWD from the ground may be relocated by flood waters. The RSWMA is
bordered on the south by a small levee. Since the plots to the southwest of the study site
had higher DWD values, we suspect that this distribution may have been due to the natural
hydrology of the site. Future research in BHFs needs to include the determination of decay
classes for DWD. The carbon stock of DWD fluctuates according to the decay class and this
may lead to an overestimation of the carbon stock by not accounting for a carbon reduction
based on stages of decay.

The total carbon stock estimated for the BHF ecosystem at the RSWMA is 133 Mg C ha−1,
comparable to estimates of 131 Mg C ha−1 [19] for the south-central region (including
Louisiana), 170 Mg C ha−1 [64] for Continental US forests, and estimates of 155 Mg C ha−1 [65]
for temperate forests. While our results are comparable to the regional values, the estimates
derived in this study were lower than values reported at the continental and biome levels.
This could potentially be because we did not take into account the carbon stored in snags,
which may contribute significantly to the total carbon stock in this forest, albeit in smaller
proportions. Putting aside the trade-offs associated with large-scale estimates such as the
one mentioned above, we can reasonably infer that the RSWMA is comparable to other
temperate forests of the conterminous US in terms of carbon stock per hectare. In light
of the findings of this study, carbon storage is yet another ecosystem service that can be
added to the repertoire of this unique ecosystem and the vital role it plays in shaping global
carbon stocks.
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Management Area; Table S3: List of understory vegetation in Russell Sage Wildlife Management Area.
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