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A B S T R A C T   

Mangroves are recognized for their valued ecosystem services to coastal areas, and the functional linkages be-
tween those services and ecosystem carbon stocks have been established. However, spatially explicit inventories 
are necessary to facilitate management and protection of mangroves, as well as providing a foundation for 
payment for ecosystem service programs such as REDD+. We conducted an inventory of carbon stocks in 
mangroves within Pongara National Park (PNP), Gabon using a stratified random sampling design based on 
forest canopy height derived from TanDEM-X remote sensing data. Ecosystem carbon pools, including above-
ground and belowground biomass and necromass, and soil carbon to a depth of 2 m were assessed using mea-
surements and samples from plots distributed among three canopy height classes within the park. There were two 
mangrove species within the inventory area in PNP, Rhizophora racemosa and R. harrisonii. R. harrisonii was 
predominant in the sparse, low-stature stands that dominated the west side of the park. In the east side of the 
park, both species occurred in tall-stature stands, with tree height often exceeding 30 m. Canopy height was an 
effective means to stratify the inventory area, as biomass was significantly different among the height classes. 
Despite those differences in aboveground biomass, the soil carbon density was not significantly different among 
height classes. Soils were the main component of the ecosystem carbon stock, accounting for over 84% of the 
total. The ecosystem carbon density ranged from 644 to 943 Mg C ha− 1 among the three height classes. The 
ecosystem carbon stock within PNP is estimated to be 40,588 Gg C. The combination of pre-inventory infor-
mation about stand conditions and their spatial distribution within the assessment area obtained from remote 
sensing data and a spatial decision support system were fundamental to implementing this relatively large-scale 
field inventory. This work exemplifies how mangrove carbon stocks can be quantified to augment national C 
reporting statistics, provide a baseline for projects involving monitoring, reporting and verification (i.e., MRV), 
and provide data on the forest composition and structure for sustainable management and conservation 
practices.   

1. Introduction 

Mangrove ecosystems provide many valuable goods and services to 
coastal areas, including shoreline stabilization, aquatic habitat and 
fisheries, forest products and food. Mangroves are also recognized for 

their role in the global carbon (C) cycle (Alongi, 2012). Mangroves are 
among the most carbon-rich forest types in the tropics (Donato et al., 
2011), and sediments are the largest C pool, contributing much more 
than biomass to the ecosystem C stock (Kauffman et al., 2011; Attwood 
et al., 2017; Hamilton and Friess, 2018). The provision of ecosystem 
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services from mangroves is inextricably linked to the integrity of the 
ecosystem C pools (Alongi, 2011). 

Deforestation and forest degradation constitute the second largest 
anthropogenic source of carbon dioxide to the atmosphere, after fossil 
fuel combustion, comprising 8–20% of anthropogenic emissions (van 
der Werf et al., 2009; IPCC, 2019). The loss of mangroves is an important 
contributor to those emissions with approximately 38% of the global 
mangrove resource experiencing degradation (Thomas et al., 2017); 
fortunately the rate of deforestation is declining globally (Hamilton and 
Casey, 2016). While the reduction in mangrove area is primarily 
attributed to anthropogenic activities (Ong, 1995; Friess et al., 2020), 
natural factors such as erosion and storm degradation also cause losses 
(Thomas et al., 2017). Mangroves are dynamic ecosystems and not all 
change is negative. For example, mangrove forests in deltaic systems 
may exhibit a net increase in area due to sediment deposition (Shapiro 
et al., 2015), and mangrove area may also increase in response to 
climate change (Friess et al., 2020). This dynamic nature of mangroves 
infuses uncertainty in assessments of large-scale change analyses of 
mangrove area (Friess and Webb, 2014). Accordingly, critical factors for 
assessing the C stocks in mangroves under any MRV (Monitoring, 
Reporting and Verification) protocol are (a) quantification of the C 
stocks, and (b) assessment of the change in stocks over time. 

The loss of C from disturbance regimes in mangroves is currently 
estimated to be between 20 and 450 MT CO2e yr− 1, which is a dispro-
portionately high rate given the relatively small area of mangroves 
globally compared to other forest types (Friess et al., 2020). Land use 
change is the principal cause of the C emissions from mangroves (Friess 
et al., 2020; Hamilton and Friess, 2018), which is the motivation for 
reducing emissions through conservation, sustainable management, and 
the inclusion of mangroves in payment for ecosystem services programs, 
such as Reducing Emissions from Deforestation and Forest Degradation 
(REDD+). 

In order to manage and protect mangroves or to commoditize 
mangrove carbon stocks, spatially explicit inventories are required 
(Locatelli et al., 2014). Correspondingly, an objective assessment based 
on randomly located plots is necessary to estimate the forest composi-
tion, structure and the associated carbon stocks. One of the challenges in 
conducting inventories in many mangroves forests is the lack of baseline 
or background information. Forest canopy height derived from remote 
sensing data is functionally related to stand biomass (Fatoyinbo and 
Simard, 2013; Feliciano et al., 2017); hence it’s a logical data platform 
for designing an inventory of mangroves (Stringer et al., 2015). Other 
attributes, such as geomorphic position, could also be used in the in-
ventory design. 

Gabon accounts for approximately 1% of global mangrove area, and 
approximately 5.6% of total mangrove area in Africa (Giri et al., 2011; 
Fatoyinbo and Simard, 2013). Within Gabon, approximately 43% of the 
mangroves occur in the Gabon Estuary, based on the Giri et al. (2011) 
distribution of mangroves. Gabon is known to contain tall-stature 
mangroves, and Pongara National Park (PNP) on the south bank of the 
Gabon Estuary is the site of the world’s tallest mangrove (Simard et al., 
2019). The mean loss of mangroves to land use change in Gabon have 
been reported to range from 0.5% yr− 1 for the period 2000–2014 
(Hamilton and Casey (2016) to 2.7% between 2000 and 2010 (Ajonina 
et al., 2014a), rates higher than the global average (0.13% yr− 1) during 
the period 2000–2016 (Goldberg et al., 2020). 

In this study, we quantified mangrove carbon stocks in PNP which 
contains approximately 37% of the mangroves in Gabon. We accom-
plished this goal by (1) using high-resolution TanDEM-X remote sensing 
data to stratify mangroves into spatially explicit canopy height classes, 
(2) quantifying and comparing carbon stocks across canopy height 
classes within a section of the park, and (3) using mangrove extent and 
canopy height classes in the park to scale-up ecosystem C stocks to the 
landscape-level. This was done to further the development of method-
ologies for objectively inventorying mangroves that could be used for 
REDD + project assessments, MRV, and active management and 

conservation of mangroves. This work builds on another large-scale 
assessment of C stocks in the Zambezi River Delta (Stringer et al., 
2015) where we used remote sensing data to enhance field-based in-
ventories to quantify mangrove carbon stocks. Our goal is to demon-
strate the applicability of this approach on two common landforms that 
contain mangroves: estuaries and deltas. We selected Gabon for the 
study because the U.S. National Aeronautics and Space Administration 
(NASA) has developed both aircraft and satellite based remote sensing 
data that included the Gabon Estuary, thereby providing data and op-
portunity to compare different data products and their applicability of 
mangrove assessments. PNP was also known to have a wide range in 
mangrove stand conditions, canopy height ranging from 2 to >63 m (Lee 
et al., 2018; Simard et al., 2019). This work also complements the 
recently completed national soil C inventory conducted in Gabon (Wade 
et al., 2019) by illustrating how an ecosystem that is under represented 
in the national inventory (e.g., mangroves) can be considered through 
quantification of C stocks in a resource-specific inventory. 

2. Methods 

2.1. Study area 

Pongara National Park contains internationally recognized wetlands 
of importance through the Ramsar Convention; it’s located on the south 
bank of the Gabon Estuary (Fig. 1), within 0.013◦ S – 0.35◦ N and 
9.3◦–9.96◦ E, comprising approximately 96,302 ha (Ramsar Sites In-
formation Service, 2015). The estuary receives water from the Komo and 
Ebe Rivers, and drains westerly into the Gulf of Guinea, Atlantic Ocean. 
The estuary is characterized as relatively short and wide, with man-
groves occurring along the north and south banks. Pongara National 
Park encompasses the expansive south bank of the Gabon Estuary, 
containing approximately 53,379 ha of mangroves (Giri et al., 2011) 
which is approximately 55% of the total area of the park. 

Gabon has a tropical climate, with two distinct seasons, rainy (Sep-
tember–May) and dry (June–August). The annual precipitation ranges 
from 2400 mm on the eastern, upstream side of the estuary to 2830 mm 
on western side at the estuary mouth to the Atlantic Ocean (Hijmans 
et al. 2005). The rainy period has two peak periods (October and May). 
The range in annual mean temperature within PNP is small, averaging 
approximately 26.3 ± 0.9 ◦C. The mean monthly maximum and mini-
mum temperatures are 29.7 ± 1.2 ◦C and 22.9 ± 0.7 ◦C respectively 
(Hijmans et al. 2005). 

2.2. Inventory design 

We used a stratified random sampling design for the inventory, as an 
inventory of the mangroves in the Zambezi River delta demonstrated 
that to be an effective design (Stringer et al., 2015). Forest canopy 
height, derived from high resolution TanDEM-X remote sensing data 
(Lee et al., 2018) was used as the basis for stratification. The application 
of this sampling design is based on the ability to estimate mangrove 
canopy height from remote sensing data (Simard et al. 2006; Lagoma-
sino et al., 2016), the understanding of relationships between mangrove 
canopy height and biomass using Tan DEM-X data (Feliciano et al., 
2017), and our experience of using canopy height as the basis for an 
objective inventory of mangroves and estimation of carbon stocks 
(Stringer et al., 2015). Based on the distribution of remotely sensed 
canopy height , pixels containing mangroves were delineated using the 
mangrove coverage developed by Giri et al. (2011). Three canopy height 
classes were identified: HTC1 (1–11 m), HTC2 (11–21 m) and HTC3 
(≥21 m); these classes were selected to allocate approximately equal 
areas within each class. As a result, HTC3 had the widest range in height 
with the maximum tree height exceeding 50 m. 

Given the large size of PNP and practical constraints on the number 
of field plots that was feasible to measure, two blocks within the park 
were selected that represented the mosaic of stand conditions, as 
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inferred from canopy height (Fig. 1). The east block contained a larger 
proportion of HTC3 stands, while the west block contained a larger 
proportion of low stature HTC1 stands; however, each height class was 
represented within the two blocks. The combined area of the inventory 
blocks was 9,200 ha or approximately 17% of the mangrove area in PNP. 
Seventeen plots were used, distributed by HTC1: 4 plots, HTC2: 4 plots, 
and HTC3: 9 plots. 

A spatial decision support system (SDSS) was used to ensure that the 
plots were randomized within the height class strata (Tang et al., 2016). 
Potential areas for locating an inventory plot were 0.5 ha in size to 
ensure relatively uniform conditions within the sampling area. The SDSS 
also provided capacity to address logistical constraints, such as camp 
location, the distance from camp (e.g. transit time), and accessibility (e. 
g., hiking/climbing distance). Each plot had randomly selected alter-
nates pre-selected, in case the selected plot was not able to be used 
because of unanticipated difficulties. The inventory plot was circular 
(0.04 ha); if trees greater than 50 cm DBH were observed, the plot area 
was increased to 0.05 ha, and for low stature, sparse stands (e.g., height 
< 4 m), the area was reduced to 0.01 ha. 

The carbon pools considered in this inventory are the above- and 
below-ground biomass, and soils because these comprise the majority (e. 
g., >98%) of the ecosystem carbon. Ground vegetation and down-dead 
wood typically comprises less than 2% of the mangrove biomass 
(Kauffman and Donato, 2012). Field work was conducted in February 
2017. 

2.3. Tree biomass 

Diameter at breast height (DBH), total tree height, which was 
measured with a Haglöf Vertex III® hypsometer, and species were 
recorded for all live trees within the inventory plot. Overstory trees, 
(DBH ≥ 5 cm) were measured within the entire plot, while trees (DBH<

5 cm) were measured within a 2 m diameter subplot located around plot 
center. Aboveground and belowground biomass were estimated for each 
tree using published allometric equations developed by Ajonina (2008) 
for Central Africa, which use DBH and wood density as the input pa-
rameters (Eqn. (1) and (2)). 

Fig. 1. Distribution of mangroves within Pongara National Park and forest canopy height (m) based on TanDEM-X data (Lee et al., 2018). The east and west in-
ventory blocks are shown as insets. (Image by: W. Feng, Univ. North Carolina - Charlotte). 
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AGBi = ρ × Vi (1)  

BGBi = α × Vi (2)  

where AGBiand BGBiare aboveground biomass (AGB) and belowground 
biomass (BGB) of ith individual tree, respectively; Vi is the corre-
sponding tree volume (see Eqn, 3, 4); ρ is wood density. We used ρ =
1.02 g cm− 3 for both Rhizophora species which is the median value for 
Rhizophora in Africa (Carson et al. 2012) with a reported range of 
0.91–1.14 g cm− 3. The coefficient used to estimate mangrove root 
biomass in Eqn. (2) is: 

α= 1.385 × DBH− 0.4331 (3)  

where DBH (cm) range: 1 ≤ DBH≤102.8 cm (Ajonina et al., 2014b). The 
volume (V) was estimated as: 

V = 0.0000733 × DBH2.7921 (4)  

where V is in cubic meter (m3), DBH in cm. The biomass (kg) of each tree 
was summed and divided by the plot area (hectare) to estimate biomass 
density per unit area (Mg ha− 1). Biomass estimates were converted to C 
using the published C concentration of 0.50 and 0.39 for above-ground 
and below-ground biomass, respectively (Kauffman and Donato, 2012). 

2.4. Standing tree necromass 

Above- and below-ground necromass for standing dead trees was 
determined in different ways depending on decay class (Kauffman and 
Donato, 2012). For the above-ground necromass decay classes 1 and 2, 
the allometric equation for live trees was applied, using a density (ρ) of 
0.69 g cm− 3; a reasonable estimate of large solid dead wood (Kauffman 
and Donato, 2012). The above-ground necromass for decay class 3 
standing dead trees was determined by applying the formula of the 
volume of a cone (Eqn. (5)) multiplied by the wood density (Eqn. (6)): 

V = πr2h
3

(5)  

AGB − D3 = V*ρ (6)  

where: V is volume (m3), r is DBH
2 (m), h is the tree height (m), and ρ is 

wood density (0.69 g cm− 3), and AGB-D3 is necromass (kg). Similar to 
live trees, the necromass of dead trees was integrated into necromass 
density (Mg ha− 1), and necromass carbon density using the same con-
version factors used for live trees. 

2.5. Soil 

The soil was sampled to a depth of 200 cm from 3 random points 
within the inventory plot using a 1 m gouge auger (AMS Inc., American 
Falls, Idaho, USA). For each soil core, volumetric subsamples, typically 
5–8 cm in length, were extracted from the center of 6 pre-determined 
soil strata beneath the surface (0–15, 15–30, 30–45, 45–110, 110–180, 
180–200 cm). Subsamples from the same soil strata across cores were 
subsequently combined into one composite soil sample per stratum. 
Samples were placed in pre-labeled sealed containers. Samples were 
stored at ambient temperature during the field mission and transit to the 
laboratory. Upon receipt at the laboratory, soil samples were dried at 
105 ◦C until a constant weight was achieved; the dry sample mass was 
subsequently measured. The soil bulk density (g cm− 3) of each sample 
was calculated by dividing the oven-dried mass by the sample volume. 
To provide a general characterization of soil pH, samples of each strata 
from eight plots (HTC1: 2, HTC2: 3, HTC3: 3) were measured using a 4:1 
ratio of deionized water and soil (Thomas, 1996). 

The soil organic C (SOC) concentration of each soil sample was 
determined at the Center for Applied Isotope Analyses, University of 
Georgia, USA. Pulverized subsamples were analyzed using a Carlo Erba, 

NA1500 CHN Analyzer (Carlo Erba Strumentazione, Milan, Italy) via a 
Thermo Conflo III open split interface. Quality assurance was provided 
by the analysis of duplicates (every 10th sample), blind standards 
(certified standard, every 20th sample) and calibration of the instrument 
with certified standards. The precision of duplicate samples was <±

0.1% for C. 
Particle size distribution of soils from eight plots representing the 

three HTC (HTC1: 2, HTC2: 3, HTC3: 3) was analyzed by laser diffrac-
tion using a Malvern Mastersizer 2000 at the Environmental Soil Anal-
ysis Laboratory, Univ. Nevada – Las Vegas. The following particle sizes 
classes are reported for the sampled soil layers: clay (<2 μm), silt (2–50 
μm), fine silt (2–20 μm), and sand (0.05–2 mm). 

Soil C density within each sampling strata was determined as fol-
lows: 

Cn
S =Db × l × C × 100 (7)  

where: Cn
S is the SOC concentration (Mg C ha− 1 for SOC) for strata n (n =

1, 2, …,6), Db is the bulk density (g cm− 3), l is the strata interval length 
(cm), and C is the sample C concentration, expressed as a fraction. The C 
density of each layer within a core was summed to determine the total 
soil C density to a depth of 200 cm for the plot. 

Conductivity of the soil pore water was measured by sampling water 
collected by excavating a shallow surface hole approximately 15 cm 
deep and allowing it to refill for 2–3 h. Water was sampled from the hole 
using a 50 cc syringe, which was then tested for conductivity using a 
Myron L Ultrameter II 4PII (Myron L, Carlsbad, CA, USA). Prior to 
measurement, the sample cell was rinsed three times with collected 
water and then refilled for measurement. Conductivity was converted to 
salinity following Standard Methods for the Examination Water and 
Wastewater Analysis (Baird and Bridgewater, 2017). 

2.6. Statistical analyses 

Two-way analysis of variance was used to assess differences in 
measured and calculated variables. The two fixed factors were block (e. 
g., east, west) and canopy height class. Analyses were conducted using 
SigmaPlot (Systat Software Inc., Ver. 14, 2018); homogeneity of vari-
ance was assessed with the Brown-Forsythe test and significance dif-
ferences were considered at P < 0.05. Soil chemical and physical 
properties were analyzed averaging within layers, thereby enabling an 
assessment of the depth distribution of the properties. The soil C content 
was calculated as the sum of the C content of each strata. Carbon stocks 
within the inventory blocks were estimated by utilizing the mean C 
density for AGB, BGB and soil for each canopy height class multiplied by 
the area. Ecosystem C (EC) is the sum of the total AGB, BGB, including 
biomass and necromass, and soil stocks. The total C stock for the man-
groves within PNP was estimated by applying the EC density measured 
in the two inventory blocks to the three canopy height classes that had 
been delineated for mangroves within the park. 

3. Results 

3.1. Forest composition & structure 

Although seven mangrove species are reported to occur in Gabon 
(FAO, 2007), only two (Rhizophora harrisonii and R. racemosa), occurred 
within the inventoried area in PNP. The stands tended to be monotypic 
with only one stand containing both species. Across the inventoried 
area, R. harrisonii accounted for 51.3% of the stems, while R. racemosa 
accounted for 48.7%. The species mix within height classes were similar 
for HTC 1 and 3, with R. harrisonii comprising 50 and 44% of the stems, 
respectively. In HTC 2, 75% of the stems were R. harrisonii. Distribution 
of species varied across the inventoried areas. The west block was 
dominated by R. harrisonii, accounting for 79.5% of the total number of 
stems, and R. racemosa only occurred as HTC3 stands. In contrast, the 
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east block was dominated by R. racemosa, and R. harrisonii was only 
found in the HTC3 stands. 

Average tree diameter varied from 4.3 cm in HTC1 to 19.8 cm in 
HTC3, while the average tree height ranged from 2.8 m in HTC1 to 19.9 
m in HTC3; however, only the mean diameter and height in HTC1 and 
HTC3 were significantly different (Table 1). The stands in the east in-
ventory block tended to be taller than those in the west inventory block 
but they weren’t significantly different (average tree height east block =
10.9 m, west block = 8.0 m, p = 0.57). The tallest tree measured during 
the inventory was 52.5 m, which it was sampled in the general vicinity 
of where Simard et al. (2019) reported the world’s tallest mangrove 
(62.8 m). There was a strong linear relationship between the height of 
the tallest tree in the plot and the average tree height up to approxi-
mately 30 m; beyond that maximum tree height the relationship became 
erratic (Supplemental Fig. 1). Stocking in the mangrove stands declined 
with in an increase in canopy height, where the mean stocking of live 
trees was 4,280, 2861 and 724 trees ha− 1 in HTC1, HTC2 and HTC3, 
respectively (Table 1). The stocking within canopy height classes was 
significantly different (P < 0.01) between the east and west inventory 
blocks. In the east block, the mean stocking was 1,322 trees ha− 1, and 
the stocking levels weren’t significantly different among HTCs; while 
stocking averaged 6,454, 3,448, and 648 trees ha− 1 in HTC1 to HTC3 
respectively in the west inventory block, and they were significantly 
different (P < 0.05) from each other. Accordingly, overall the stands 
were significantly denser in the west block (mean 3517 trees ha− 1) than 
in the east inventory block. Despite the difference in stocking between 
the east and west inventory blocks, the average stand basal area was not 
statistically different (east block = 10.9, west block = 10.3 m2 ha− 1; P =
0.89). However, the basal area in HTC1 was significantly less than 
stands in HTC3 (Table 1) across the inventoried areas within PNP. 

The relationship of stand stocking and average stand diameter 
exhibited the J-shaped curve that is typical of uneven-aged forested 
landscapes (Fig. 2a). Stocking also exhibited the same relationship with 
average tree height (Fig. 2a). Average stand diameter and tree height 
exhibited a strong relationship (P < 0.001), that can be described by a 
sigmoidal function (Fig. 2b). Conversely, stand basal area was not as an 
effective predictor of average tree height (Supplemental Fig. 2), because 
mean tree height tended to maximize near 20 m across the range of 
observed stand densities, except for two very tall-stature stands (mean 
height > 35 m). There was also one stand in the inventory with a very 
high stand density (>45 m2 ha− 1). 

There were large differences in live tree biomass in the inventoried 
area reflecting the wide variation in stocking and tree diameter. Above- 
ground biomass on the HTC1 averaged 5.0 Mg ha− 1 while the average 
for HTC3 was 375.7 Mg ha− 1 (Table 1). Below-ground biomass varied 
similarly, ranging from an average of 4.1 Mg ha− 1 in HTC1 to 106.0 Mg 
ha− 1 in HTC3 (Table 1). Differences in biomass among the east and west 
inventory blocks weren’t significant (P = 0.79). Necromass contributed 
by standing dead wood and the trees <5 cm DBH accounted for a small 
fraction of total biomass; approximately 0.72% of total AGB and 0.66% 
of total BGB was contributed by standing dead wood, and 0.5% of the 

total AGB and 1.6% of the total BGB contributed by the live understory 
trees (<5 cm DBH). 

There is a strong correlation between stand biomass and basal area 
(Fig. 2c), which is a useful relationship for forest managers since basal 
area is a convenient metric obtainable in the field. A similarly strong 
relationship exists for below-ground biomass and total biomass (Sup-
plemental Fig. 3). The correspondence between stand basal area and 
biomass is attributable to the fact that both are derived from tree DBH. 
Correspondingly and analogous to the relationship between average tree 
height and stand basal area, average above-ground biomass was 
invariant once the average tree height of the stand exceeded 15 m, un-
less the stand was exceedingly dense (Supplemental Fig. 4). 

3.2. Soil properties 

Soil bulk density (BD) increased with an increase in soil depth 
(Fig. 3a) from 0.24 g cm− 3 in the 0–15 cm depth to 0.40 g cm− 3 at 
180–200 cm. There were no statistical differences in BD among the in-
ventory blocks (P = 0.36) or canopy height classes (P = 0.31). The upper 
50 cm of the soil is dominated by sand-size particles, below that depth 
silt predominates (Fig. 3b). The contrasting changes in the depth dis-
tribution of the sand and silt fractions are described well by exponential 
and power functions, respectively. Clay averaged less than 20% within 
the soil and increased with depth. Clay and silt in both blocks increased 
significantly (R2 = 0.91, P < 0.01) with an increase in soil depth, and 
sand decreased (R2 = 0.91, P < 0.01) with increasing soil depth soil 
depth (Fig. 3b). The difference in soil particle size classes among the two 
inventory blocks wasn’t significant: sand (P = 0.06), silt (P = 0.07) and 
clay (P = 0.06). 

Salinity of the soil pore water was significantly different (P < 0.001) 
among the two inventory blocks. The east block had an average salinity 
of 3.2 ppt while the west block averaged 21.5 ppt. The soil pore water 
salinity was not different (P = 0.56) among the canopy height classes 
within the two inventory blocks. The average soil pH was 3.8, and not 
significantly different (P = 0.98) among strata within 0–200 cm. 

3.2.1. Soil carbon 
Mean SOC content within the inventory blocks ranged from 17.04% 

at the 0–15 cm depth to 7.05% at the 180–200 cm depth, and decreased 
with increasing soil depth (Fig. 3c). The depth-integrated soil C content 
for the HTC1 to HTC3 was 11.02, 10.09 and 11.96 %C, respectively, and 
differences among canopy height classes (P = 0.50) and inventory 
blocks (P = 0.06) were not significant. The soil C density for the 0–2 m 
soil depth was 639.7, 608.2 and 706.8 Mg C ha− 1 in the HTC1, HTC2 and 
HTC3, respectively. The differences in the mean SOC density among the 
three canopy height classes was insignificant (P = 0.68). 

3.3. Ecosystem carbon stock 

The C density of the principal pools within the ecosystem (e.g., AGB, 
BGB, and soils) were summed to determine an ecosystem-level C density 
(EC, Mg ha− 1) for each canopy height class (Table 2). The differences in 
EC among canopy height classes were primarily attributable to total 
biomass C (BC = AGB + BGB); where BC in HTC3 was 46.7 and 8.3 times 
that in HTC1 and HTC2, respectively. However, BC accounted for a small 
proportion of the EC, ranging from 0.5% to 28.0% with a mean of 15.3%. 
Correspondingly, SOC was the main component of the EC; comprising 
approximately 99.1, 95.2 and 71.8% of EC in HTC1, HTC2 and HTC3, 
respectively. 

Carbon stocks of the mangroves were calculated based spatial dis-
tribution of the canopy height classes and the corresponding EC density 
(Table 3). Within the inventory area the EC stock was approximately 7.0 
Tg C. The HTC3 contained the largest biomass C stock (0.8 Tg C) and soil 
C stock (2.5 Tg C). Utilizing the C density for the three canopy height 
classes to calculate the mangrove ecosystem C stock within Pongara 
National Park yielded 40.6 Tg C. As in the inventoried blocks, HTC3 had 

Table 1 
Mean and standard error of tree diameter at breast height (DBH), tree height, 
stocking, basal area (BA), above-ground biomass (AGB) and below-ground 
(BGB) biomass for mangrove stands in the three canopy height classes (HTC).  

Height 
Class 

DBH 
(cm) 

Height 
(m) 

Stocking 
(trees ha− 1) 

BA (m2 

ha− 1) 
AGB (Mg 
ha− 1) 

BGB (Mg 
ha− 1) 

HTC1 4.3a 

(1.3) 
2.8a 

(0.3) 
4280a 

(1412) 
2.1a 

(0.2) 
5.0a 

(0.7) 
4.1a 

(0.4) 
HTC2 6.3a,b 

(1.6) 
5.7a,b 

(1.3) 
2861a,b 

(1112) 
7.1a,b 

(2.3) 
38.8a,b 

(15.7) 
20.3a,b 

(7.3) 
HTC3 19.8b 

(3.4) 
19.9b 

(3.4) 
724b (163) 22.5b 

(3.5) 
375.7b 

(85.5) 
106.0b 

(20.0) 

Note: Different superscripted letters indicate significant difference (p < 0.05) 
within each of the stand structure metrics. 
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the largest biomass C stock (4.7 Tg C), but HTC1 contributed the largest 
soil C stock (14.7 Tg C) within the park. The soil was the main 
contributor to the EC stock accounting for 35.5 Tg C or approximately 
88% of the EC in PNP. 

4. Discussion 

4.1. Forest composition and structure 

The plant diversity within Pongara National Park is rich with 386 
species occurring throughout the uplands and wetlands (Dauby et al., 
2008). However, in the coastal forested wetlands along the Gabon es-
tuary, Rhizophora was the only genus of mangroves in the inventoried 
area within Pongara National Park, with stands of monotypic 
R. racemosa or R. harrisonii represented, almost equally. Those two 
Rhizophora species are also reported to be prevalent in Nigeria (Emerhi, 
2012) and central West Africa (Ajoinina et al. 2014b; Saenger and Bel-
lan, 1995). Lebigre (1983) surveyed the distribution of mangroves in the 
Gabon Estuary and reported that the low-statured stands predominated 
within the west block, but the forest types included the occurrence of 
Avicennia in association with Rhizophora, which wasn’t encountered in 
the current work. Accordingly, it may be that the Avicennia has been 
replaced by the monotypic Rhizophora stands. Stands of both species 
occurred in each of the canopy height class, and the two tallest stature 
stands (>35 m) were one of each species; while the tallest tree recorded 
was R. racemosa (52.5 m). Both species are reported to have a wide 
salinity tolerance (John and Lawson, 1990), but there was a distinct 
preference for R. harrisonii to occur in the west inventory block where 
the salinity was greater than the east block. In addition to having a wide 
tolerance to salinity, these two Rhizophora species tend to achieve their 
optimum development under the same environmental conditions 

(Breteler, 1969). Correspondingly, the tall-statured stands of both spe-
cies also occurred in the east inventory block; however, their occurrence 
their occurrence is likely related to the environmental history of the area 
or other site factors (Woodroffe, 1993; Kathiresan and Bingham, 2001). 

The development of mangrove stands are recognized to be sensitive 
to environmental factors (Ke et al., 2011; Yañez-Espinosa and Flores, 
2011; Chen and Ye, 2014) which is likely reflected in the distribution of 
canopy height classes. The HTC1 and HTC2 encompassed approximately 
62% of total mangrove area in PNP, and there was considerable differ-
ence in the distribution of canopy height classes between east and west 
inventory blocks. Trees <20 m tall covered approximately 27% of total 
area of the east section and over 95% of the west section of the park. 
Accordingly, it is likely that abiotic factors have affected the develop-
ment of the mangrove stands. While high salinity levels have been re-
ported to limit stand density, as well as height and biomass accretion in 
Brazilian and Nigerian mangroves (Lara and Cohen, 2006, Ukpong 
1997), it’s unlikely a factor in PNP, since the salinity levels are relatively 
low. Instead, other factors such as nutrient limitations or high sulfide 
concentrations (Lamers et al., 2013) may be affecting the development 
of the mangrove stands. Castañeda-Moya et al. (2013) reported how 
phosphorus, can affect productivity and biomass allocation on mixed 
species stands of mangroves in Florida (USA)., and that permanent 
flooding and high sulfide concentrations reduced above ground biomass 
and productivity. In PNP, the open sparsely stocked stands (included in 
HTC1) was typically interior from an open water edge (100+ m), similar 
to distribution of R. mangle reported in Panama (Lovelock et al., 2005). 
Correspondingly, is likely that the wide range in above ground biomass 
allocation in PNP (e.g., 2–943 Mg ha− 1) is related soil nutrient avail-
ability and redoximorphic conditions that are regulated by the soil water 
and tidal regimes. 

Although the proportion of the two Rhizophora species were different 

Fig. 2. Relationships among stand structure variables of mangroves in Pongara National Park, Gabon. (A) Stand stocking as a function of mean diameter at breast 
height (DBH) and mean tree height; (B) Relationship of mean tree height and mean stand diameter at breast height (DBH); (C) Relationship between stand basal area 
(BA) and above-ground biomass (AGB). 
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among the inventoried blocks, the lack of a blocking factor effect on the 
structural attributes suggest that they function similarly, at least when 
categorized by canopy height class. The three canopy height classes 

were effective in classifying stands to characterize their structural at-
tributes. The HTC1 contained the low-stature stands, while the HTC3 
included a wide range of conditions from dense – tall-statured stands to 
“cathedral” stands. While this is the first study on mangrove structure 
and composition in Pongara National Park, recent work by Kauffman 
and Bhomia (2017) in Akanda National Park, which is approximately 50 
km to the north of PNP, provides additional perspective on estuarine 
mangroves in Gabon. Kauffman and Bhomia (2017), measured 6 plots in 
what were considered “tall” mangroves (e.g. > 10 m), which corre-
sponds approximately to HTC2 + HTC3, reported a range in tree density 
(750–1,400 tree ha− 1) that is within the reported means for HTC2 and 
HTC3 (2,861 and 724 trees ha− 1, respectively). Similarly, Ajonina et al. 
(2014b) reported a stocking of 1,400 trees ha− 1, based on 4 plots in 
Akanda National Park. However, stand basal area (25.4 m2 ha− 1) was 
higher in the plots measured by Kauffman and Bhomia (2017) than the 
mean of 7.1–22.5 m2 ha− 1 measured in this inventory; but stand basal 
area within PNP ranged from 2.2 to 46.4 m2 ha− 1 (Fig. 2c). The stands in 
HTC3 averaged 19.9 cm DBH which is approximately double the 
diameter reported by Anjonina et al. (2014b); the larger diameter and 
lower stocking measured in PNP could account for a similar stand basal 
area estimate. In general, the canopy height of mangrove stands in 
Akanda National Park is less than PNP (Lee et al., 2018), which then 
suggests that stand stocking would tend to higher, and tree diameter and 
height lower, based on relationships with the PNP inventory data. 

4.2. Biomass 

Above-ground biomass was strongly related to stand basal area, 
which is not surprising since stand basal area effectively combines tree 
diameter, which is used in the allometric equation for biomass, and 
stocking. The value of a strong relationship between biomass and stand 
basal area is that it can facilitate subsequent assessments to estimate 

Fig. 3. Distribution of chemical and physical properties within mangrove soils in Pongara National Park, Gabon. (A) Average soil bulk density, horizonal bar = S.E., 
(B) Soil texture (see text for size definitions), (C) Average soil carbon. horizonal bar = S.E.. 

Table 2 
Ecosystem carbon density (mean and standard error) and the components: 
above-ground (ABG) and below-ground biomass (BGB) and soil pools, for each 
canopy height class (HTC).  

Height Class Total AGB Total BGB Soil C Ecosystem 

————————————————————(Mg C ha− 1) 
————————————————— 

HTC1 2.5 (0.3) 2.0 (0.2) 639.7 (103.3) 644.2 (102.9) 
HTC2 19.5 (7.8) 10.1 (3.7) 618.2 (61.5) 647.8 (61.3.0) 
HTC3 189.2 (42.7) 53.4 (9.9) 706.8 (24.9) 949.5 (61.9)  

Table 3 
Ecosystem carbon stocks of mangroves in the inventoried area (east and west 
blocks) and the entirety of Pongara National Park. The carbon density for each of 
the height classes was used to estimate the C stock for the entire Park. Total 
biomass includes both above- and below-ground pools.  

Area Height 
Class 

Area 
(ha) 

Total 
Biomass C 
(Gg C) 

Total Soil 
C (Gg C) 

Total 
Ecosystem C 
(Gg C) 

Inventory HTC1 3,638 16 2,327 2,343 
HTC2 2,080 62 1,286 1,347 
HTC3 3,489 847 2,466 3,313 

Total  9,207 925 6,079 7,004 
Pongara 

National 
Park 

HTC1 23,023 104 14,727 14,832 
HTC2 11,603 344 7,173 7,517 
HTC3 19,210 4,662 13,578 18,240 

Total  53,836 5,109 35,479 40,588  
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AGB within the inventory area, using a field obtainable metric that is 
easier and much quicker than detailed forest plot measurements. How-
ever, the form of the biomass to stand basal area relationship (e.g., 
polynomial function) in this inventory is different than the linear 
function measured in the Zambezi River Delta, Mozambique (Trettin 
et al. 2015). Whether this difference in the functional relationship is due 
to species composition (the Zambezi River Delta has eight mangrove 
species in mixed stands) or other factors is unknown. Correspondingly, 
further work is warranted to understand the role of species composition 
and stand characteristics on the correlative relationship between 
aboveground biomass and stand basal area. 

The average AGB density in West Africa is 71 Mg ha-1 (Tang et al., 
2015), while the canopy height classes used in PNP ranged from 5 to 
376 Mg ha− 1, encompassing the range predicted for mangroves globally 
(<80 to >375 Mg ha− 1; Hutchinson et al., 2014). The range in AGB 
among the inventory plots (<10 to >900 Mg ha− 1) exceeds the range 
reported by Saenger and Snedaker (1993) for 1–2◦ latitude, but is well 
within the recent global synthesis of mangrove stand data (Rovai et al., 
2021). That the mangrove structural attributes within PNP span the 
global range attests to the value of this area for further studies on the 
biotic and abiotic factors affecting the structure and productivity of 
mangroves. The results from the inventory in PNP also demonstrate that 
the relationships between stand structural metrics from a specific area 
do not necessarily follow those derived from globally aggregated data; 
for example the positive relationship of stand height to AGB reported by 
Rovai et al. (2021) is not reflected in PNP (Suppl. Fig. 4). Reports of 
mangrove biomass density in Akanda National Park ranged from 341 
Mg ha− 1 (Ajonina et al. 2014) to 376 Mg ha− 1 (Kauffman and Bhomia, 
2017) are similar to the biomass density for HTC3 (376 Mg ha− 1) in PNP. 
The relative correspondence of the reported biomass density from the 
those studies (Ajonina et al. 2014; Kauffman and Bhomia, 2017) with 
that for HTC3, reflects that they do not represent the mosaic of low 
stature stands that comprise the majority of Akanda National Park (Lee 
et al., 2018). That contrast reflects the difference in synoptic assess-
ments where sample sites are not located randomly. A systematic 
assessment of tropical upland forests and mangroves in Akanda National 
Park found that the mean AGB for mangroves was 72 Mg ha-1 (Goïta 
et al., 2019). The above-ground biomass density in the HTC1 stands, 
which include sparse, low-stature stands, is similar to other reports for 
R. mangle (6.8 Mg ha− 1, Lovelock et al., 2005) in Panama, but consid-
erably lower than a report on Avicennia-dominated scrub stands in Brazil 
(66 Mg ha− 1, Virgulino-Júnior et al., 2020). 

4.3. Soils 

Soils within the inventoried blocks in PNP ranged in texture from 
sandy loam to silt loam, with the silt and sand fractions dominating. 
Compared to the Zambezi River Delta, a large deltaic system (Stringer 
et al., 2016), the soil texture in PNP (41% sand) is generally coarser than 
the Zambezi (<20% sand), although silt is the dominant fraction in both 
the deltaic system (>70%) and estuarine system of PNP (47%). In 
contrast to the deltaic system where the mangrove sediments were 
relatively uniform with depth (Stringer et al., 2016), the soils in PNP 
became finer with depth. Ukpong (1997) reported a loam soil in a 
riverine coastal setting in Nigeria that contained 20% clay, which is 
considerably more than the silt-dominated sediments in the 
Mozambique delta (Stringer et al., 2016) and Gabon estuary reported 
here. 

Soil BD is a critical factor for estimating soil C stocks because it is 
used to calculate the soil C density, and small changes in bulk density 
propagate large changes in estimated C density. Sanderman et al. (2018) 
compiled a global data base for their assessment of soil C stocks in 
mangroves; the mean and median soil BD is 0.68 and 0.62 g cm− 3, 
respectively, which is based on over 4800 measurements (Sanderman, 
2017). Accordingly, soil BD in PNP was lower than that global mean, 
ranging from 0.21 to 0.63 g cm− 3 with a mean of 0.33 g cm− 3 to 200 cm 

depth. Comparing the BD with soils measured in Akanda National Park, 
Kauffman and Bhomia (2017) report 0.35 g cm− 3 for the 0–100 cm 
depth which is very close to the BD measured here (0.32 g cm− 3). The 
mean BD for PNP is also similar to reports by Donato et al. (2011) and 
Barreto et al. (2016). However the PNP soils were less dense than those 
in the Zambezi River Delta (BD = 0.84 g cm− 3; Stringer et al., 2016) and 
mangrove soils in northwestern Madagascar (BD = 0.52–1.39 g cm− 3; 
Jones et al., 2014). The BD in PNP was also lower than soils of young 
mangrove forests (Lunstrum and Chen, 2014) and mangrove soils along 
Egyptian Red Sea Coast (Eid and Shaltout, 2016). 

The global median concentration of soil C in mangrove soils is 4.53% 
based on over 6,800 measurements (Sanderman, 2017), which is lower 
than the soil C concentration measured in PNP, which averaged 11.2% 
C. However, the SOC concentration in PNP is well within the wide range 
reported for mangroves globally (Barreto et al., 2016; Duarte, 2005; 
Kristensen et al., 2008; Adame et al., 2013; Kauffman et al., 2011). The 
highest mean SOC concentration was in the surface layer (17%, 0–15 
cm) of the PNP soils, and it declined gradually to a mean of 7.7% C in the 
180–200 cm layer. In contrast, the surface soil in a riverine mangrove 
stand in Nigeria were lower (6.6 %C) than the C content in mangroves 
within PNP (Upkong, 1997). 

The soil C pool to a depth of 2 m in PNP was 639.7 ± 89.3, 618.2 ±
53.3 and 706.8 ± 23.5 Mg C ha− 1 in HTC1, HTC2 and HTC3, respec-
tively, with an overall mean of 654.9 ± 249.9 Mg C ha− 1. Using the 
depth integrated C density for the 0–100 cm soil depth to allow com-
parison with the sampled soil volumes in Akanda National Park; 
Kauffman and Bhomia (2017) reported 345 Mg ha− 1 compared to 369 
Mg ha− 1 for this inventory in PNP. In sharp contrast, Ajonina et al. 
(2014b) report approximately 960 Mg ha− 1. Given the correspondence 
between the estimates from this inventory and Kauffman and Bhomia 
(2017), the reported value by Ajonina et al. (2014b) is too high; one 
potential factor affecting the discrepancy maybe that C concentration 
was estimated based on organic matter content. The C density for the 
total soil volume (866 Mg C ha− 1) reported by Kauffman and Bhomia 
(2017) is greater than the density measured in PNP (604 Mg C ha− 1); this 
is because they report the soil pool to a depth of 300 cm, although only 
one sample at most was collected below 100 cm, therefore they assume a 
constant concentration and soil bulk density with depth, which is not 
consistent with the measurements in PNP. When comparing soil C 
density among studies care must be taken to ensure that the sampled soil 
volumes are equivalent, otherwise the comparison should be done from 
a normalized basis. 

The global median value for SOC in mangrove sediments to a depth 
of 1 m was recently reported as 237 Mg ha− 1 (Ouyang and Lee, 2020). 
However, SOC in mangroves is recognized to vary among the various 
coastal geomorphic positions (Twilley et al., 2018). Rovai et al., (2018) 
reported a SOC content of within estuarine mangroves of approximately 
30 mg C cm− 3, which was in the lower half among the six geomorphic 
positions evaluated. By comparison, the mean SOC content of soils in 
mangroves within PNP was 37 mg C cm− 3, which is well within the 
range reported by Rovai et al. (2018) for other estuarine systems. It’s 
also important to note that the soil C pool in PNP was invariant with 
respect to stand biomass. The C density in PNP was greater than that 
reported in mangroves on the Zambezi River Delta of Mozambique, 
using the same sampling approach and depth (274–314 Mg C ha− 1; 
Stringer et al., 2016) because of the higher soil C density in the PNP 
estuarine mangrove system as compared the deltaic setting of the 
Zambezi River. In their global synthesis, Rovai et al. (2018) also found 
that SOC content in estuarine mangroves was greater than deltaic 
mangroves. However, the relationship of soil C density and biomass in 
mangroves from the two field-based inventories in East and West Africa 
is not consistent with the predicted relationship reported by Sanderman 
et al. (2018), which showed a positive relationship. The contrast in 
generalized findings between field and modeling approaches highlights 
the value of relatively large scale field assessments which can provide 
new data for subsequent model calibration and validation exercises. 
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Gabon is one of the few countries with a recently completed national- 
scale assessment of soil C stocks (Wade et al., 2019). However, due to the 
small area of mangroves relative to the total forest area only one in-
ventory plot was located within mangroves, thereby precluding an es-
timate of soil C stocks in mangroves nationally. Comparing the upland 
soil C stock in Gabon with the mangroves in PNP provides a useful 
contrast to demonstrate the large difference between uplands and wet-
lands, and the need for specific wetland inventories. The national 
average soil C density to a depth of 2 m in Gabon is 163 Mg C ha− 1 

(Wade et al., 2019) which is 4 times less than the soil C density in 
mangroves of PNP (655 Mg C ha− 1). Accordingly, if a country developed 
and maintained a mangrove carbon stock inventory to supplement the C 
stock reported from the national forest inventory, significantly more C 
could be reported. Using Gabon as an example, assuming the average 
soil C density measured in PNP were applicable to the country which has 
1,081 km2 of mangroves (Hamilton and Casey, 2016), an additional 
70.8 Tg C could be added to the national inventory. 

4.4. Ecosystem carbon stocks 

Ecosystem C density in the inventory blocks ranged from 644 ( 
±89.5) to 943 ( ±90.9) Mg C ha− 1, in HTC1 and HTC3, respectively. This 
EC is within the range 287–1131 Mg C ha− 1 reported by Adame et al., 
2013. However, mean EC (739 Mg C ha− 1) was slightly lower than the 
values reported by Donato et al. (2011, 2012) and Kauffman et al. 
(2011). Again, these general comparisons are difficult without ensuring 
a common basis. Within Akanda National Park, Kauffman and Bhomia 
(2017) reported a BC of 180 Mg C ha− 1, which is lower than the 236 Mg 
C ha− 1 reported here for the HTC3 stands. These reports affirm that the 
mangrove biomass C density in tall-stature stands in Gabon are greater 
than values reported (43–136 Mg ha− 1) for stands in other Central West 
Africa countries (Kauffman and Bhomia, 2017). However, the 
low-stature stands in Gabon (e.g., HTC1, HTC2) have considerable lower 
BC. EC often includes coarse woody debris as one of the ecosystem pools. 
While we have not reported this pool, Kauffman and Bhomia (2017) 
reported 17.1 Mg C ha− 1, which is effectively 3.1% of the EC, when the 
soil pool is normalized to 1 m depth. Accordingly, our estimates of EC 
will be low by that proportion, or less if a 200 cm soil depth is used. 

Despite the relatively large biomass C stock in Gabon, BC is a small 
fraction of EC in PNP. The soil is the main contributor to the EC, ac-
counting for 71.8% of EC in HTC3 to 99.1% in HTC1 with a mean of 
84.5% of EC, which is within the range from 62% to 99% of EC reported 
by Donato et al. (2012), and Jones et al. (2014). 

4.5. Application of remote sensing data to inventory mangroves 

Forest inventories are conducted to provide objective information 
about the forest resources within a specified assessment area. Accord-
ingly, plots providing the information should be distributed within the 
inventory area in an unbiased manner (EPA 2002). Most studies 
considering mangrove C stocks have been designed to address specific 
objectives with judgement used to locate plots; in these cases it is 
inappropriate to extrapolate those findings beyond their original intent. 
For example, the in the regional study on mangrove C stocks, Kauffman 
and Bhomia (2017) focused on sampling tall-statured stands within 
Akanda National Park in Gabon; while the report provides valuable in-
formation about those specific stands, it does not provide information 
about the composition of the mangrove forest landscape and the asso-
ciated spatial heterogeneity. Hence those findings should not be applied 
generally to mangroves in Akanda National Park. Accordingly, an 
objective forest inventory is necessary to quantify the biomass or C 
stocks within a specified area for use in forest management and con-
servation or payment for ecosystem service (e.g., REDD+). Given the 
remote location of mangroves and the paucity of information about the 
mangroves in most countries, conducting an unbiased assessment of the 
mangroves is challenging. 

Canopy height data derived from remote sensing data provides a 
very useful basis characterizing the mangrove resource prior to initi-
ating a forest inventory because it provides information about the forest 
structure in a spatially explicit form. Data on the range in canopy height 
and the spatial distribution of stands provides a basis for stratifying the 
inventory area, which increases the efficiency of the inventory design 
(EPA 2002). That basis was used in designing the inventory of the 
Zambezi river delta using canopy height derived from SRTM data 
(Stringer et al., 2015). For this application, we used TanDEMX data (Lee 
et al., 2018), a high resolution data product (12 × 12 m) that enabled us 
to recognize two blocks with different proportions of the height classes, 
and to stratify the sampling using common classes. The high resolution 
of the TanDEM-X data also provided the capability to assess relative 
fine-scale nuances of the forest structure relative to geomorphic position 
(e.g., river, creeks and interior). To accommodate the many logistical 
constraints associated with working in mangroves and to objectively 
allocate inventory plots, a spatial decision support system (Densham, 
1991; Tang et al., 2016) is a useful and necessary tool. 

The application of remote sensing data to develop a canopy height 
model and subsequently using it to estimate above-ground biomass 
based on an allometric relationship is a rapidly advancing approach to 
inventory mangrove tracts. Lagomasino et al. (2016) tested various 
canopy height models developed from airborne and space platforms, 
and reported that while the very high resolution stereophotogrammetry 
model predicted canopy height of stands > 10 m in height most accu-
rately, each of the other data (TanDEM-X, Terra-Sar-X) models produced 
acceptable results. The ability to accurately estimate canopy height then 
provides the basis to estimate above-ground standing biomass. Simard 
et al. (2019) utilized this approach to map mangrove canopy height 
globally using SRTM and GLAS data, and then applied the canopy height 
model to estimate above-ground biomass of countries containing the 
tallest mangroves, which includes Gabon. The estimated mean 
above-ground biomass density for mangroves in Gabon was 244 Mg 
ha− 1 (Simard et al., 2019), which is greater than the 
area-weighted-mean AGB density in the two inventoried blocks in PNP 
(75 Mg ha− 1). PNP comprises approximately 39% of the mangroves in 
Gabon, hence the comparison is not an equivalent basis, although the 
east inventory block of PNP included the site with the highest reported 
density (910.5 Mg ha− 1) by Simard et al. (2019) as well as the inventory 
plot with the reported highest density (943.5 Mg ha-1). Approximately 
43% of PNP is within the HTC1, which includes the sparse, low-stature 
stands. Accordingly, another factor may need to be included to address 
the challenges estimating canopy heights below 10 m (Lagomasino 
et al., 2016). 

Other remote sensing-based approaches are also being developed to 
inventory mangrove structure and biomass. Pandey et al. (2019) utilized 
Normalized Difference Vegetation Index (NDVI) and Enhanced Vegeta-
tion Index (EVI) effectively to estimate the above-ground biomass dis-
tribution in mangroves within the Bhitarkanika Forest Reserve in India; 
they were also able to map the distribution of mangrove species using 
hyperspectral data. Testing the application of unmanned aerial vehicle 
(UAV) imagery to estimate mangrove biomass within the Matang 
Mangrove Forest Reserve (MMFR) in Malaysia, Otero et al. (2018) found 
the UAV data produced accurate estimates of tree height, but estimates 
of biomass were less accurate in mixed stands compared to stands with a 
single canopy layer. The challenge in applications that depend solely on 
canopy height is that variations in stand density are not necessarily 
apparent; and that variation stand density affects the allometric rela-
tionship between height and above-ground biomass. 

5. Conclusions 

The distribution of mangrove stands within Pongara National Park is 
heterogeneous. Pre-inventory information about the range in canopy 
height, the spatial distribution of height classes, and information about 
the landscape and waterways provided by high-resolution remote 
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sensing data facilitated the design of the inventory to accommodate 
stands ranging in height from 2 to 50+ m, as well as their spatial dis-
tribution. The stratified random sampling design provided an effective 
framework for the inventory, accommodating a wide range in forest 
conditions. For example, the skewed distribution of canopy heights 
across PNP (east to west) suggested that there may be a biophysical 
factor affecting stand development, so the inventory area was divided 
into two blocks to ensure that both settings were effectively represented. 
Utilization of a spatial decision support system in conjunction with the 
canopy height data as critical to ensuring safe and efficient field oper-
ations and objective location of the inventory plots. 

The canopy height class data derived from the TanDEM-X data 
foretold that there would be a wide range in mangrove biomass within 
the inventory blocks. The area included the tallest reported mangrove 
tree in the world, exceedingly dense stands and areas of small-statured, 
widely spaced trees. Correspondingly, the mean above-ground biomass 
ranged from 5 to 375 Mg ha− 1 in HTC1 to HTC3 respectively, levels that 
are common in the case of HTC1, to much greater than the global norm 
for HTC3. This range in stand development was consistent for both 
Rhizophora species; however, species distribution appears to be affected 
by site conditions. Accordingly, Pongara National Park would be an 
excellent place to study the effects of site conditions on stand compo-
sition, structure and productivity. 

The soils within the two inventory blocks were relatively uniform 
with respect to texture, but the salinity was higher in the west block. The 
soil C concentration was higher than the global median and soil bulk 
density was approximately 50% lower. The average soil C content was 
not significantly different among canopy height classes, averaging 655 
Mg ha− 1 C to a depth of 2 m. The soil C density for the estuarine setting 
was greater than that reported for the mangroves in the Zambezi River 
delta in East Africa. Analogous to reports from other mangroves, the soil 
was the main C pool within the mangroves of PNP, accounting for 
approximately 84% of ecosystem C. Although the mean soil C pool in the 
east block (614.1 Mg C ha− 1) was not significantly different from that in 
west block (596.7 Mg C ha− 1), its proportion of the EC varied, 74.4% of 
EC in the east block and 96.7% of EC in the west block, due to the dif-
ference in biomass between these two blocks. Accordingly, all of the 
mangrove stands in PNP have a EC density that exceeds that of recently 
inventoried terrestrial forests in Gabon. 

Remote sensing data and the associated tools provide much needed 
capabilities to quantify mangrove above-ground biomass. Those tools 
will continue to improve with the availability of large-scale inventories 
that provide spatially explicit information on forest structure and 
composition; data that can be used for calibrating the allometric models 
for above-ground biomass that are dependent on canopy height. This 
work also suggests how inventories of a specific land area may be used to 
augment national C stock estimates for wetland ecosystems that are 
under-represented in a national forest inventory. 

Data availability 

The data from the forest inventory and soil analyses are published 
(Trettin et al., 2020) and available at: https://www.fs.usda.gov/rds/a 
rchive/Catalog/RDS-2020-0040. Images from the field inventory area 
also available from that record. 
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Dauby, G., Leal, M., Stévart, T., 2008. Vascular plant checklist of the National Park of 
Pongara. Gabon. Syst. Geogr. Plants 78, 155–216. 

C.C. Trettin et al.                                                                                                                                                                                                                               

https://www.fs.usda.gov/rds/archive/Catalog/RDS-2020-0040
https://www.fs.usda.gov/rds/archive/Catalog/RDS-2020-0040
https://doi.org/10.1016/j.ecss.2021.107432
https://doi.org/10.1016/j.ecss.2021.107432
https://doi.org/10.1371/journal.pone.0056569
https://doi.org/10.1371/journal.pone.0056569
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref2
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref2
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref2
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref2
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref3
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref3
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref3
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref3
https://doi.org/10.1007/978-3-319-06388-1_15
https://doi.org/10.1007/978-3-319-06388-1_15
https://doi.org/10.1016/j.envsci.2011.02.004
https://doi.org/10.1016/j.envsci.2011.02.004
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref6
https://doi.org/10.1038/NCLIMATE3326
https://doi.org/10.1038/NCLIMATE3326
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref8
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref8
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref9
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref9
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref9
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref10
http://apps.worldagroforestry.org/treesnmarkets/wood/index.php#
https://doi.org/10.1016/j.foreco.2013.07.011
https://doi.org/10.1016/j.foreco.2013.07.011
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref13
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref13
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref15
http://refhub.elsevier.com/S0272-7714(21)00285-7/sref15


Estuarine, Coastal and Shelf Science 259 (2021) 107432

11

Densham, P.J., 1991. Spatial decision support system. In: Maguire, D.J., Goodchild, M.F., 
Rhind, D. (Eds.), Geographical Information System: Principles and Applications, vol. 
1. principles, John Wiley and Sons, New York, pp. 403–412. 

Donato, D.C., Kauffman, J.B., Murdiyarso, D., Kurnianto, S., Stidham, M., Kanninen, M., 
2011. Mangroves among the most carbon-rich forests in the tropics. Nat. Geosci. 4, 
293–297. 

Donato, D.C., Kauffman, J.B., Mackenzie, R.A., Ainsworth, A., Pfleeger, A.Z., 2012. 
Whole-island carbon stocks in the tropical Pacifi: implications for mangrove 
conservation and upland restoration. J. Environ. Manag. 97, 89–96. 

Duarte, C.M., Middelburg, J.J., Caraco N., 2005. Major role of marine vegetation in 
oceanic carbon cycle. Biogecosciences 2, 1–8. https://doi.org/10.5194/bg-2-1-2005. 

Eid, E.M., Shaltout, K.H., 2016. Distribution of soil organic carbon in the mangrove 
Avicennia marina (Forssk.) Vierh. Along the Egyptian Red Sea coast. Regional Studies 
in Marine Science 3, 76–82. 

Emerhi, E.A., 2012. Variations in anatomical properties of Rhizophora racemosa (Leechm) 
and Rhizophora Harrisonii (G.mey) in a Nigerian mangrove forest ecosystem. Int. J. 
For. Soil Eros. (IJFSE) 2, 89–96. 

Environmental Protection Agency (EPA), 2002. Guidance on Choosing a Sampling Design 
for Environmental Data Collection. US Environmental Protection Agency, 
Washington, D.C, p. 178 pg. EPA/240/R-02/005.  

FAO, 2007. The World’s Mangroves 1980-2005. Food and Agriculture Organization of 
the United Nations, Rome, Italy.  

Fatoyinbo, T.E., Simard, M., 2013. Height and biomass of mangroves in Africa from 
ICESat/Glas and SRTM. Int. J. Rem. Sens. 34, 668–681. https://doi.org/10.1080/ 
01431161.2012.712224. 

Feliciano, E., Wdowinski, S., Potts, M.D., Lee, S.K., Fatoyinbo, T.E., 2017. Estimating 
mangrove canopy height and above-ground biomass in the everglades National Park 
with lidar and TanDEM-X data. Rem. Sens. 9, 702. https://doi.org/10.3390/ 
rs9070702. 

Friess, D.A., Webb, E.L., 2014. Variability in mangrove change estimates and 
implications for the assessment of ecosystem service provision. Global Ecol. 
Biogeogr. 23, 715–725. https://doi.org/10.1111/geb.12140. 

Friess, D.A., Krauss, K.W., Taillardat, P., Adame, M.F., Yando, E.S., Cameron6, C., 
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