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1 School of GeoSciences, University of Edinburgh, Edinburgh, United Kingdom, 2 National Centre for Earth Observation,
University of Edinburgh, Edinburgh, United Kingdom

Mangrove forests are important coastal wetlands because of the ecosystem services
they provide especially their carbon potential. Mangrove forests productivity in the
Niger Delta are poorly quantified and at risk of loss from oil pollution, deforestation,
and invasive species. Here, we report the most extensive stem girth survey yet of
mangrove plots for stand and canopy structure in the Niger Delta, across tidal and
disturbance gradients. We established twenty-five geo-referenced 0.25-ha plots across
two estuarine basins. We estimated aboveground biomass (AGB) from established
allometric equations based on stem surveys. Leaf area index (LAI) was recorded using
hemispherical photos. We estimated a mean AGB of 83.7 Mg ha−1 with an order
of magnitude range, from 11 to 241 Mg ha−1. We found significantly higher plot
biomass in close proximity to a protected site and tidal channels, and the lowest
in the sites where urbanization and wood exploitation was actively taking place. The
mean LAI was 1.45 and ranged fivefold from 0.46 to 2.41 and there was a significant
positive correlation between AGB and LAI (R2 = 0.31). We divided the plots into two
disturbance regimes and three nipa palm (Nypa fruticans) invasion levels. Lower stem
diameter (5–15 cm) accounted for 70% of the total biomass in disturbed plots, while
undisturbed regimes had a more even (∼25%) contribution of different diameter at
breast height (DBH) size classes to AGB. Nipa palm invasion also showed a significant
link to larger variations in LAI and the proportion of basal area removed from plots.
We conclude that mangrove forest degradation and exploitation is removing larger
stems (>15 cm DBH), preferentially from these mangroves forests and creates an
avenue for nipa palm colonization. This research identifies opportunities to manage the
utilization of mangrove resources and reduce any negative impact. Our data can be
used with remote sensing to estimate biomass in the Niger Delta and the inclusion of
soil, leaf properties and demographic rates can analyze mangrove-nipa competition in
the region.

Keywords: mangrove, aboveground biomass, leaf area index, disturbance, stand structure (tree size diversity),
Niger Delta
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INTRODUCTION

Mangroves are very productive ecosystems due to their tropical
coastal location (Alongi, 2009). These ecosystems provide a
range of ecosystem services, including provisioning services (e.g.,
fisheries and fuelwood), regulatory services (e.g., carbon storage,
nutrient cycling and shoreline protection), and cultural/aesthetic
values (McLeod and Salm, 2006; Bouillon et al., 2008; Feka
and Ajonina, 2011; Kauffman et al., 2011; Mukherjee et al.,
2014; Friess, 2016). Mangroves act as a valuable carbon sink
contributing∼15% to coastal sediment storage of carbon, despite
inhabiting up about 0.5% of the world coastal area (Alongi, 2014).
However, mangrove ecosystems are threatened by deforestation
and contribute ∼10% of the total global deforestation emissions
of CO2 (Donato et al., 2011). The relevance of carbon storage
in mangrove sediments and deforestation rates has made
mangrove an essential focus for climate change mitigation
through conservation and reforestation projects, for instance
under the Reducing Emissions from Deforestation and forest
Degradation (REDD+) program (McElwee et al., 2017).

Nigeria’s coastal zone includes lagoons, deltas and estuaries
comprising mangrove forests and sandy beaches, with a semi-
diurnal tidal regime. The mangrove wetland in Nigeria is ranked
the fifth country with the largest mangrove area globally (Giri
et al., 2011; Hutchison et al., 2014; Lucas et al., 2014). The Niger
Delta contains about 60% of Nigerian mangroves, measuring
about 801,774 ha in 2017 (FAO, 2005; Fatoyinbo and Simard,
2011; Nwobi et al., 2020). Mangrove forests have relatively
low species diversity in Nigeria, with only three genera which
include Rhizophora sp. (red mangrove), Laguncularia racemosa
(white mangrove) and Avicennia sp. (black mangrove) (Food and
Agriculture Organization, 2007). Pristine mangrove forests in
Nigeria serve as important sources of seafood including shellfish,
finfish and nursery grounds for these organisms (Feka and
Ajonina, 2011). These aquatic organisms are also vital indicators
of undisturbed mangrove ecosystems in coastal Nigeria (Amadi
et al., 2014). Similarly, the presence, absence or abundance of
specific floral species are indicators of mangrove perturbation
(Mmom and Arokoyu, 2010). However, increasing population,
resultant development and industrial activities are changing this
valuable ecosystem. Coastal development, aquaculture expansion
and over-harvesting have led to a 30–50% reduction in global
mangroves over the past 50 years (Kauffman et al., 2011). Loss
of mangrove wetlands in the Niger Delta is prominently due to
oil spills, land reclamation for housing, road, electricity power
lines, port development and dredging waterworks (Feka and
Ajonina, 2011). Local communities depend on mangrove cutting
for fuelwood and commercially for sale in the Niger Delta.
Mangroves also provide wood products to the wood industry
in Nigeria; however, this practice is unsustainable and threatens
mangrove forests sustainability (Kinako, 1977). Unchecked
logging of mangrove trees leads to a reduction in mangrove
extension and has been linked to the expansion of the invasive
Nypa fruticans within the Niger Delta (Okugbo et al., 2012;
Global Invasive Species Database (GISD), 2015). Information
on patterns of mangrove loss is sparse, but vital to support
conservation measures. Limited research in mangrove forests

in Nigeria is primarily due to social unrest, restricted access
and security. These hindrances to mangrove forest research
have resulted in limited data on mangrove forest structure in
the Niger Delta. Mangrove research in Nigeria is restricted to
community structure relationship with soil properties, carbon
dynamics and productivity, remote sensing of forest area and
remediation/ remediation (Ukpong, 1994, 2000b; James et al.,
2007, 2013; Jackson, 2011; Fatoyinbo and Simard, 2013; Edu E.A.
et al., 2014; Edu E.A.B. et al., 2014). One viable option for
mangrove research in Nigeria include the use of remote sensing
due to the challenge of field surveys in the region (Nwobi
et al., 2020). However, remote sensing analysis relies on sound
ground data for calibration, and hence fieldwork is still an
important requirement.

Field estimates of stand structure [e.g., basal area (BA)
and stem size], canopy properties [e.g., leaf area index (LAI)]
and aboveground biomass (AGB) are needed to build a
baseline to monitor mangrove forest change, develop restoration
plans, and support calibration of remote sensing data. For
instance, BA is the basis for monitoring the removal of
mangrove stands from logging activities (Ngoc Le et al.,
2016). Both LAI (Clough et al., 1997) and change in AGB
(Alongi, 2009) can be used as indicators of net primary
productivity. In-situ measurement of ABG and LAI over a
forested landscape are also vital for integration with satellite
imagery forest assessment with both optical and radar data
(De Kauwe et al., 2011; McNicol et al., 2017). However, in
order to monitor local disturbance such as targeted logging
or determine the expansion rate of invasive species, a fine
scale of observations need to be adopted in mangrove
monitoring programs.

Selective harvesting in natural forests is a subtle activity
being carried out by local communities in the Niger Delta.
This wood exploitation can result in the change in stand size
and canopy structure (Walters, 2005b), since this extraction
targets particular tree size classes when harvesting wood. These
tree sizes exploited are called the target tree size, which is
the most economical range of tree size harvested in order to
maximize profit. For mangrove forests located along creeks,
target stems are those with maximum harvestable tree sizes that
allow efficient water transport to the point of sale. The target
size class depend on the type of forest, wood species,the distance
of forest stands from the point of sale, type of harvesting tool,
the harvester gender and transportation method (Allen et al.,
2001; Walters, 2005a; Feka and Ajonina, 2011). On Kosrae,
Micronesia they reported a favorable species for harvesting as
Lumnitzera littorea and a target diameter size of 10–30 cm
(Allen et al., 2001). The change in mangrove stand size structure
has a direct effect on stand biomass by altering the relative
contribution of different stem sizes to the total forest AGB
(Feka and Ajonina, 2011). Selective harvesting can also result
in light gaps which are prominent natural process in mangrove
forests. Forest gaps can be created from natural (hurricane or
lightning) or anthropogenic (wood exploitation) disturbance
(Amir and Duke, 2009). Selective harvesting and the resulting
light gaps are detrimental to mangrove forests of the Niger
Delta because of the presence of the alien invasive nipa palm
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(Nypa fruticans). Light gaps from tree cutting creates an avenue
for either colonization by invasive species or reestablishment of
mangrove species (Schnitzer et al., 1991; Harun Rashid et al.,
2009; Potin, 2013). Mangrove and nipa palm shrubs growing
together within light gaps formed by logging are common
features in the Niger Delta.

This is the first report on mangrove biomass in the Niger
Delta that spans two states in Nigeria and covers a wider area
from the Niger Delta creeks in the Rivers State to the Imo
river estuary (IRE) in the Akwa Ibom State. Previous biomass
surveys were restricted to one location using small plot size
(Nwigbo et al., 2013; Numbere and Camilo, 2018). This is also
the first report on mangrove biomass spatial distribution across
the Niger Delta from the ocean, tidal channel and settlement
areas. Previous reports have studied mangrove distribution in
relation to soil patterns but there is no report on AGB in
the delta proper (Ukpong, 1994, 2000a,b). We also provide a
first step to monitor mangrove productivity by establishing a
relationship between the forest canopy structure and woody
biomass. The invasion of nipa palm in mangrove forests is a
subtle issue in the Delta, slowly replacing the natural mangrove
stands because of deforestation. Nipa palm was first introduced
in the early 1900s to control beach erosion but due to poor
management, has been growing unchecked in coastal Nigeria.
Nipa palm has continually increased by sevenfold between
2007 and 2017 (11,774 ha), naturally invading mangrove forests
after disturbance (Nwobi et al., 2020). Thus, we report the
possible effect of wood exploitation on the colonization of
nipa on mangrove forests. Nipa palm has been termed a
secondary successor to destroyed mangrove forests in the Niger
Delta (Ukpong, 2015). Previous reports have estimated area
coverage per state (Isebor et al., 2003) and nipa influence in
changing habitat (Ukpong, 2015), but there is no assessment
on the relationship between nipa invasion and mangrove forest
anthropogenic disturbance. We also report here the first largest
stem size survey in the Niger Delta and how local disturbance
is altering the contribution of these stands to the biomass
stock of Niger Delta mangrove forests. The relationship among
biomass, disturbance and stand structure in the Niger Delta can
inform restoration projects on target stand size and help develop
management plan.

The objective in this research is to provide a large survey
of the relationships amongst mangrove stand, canopy structure
and biomass structural and spatial patterns in the Niger
Delta. We address the following questions: (a) what is the
natural variation of AGB and LAI across the Niger Delta
study site? (b) What are the effects of anthropogenic factors
on the structure of mangrove forests? (c) Is mangrove wood
exploitation a precursor to nipa palm invasion in the Niger
Delta? We hypothesize that higher biomass plots will be closer
to tidal channels and farther from human settlements. We
also hypothesize a positive linear relationship between AGB
and LAI. We test the hypothesis that disturbance is removing
mangrove stands with higher diameter at breast height (DBH)
size thus altering their contribution to the total forest AGB.
Lastly, we test the effect of wood exploitation as a precursor
to nipa palm invasion in the Niger Delta. Understanding the

interplay of local anthropogenic disturbance and nipa palm
invasion on mangrove structure can assist in the management of
unsustainable wood harvesting.

MATERIALS AND METHODS

The Niger Delta
The Niger Delta is the largest coastal delta in Africa (Figure 1A)
and the ninth largest wetland in the world with an estimated
area of 19,135 km2 (Dupont et al., 2000). The delta contains
all three-mangrove genera characteristic of the Atlantic coasts:
Rhizophora, Avicennia, and Laguncularia. These species are
Rhizophora racemosa, Rhizophora mangle, Rhizophora harrisonii,
Avicennia germinans, and Laguncularia racemosa species.
Temperature ranges from 21 to 33◦C. Mean annual precipitation
of 2,436 mm (Amechi et al., 2014) ranging between 1,500 to
4,000 mm (NDDC, 2006). There are two seasons in Nigeria with
the highest temperatures between February and April (28–33◦C);
and lowest temperatures (21–23◦C) during the peak of the rainy
season between June and September (NDDC, 2006).

Study Area
The study was carried out in two states of the Niger Delta—
the Rivers and Akwa Ibom states (Figure 1B). We established
three mangrove study sites within two estuarine basins: Imo
River Estuary (IRE) and Sombreiro River Estuary (SRE). The
common feature between all sites was their location in the
Niger Delta. The site selection was based on mangrove extent,
accessibility, security and management regime. Limited access
to mangrove forests in the Niger Delta is the result of security
issues ranging from kidnapping, oil bunkering and militancy
(Aduloju and Okwechime, 2016). However, we used the global
forest height map (Simard et al., 2011) to randomly select a
wide range of mangrove biomass values within the selected sites.
These three locations are Ete creek, Oproama community, and
Kono creek (Figures 1C–F). These sites were selected to represent
the wide range of mangrove community types and ecosystem
disturbance regimes experienced by this deltaic region. Field plots
were established where data collection was performed. There has
been no report of mangrove structure, biomass, and disturbance
within this region.

Ete creek is located in Ikot Abasi Local Government Area
(LGA), Akwa Ibom State (Supplementary Figure 1). This
creek runs from Ikot Akan and empties into the Imo river
estuary (IRE) at Ikot Abasi. The major economic activity of this
region is fishing. However, commercial fishing has resulted in
a shift to lumbering (Supplementary Figure 1A). This shift in
economic activity has caused a high incident of logging and
wood exploitation. There are also two oil wells around the
creek with the one occurrence an oil spill during fieldwork,
which was evident from the presence oil film along the creek
(Supplementary Figure 1B). Ete creek is fringed on either
side with mangrove forests, which expands into rainforests or
farmland. Despite having high logging activity, mangroves in
Ete creek are as high as 15 m (Supplementary Figure 1C).
The landward extent of mangrove forests along this creek is
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FIGURE 1 | Location of the Nigeria in West Africa (A), the Niger Delta states (B), and field sites location (C). Oproama (D), Kono (E), and Ete (F).

dependent on the economic activity of the locals inhabiting
the region including primarily farming with minor activities of
fishing and sand mining.

Oproama community is located in Asari Toru LGA, Rivers
state (Supplementary Figure 2). This community is crisscrossed
with creeks that discharge into the Sombreiro river estuary (SRE).
The mangrove forests around this community is riverine type
that gradually changes into a tropical forest (Supplementary
Figure 2A). However, urban development is gradually reducing
the landward extent of mangrove wetlands which results in
complete or partial loss of forest stands (Supplementary
Figure 2B). This is evident from forest clearance for power
lines and road construction (Supplementary Figure 2C). The
community believe that illegal cutting can result in annoying a
deity which is common in the Niger Delta (James et al., 2013). The
main economic activity within this region is fisheries and some
lumbering in the closest rain forest.

Kono creek is located in the Khana LGA, Rivers state and
it empties into the IRE (Supplementary Figure 3). There is
a protected area along the creek established by the Centre
for Environment, Human Rights and Development (CEHRD),
where there are dense pristine mangrove forests (Supplementary
Figure 3A). The communities along the creek protect mangrove
forests from any foreign activities that does not involve fishing.
However, poor management of the protected area resulted in nipa
vegetation expansion. Thus, the creek is fringed with dense nipa
vegetation which makes access to mangrove vegetation difficult

(Supplementary Figure 3C). The main economic activities
along this creek are fishing and farming (Supplementary
Figures 3B,E).

Sampling Strategy
We set up plots to measure stem density, stem size, LAI,
and AGB in each study site. Four transects were established
in the Oproama community (O- field plot designation), Asari
Toru Local Government Area (LGA) in Rivers state. Transects
included three plots each, but the fourth transect included
only two plots due to local community restrictions. This local
community value mangrove forests, but there is an ongoing
clearance for the development of roads and power lines. One
transect with two plots was established in Kono community (K),
Khana LGA, Rivers state; due to a high level of nipa invasion at
the fringes which made mangrove access difficult. We established
five transects in Ete (E) Kingdom of Ikot Abasi LGA in Akwa
Ibom State; two transects with three plots and three transects
with two plots each.

Transects established within each site were deployed based
on mangrove extension from the tidal channel and variation in
mangrove biomass, stand structure and local disturbance. Plots,
each 0.25 ha (50 × 50 m), were established within each transect
10 m apart. One of the factors used to define the same size
(50 × 50 m) for each plot was because of the use of plot AGB
in establishing a relationship between radar sensors and AGB.
Varying plot size would compromise the applicability in remote
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FIGURE 2 | Schematic plot layout for mangrove forest sampling. Letters A–C represent plot distance from tidal channel in all plot identifiers (O, K, E). Letter A
represents plot closest to the tidal channel. Plot identifier: O1B (O: location, 1: transect number, B: plot distance from tidal channel).

FIGURE 3 | Fitted linear regression of plot of leaf area index (LAI) and aboveground biomass (AGB). Each point represents the plot during the field survey.

sensing analysis. The plot sizes were also chosen to maximize
sampling time within very dense mangrove forests. The first
plot within each transect was established 15 m from the tidal
channel (Figure 2). Overall, we established twenty-five sample
plots (SRE- n = 11, IRE- n = 14) from October 2016 to September
2017. During the field survey, we observed mono-generic plots
of Rhizophora species, with very sparse Avicennia species or
Laguncularia racemosa identified around the plots. We collected
global positioning system (GPS) points of the field plots and
closest settlement during the field survey using a Garmin eTrex
20x device. The distance of the field plots from distance from the
ocean, tidal channel, and closest settlement was also measured.
This distance was measured by collecting the GPS locations of
the established plots and closest human settlements. The closest
settlement was located through communication with the field
assistant. We measured the distance between the field plots and
settlement from the preferred transportation method (land or
water) using Google Earth Pro 7.3.2.5776 (March, 2019). The
distance between the field plots and the closest estuarine mouth to
the ocean was measured using Google Earth Pro in the direction
of tidal flow. We used the ruler tool in Google Earth Pro to
trace a path between the settlement and the field plots, either

through a road or through the water path. The ruler tool on
Google Earth Pro automatically calculated the distance between
the settlement and the field plots. We measured the distance
to establish the spatial representation of mangrove productivity,
population pressure and tidal influence.

We classified the plots into disturbed and undisturbed
regimes. We based the classification on visual evidence of
disturbance (logging or clearance), mangrove undergrowth and
presence of mangrove and nipa undergrowth within forest gaps
caused by disturbance. Forest gaps were only considered if there
was presence of wood exploitation from logging or clearance.
Within each plot, individual nipa palm was counted and the
ratio between nipa stand to mangrove stand estimated. Plots
were classified into three invasion classes: no invasion (NI- 0%),
moderate invasion (MI- 0–10%) and high invasion (HI- >10%)
based on the ratio of nipa to mangrove stands within each plot.
This division was used to check for the incident of mangrove
cutting as a precursor for nipa invasion.

Forest Structure Measurements
We measured, and recorded all trees with a DBH >5 cm within
the sampling plot because despite smaller trees can dominate
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stand composition, we defined a 5 cm minimum as mangrove
trees (Food and Agriculture Organization, 1994; Scales and
Friess, 2019). DBH was measured at 1.3 m height above the
ground, and if the tree branched below 1.3 m, individual stems
were measured and counted as one tree (Howard et al., 2014).
However, there were unusual cases where we used modified DBH
measurement due to the structural complexities of Rhizophora
spp. (Dahdouh-Guebas and Koedam, 2006; Mahmood et al.,
2016). The measured DBH was divided into four size classes: 5–
10 cm, 10–15 cm, 15–20 cm and >20 cm; to account for the DBH
range, stand density and stand size structure. Basal area (BA) was
calculated by summing over all (n) trees per plot (Equation 1)
using DBH in cm (DBH) as described by Cintron and Novelli
(1984). BA was reported in meters per hectare (m2 ha−1).

Basal area =

( n∑
i= 1

π(
DBHi

200
)2)

)
÷ A (1)

Aboveground Biomass
We calculated aboveground biomass (AGB, Babove) using a
common allometric model (Equation 2) for mangrove trees
developed by Komiyama et al. (2005):

Babove = 0.251× ρ× DBH2.46 (2)

Where ρ = mean wood density of the three indigenous
Rhizophora species R. racemosa = 0.9330 g cm−3,
R. harrisonii = 0.86 g/cm3, R. mangle = 0.9064 g/cm3 (Wood
Density database Website) and DBH is the diameter at breast
height in cm (ICRAF, 2010). We used this equation due
to the absence of site-specific allometric models. This was
the preferred allometric equation over two other allometric
equations developed in Cameroun (Ajonina, 2008) and an
inventory data from the Niger Delta (Nwigbo et al., 2013). The
general allometric equation used was developed from 104 trees
of 10 mangrove species with DBH range 5–48.9 cm. The DBH
range from this study ranged from 5 to 42 cm falling within the
range of the stands used to generate the allometric equation.
The inclusion of wood density in the general allometric equation
could account for site variation in species. This inclusion is
important in estimating the different parts of the tree biomass
(Komiyama et al., 2005). The wood density used is similar to
values reported by a local study in Nigeria (Adedeji et al., 2013).

We investigated how variations in AGB are related
to differences in stand structure, disturbance regime
and the distribution of stem sizes. We calculated the
proportional contribution of each DBH size class to the
total measured AGB within each plot and established the relation
between AGB and LAI.

Leaf Area Index
Canopy cover and LAI were from hemispherical photographs
taken at three points within each plot (Figure 2) using a Nikon
D500 camera fitted with a Sigma EX DC HSM (4.5 mm; 1:2.8)
circular fisheye lens and Jessop’s ultraviolet filter. In order to
attain even sky illumination, fish eye photos were captured

between 9 am and 3 pm at the peak of exposure and conditions
of even skylight and cloud cover (Bequet et al., 2011); when
conditions were not too sunny nor too dark. Adequate periods
of canopy properties, i.e., dusk and dawn, were not possible as a
result of accessibility to field plots. We also waited for minimal
wind movement to obtain adequate shutter speed to freeze
any foliage movement using small International Organization
of Standardization (ISO) settings. We set the aperture at f-9,
camera auto exposure so that shutter speed would automatically
compensate for changes in ISO. We analyzed hemispherical
photographs using the Gap Light Analyzer (GLA) imaging
software used to extract forest canopy structure and gap light
transmission indices (Frazer et al., 1999). Default threshold levels
used in defining leaf and sky features during image analysis were
adjusted manually in order to reduce the contribution of sunlight
and cloud cover shades to canopy features.

Data Analyses
Linear regression models were used to establish the correlation
between biomass (AGB) and canopy characteristics (LAI).
Spearman’s correlation was used to test for the significant
relationship among plot level stand parameters, AGB and
canopy properties. We checked the relationship between stem
density and AGB, AGB and distance from closest human
settlement, distance from coast and AGB, LAI, and AGB. We
also performed spearman’s correlation to test the relationship
between nipa invasion and disturbance. We specifically checked
the relationship between nipa stand population and distance
from the sea, proportion of basal area removed and LAI
variation, nipa stand population and relative contribution of
different DBH classes to AGB. We carried out a one-way
analysis of variance (ANOVA) to assess significant differences
in stand, AGB and canopy properties amongst plots of broadly
similar disturbance regimes, DBH size classes and nipa invasion.
ANOVA was followed by a Tukey HSD post-ad hoc tests.
Plot stem density, AGB and LAI were tested independently
for differences among sites (Ete, Kono, and Oproama) and
disturbance regimes (Undisturbed, Exploited) using a one-way
ANOVA. Plot LAI variation, DBH size class 3 contribution to
basal area and AGB were tested individually for differences
among sites and disturbance regime using a two-way ANOVA.
Number of nipa stands within each plot was tested for difference
among sites and location using a one-way ANOVA. Plot LAI
variation, proportion of basal area removed and DBH size class
3 contribution to basal area and AGB were tested individually for
differences among level of nipa invasion (No invasion, Moderate
Invasion and High Invasion) using a one-way ANOVA. Where
data was not normal, it was log transformed before performing
analysis of variance. All data analyses were performed using
RStudio version 0.99.491 (R Core Team, 2020).

RESULTS

Forest Inventory
We measured 5,729 mangrove stands (50–560 stand per plot)
across 6.25 ha mangrove area. Mean stem density was 903
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stems ha−1 and mean DBH was 9.9 cm (median = 9 cm).
DBH distribution was skewed and unimodal, indicative of a
reverse J-shaped DBH distribution (Supplementary Figure 4).
The highest stem density (4,037 stems ha−1) was recorded in
Ete (E3A) and the lowest in O1C (204 stems ha−1). The highest
plot mean DBH (13.9 cm) was recorded in Kono (plot K1B) and
the lowest (7.5 cm) in Ete (plot E4A). We recorded a mean plot
basal area of 8.9 m2 ha−1 and a median of 6.34 m2 ha−1. The
highest basal area (27.24 m2 ha−1) was recorded in Ete (E3A)
and the lowest basal area (1.36 m2 ha−1) in Oproama (O1C)
(Supplementary Table 1).

Total stem measurements were divided into stem size classes
as follows: Class 1 (5–10 cm) n = 3,709, Class 2 (10–15 cm)
n = 1,509, Class 3 (15–20 cm) n = 360 and Class 4 (>20 cm)
n = 151. The lowest size classes accounted for a majority (65%)
of the stem density (Table 1). However, the DBH size class 4
(>20 cm) make up 22% of the total AGB of the region. We
also discovered that stem size 15–20 cm accounted for the lowest
contribution (19%) to AGB in the study area, while the 10–15 cm
strata accounted for the highest AGB contribution (32%).

Aboveground Biomass
We estimated a mean plot AGB of 83.7 Mg ha−1 (±63) ranging
from 11.1 to 241.2 Mg ha−1 (Supplementary Table 1). Plots
with the highest biomass were found in the community protected
site plots in Ete site, and Kono located close to the mouth of
the Imo estuary. The lowest biomass was observed in the inland
creek (Oproama) sites where shrub red mangroves (Rhizophora
mangle) were dominant and urbanization actively taking place
(Supplementary Table 1). The highest AGB (241 Mg ha−1) in the
study was observed in the undisturbed plot in Ete (E3A) where
mangroves wetlands were protected from logging. In contrast,
the lowest AGB (11 Mg ha−1) was found in the disturbed plot in
Oproama (O1C) community where a power line was constructed
to bring electricity to the community. There was a significant
difference between the two river estuaries (Sombreiro and Imo)
of the study area following a one-way ANOVA. SRE had a
significantly higher AGB compared to IRE (p < 0.001, mean
difference = 69 Mg ha−1).

We observed that stem density had a significant positive
correlation with AGB [p ≤ 0.00001, Spearman’s rho (rs) = 0.88],
thus the higher the stem density, the higher the AGB in the
plots. Results of the Spearman’s correlation indicated there was a
significant positive relationship (p < 0.05, rs = 0.47) between AGB
and distance from closest settlement. The farther the plots were

from the settlement, the higher the AGB in the region. There was
also a significant negative correlation between AGB and distance
from the sea (p < 0.05, rs = −0.41) and tidal channel (p < 0.05,
rs =−0.50).

Leaf Area Index
Leaf area index across the study ranged from 0.08 to 2.78, with
a mean of 1.45. The highest plot mean LAI (2.41) was recorded
in Ete (E1C), which is a heavily exploited site with nipa palm
(Nypa fruticans) colonization. We recorded the lowest plot mean
(0.42) in Oproama (O1C) another heavily exploited site with less
dense vegetation. We observed a significant difference in LAI
between the SRE and IRE. Post hoc comparisons using Tukey
test indicated that IRE had a significantly higher mean LAI of
0.64 compared to SRE. We also analyzed the LAI measurements
variance within each plot to determine the data spread. We found
the highest variation (1.17) in E1A at Ete, a heavily exploited
site, which can account for irregular canopy cover. We found
the lowest variation (0.01) in the protected sites Kono. However,
there was no significant difference in LAI variance between the
two river estuaries.

There was a significant positive correlation between LAI and
AGB (p < 0.01, rs = 0.62), stem density (p < 0.001, rs = 0.63)
and basal area (p < 0.01, rs = 0.60) at plot scale (n = 25). Linear
regression models, performed on 60% of plot data, indicated
that 31% of LAI accounted for plot AGB (R2 = 0.31, p < 0.001)
(Figure 3). The root mean square error (RMSE) was 59 Mg ha−1

from the calibration data while independent validation had an
RMSE of 48 Mg ha−1.

Disturbance Regime
The process of classifying plots into different disturbance
regimes is complicated as various factors could contribute to
the measured and observed criteria for characterization. For
example, the presence of nipa was only prominent in the seaward
IRE (Kono and Ete). The second complication is the mode of
exploitation of different plots depending on location. Mode of
exploitation ranged from logging for fuelwood (IRE: Ete), total
clearance for construction activities (SRE: Oproama) and passage
for boat transport (all locations). Disturbed plots in the Ete site
were primarily affected by stem cutting for fuel, which is the
primary source of income in the region. The nipa palm is now
gradually invading these plots (Supplementary Figure 5A). We
surveyed fourteen (14) disturbed and eleven (11) undisturbed
plots (Supplementary Table 1). The resulting exploited plots

TABLE 1 | Proportional contribution of different diameter at breast height (DBH) size classes to stem density, basal area and aboveground biomass (AGB) of
the study region.

Class DBH range (cm) Stem density (trees
ha−1)

Percentage
contribution of stem
density (%)

Basal area (m2 ha−1) Basal area
percentage
contribution (%)

Aboveground
biomass (t ha−1)

AGB percentage
contribution (%)

1 5.0 to <10.0 588 65.0 2.82 34.4 21.2 27.0

2 10.0 to <15.0 239 26.0 2.74 33.5 25.0 32.0

3 15.0 to <20.0 57 6.0 1.35 16.5 14.5 19.0

4 ≥20 24 3.0 1.27 15.6 16.8 22.0
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in Oproama site was primarily due to a historical disturbance.
About 6 ha of mangrove forest was cleared in 2013 to create a path
for the construction of power lines (Supplementary Figure 5B).
The high level of shell fishing was also evident in these plots where
mangrove was cleared in order to make more waterways to the
mangrove interiors, hence reducing travel time to fishing site.
The plots in Kono are located adjacent to a protected mangrove
site but there was presence of nipa along the fringes of mangrove
forests (Supplementary Figure 3E). The locals culturally protect
the Kono plots by manually removing nipa seedlings from the
mangrove forest floor. We observed numerous nipa seedlings on
the forest floor of this site (Supplementary Figure 5C).

Disturbance Regime, Aboveground Biomass, and
Leaf Area Index
We observed significant difference in plot structural
characteristics between disturbance regimes using a one-
way ANOVA. Undisturbed plots had a significantly higher
AGB (p < 0.0001) and LAI (p < 0.01) than disturbed plots.
There was no significant difference in LAI variation between the
disturbance regimes. A two way ANOVA was carried out on plot
AGB and LAI variation independently by disturbance and river
estuary. There was no significant interaction between the effects
of disturbance regime and estuary on AGB and LAI variance.

Disturbance Regime and Stand Structure
We observed significantly different plot stem density
amongst disturbance regime using a one way ANOVA.
Tukey’s HSD post hoc tests indicated that disturbed plots had
significantly lower stem density than undisturbed plots (mean
difference = 1,158 stem ha−1, p < 0.001). A one way ANOVA
was conducted to check the significant contribution of DBH
size classes contribution to plot density, basal area and AGB
among disturbance regime. There was significantly higher
contribution of DBH size class 15–20 cm to plot density [F(1,
23) = 2.428, p < 0.05, mean difference = 6%], basal area [F(1,
23) = 1.426, p < 0.05, mean difference = 8%] and AGB [F(1,
23) = 365.3, p < 0.05, mean difference = 8%] in undisturbed
plots compared to disturbed plots. There was significantly higher
contribution of DBH size class 10–15 cm to basal area [F(1,
23) = 312.5, p < 0.05, mean difference = 7%] in disturbed plots
compared to undisturbed plots. In the undisturbed regime, the
highest DBH size class (>20 cm) made up about 3% of the
mean plot stem density, but contributed 24% of the AGB. The
percentage contribution of each DBH size class to the AGB in
the undisturbed regime were more evenly distributed (20–30%)
compared to the HE and ME regimes, where the lowest two DBH
size classes 5–10 cm and 10–15 cm made up about 70% of the
AGB (Figure 4 and Table 2).

Nipa Stand Patterns
We recorded 179 (0–33) nipa palm stands during the survey
(Supplementary Table 1). We observed no nipa palm
colonization in the inland Oproama plots (SRE) but recorded
nipa palm invasion in seaward Ete and Kono (IRE). The absence
of nipa palm in SRE is because it is further inland from the
point of introduction. We recorded five plots with high nipa

invasion (HI), seven plots with moderate invasion (MI) and
two plots with no nipa (NI) stand during the field study in
IRE (Supplementary Table 1). We excluded plots in SRE from
further analysis because there was no sign of nipa invasion.
Analysis of nipa population in IRE showed significant negative
correlation with mangrove basal area (p < 0.01; rs = −0.74),
AGB (p < 0.01; rs = −0.77), stem density (p < 0.05; rs = −0.57).
There was no correlation with LAI. However, nipa population
had a significant positive correlation with plot LAI variation
(p < 0.05; rs = 0.71) and proportion of basal removed (p < 0.05;
rs = 0.73). Nipa stand density showed a negative correlation to
the contribution of DBH size class 2 (10–15 cm) to basal area
(p < 0.05; rs = −0.45) and AGB (p < 0.05; rs = −0.45). There
was significantly higher nipa stands in disturbed plots than
undisturbed plots following a one-way ANOVA (p < 0.001).
We also performed one way ANOVA of LAI variance and
proportion of basal area removed individually amongst the level
of nipa invasion. No invasion plots showed significantly lower
LAI variation to MI (p < 0.05, mean difference = 0.6) and HI
plots (p < 0.01, mean difference = 0.8). Heavily invaded plots
also showed significantly higher proportion of BA removed to
MI (p < 0.01, mean difference = 40%) and NI (p < 0.01, mean
difference = 60%) plots.

DISCUSSION

We performed the most comprehensive mangrove stem, biomass
and canopy structure survey in Nigeria, the largest mangrove
forest in Africa. We showed a general pattern of AGB across
gradients from sea, tidal channel and closest settlement. We
also showed the degree of disturbance (wood exploitation
and clearance for development) affecting AGB in the region.
We also addressed the subtle effect of local disturbance on
stem size distribution, the possible target size class by locals
and the resultant invasion of nipa palm (Nypa fruticans) in
mangrove forests of the Niger Delta. We provided evidence of
the relationship between mangrove clearing and the invasion of
nipa palm. This is the first report in West Africa to give evidence
of the relationship between stand structure and invasive species
colonization in mangrove forests.

Aboveground Biomass and Leaf Area
Index Patterns in the Niger Delta
Forest productivity has a direct influence from nutrient
availability and external influence by anthropogenic disturbance
(Alongi, 2009). Here, we report the relationship between AGB
and tidal influence of mangrove forests in the Niger Delta.
We observed that higher AGB and BA were located in plots
with closer proximity to the ocean and tidal channel. This
could be because of the influence of nutrient mixing effect of
tide on mangrove forests (Harris et al., 2010; Carugati et al.,
2018). Castaneda (2010) reported that mangrove productivity in
South Florida mangrove forests may be limited by phosphorus
fertility which showed a negative gradient with distance from
the ocean. He also gave evidence that tidal inundation duration
and frequency influences the fertility of mangrove soils, hence
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FIGURE 4 | Percentage contribution of size classes to within plots of the same disturbance group. (A) Average number of trees with each size class. (B) Stand
contribution of different size classes in each Disturbance regime. (C) Basal Area contribution of different size classes in each Disturbance regime. (D) AGB
contribution of different size classes in each Disturbance regime.

TABLE 2 | Proportion of diameter at breast height (DBH) size classes contributing to stand density, basal area, and aboveground biomass (AGB) in different
disturbance regime.

Disturbance regime DBH size
class (cm)

Number of
stems

Stand density
(stem ha−1)

Stand density
proportion
(%)

Basal area
(m2 ha−1)

Basal area
proportion
(%)

AGB (t ha−1) AGB
proportion
(%)

LAI mean
(variance)

Disturbed (3.5 ha) Class 1
(5.0–10.0)

1,252 329 66.3 1.7 40.1 12.5 33.4 1.12 (0.45)

Class 2
(10.0–15.0)

533 140 28.2 1.6 37.7 14.1 37.5

Class 3
(15.0–20.0)

69 18 3.7 0.4 10.4 4.6 12.3

Class 4 (>20) 35 9 1.9 0.5 11.7 6.3 16.9

Undisturbed (2.25 ha) Class 1
(5.0–10.0)

2,457 980 64.0 4.6 31.9 34.4 24.9 1.87 (0.25)

Class 2
(10.0–15.0)

976 389 25.4 4.5 31.7 41.6 30.1

Class 3
(15.0–20.0)

291 116 7.6 2.8 19.2 29.6 21.4

Class 4 (>20) 116 46 3.0 2.5 17.2 32.6 23.6

productivity (Castañeda-Moya et al., 2013). Although there has
been no reports of mangrove AGB and salinity in the region,
Ukpong (1991) reported that Rhizophora racemosa (salinity
range: 1.7–5.9%) was more adapted to saline conditions than
R. mangle (salinity range: 1.4–4.4%). The significant difference
in mangrove forest structure and biomass across the tidal
gradient during this study may be linked to this influence. Soil
nutrient and salinity variation explained the main relationship
between mangrove vegetation and soil in the western Niger Delta
(Ukpong, 1994). Sherman et al. (2003) reported a trend in AGB
across tidal gradient being a function of salinity stress. However,
like our study, he showed that more inland mangrove forests had

lower stands compared to the seaward forests. Further affecting
the biomass pattern of mangrove forests in the Niger Delta could
be the proximity to settlements, which may alter the productivity
of mangrove forests through anthropogenic disturbance and
nutrient pollution (Lewis et al., 2011; Maiti and Chowdhury,
2013; Scales and Friess, 2019). Mangrove productivity patterns
can be altered by pollution in the Niger Delta, evident from
increased litter fall (Numbere and Camilo, 2018). Although, some
studies have reported that seaward distance has more effect on
soil organic carbon (SOC) than AGB (de Jong Cleyndert et al.,
2020). Tidal flooding which maybe as a result of heavy rainfall
may contribute to the phosphorus balance of mangrove forests
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(Chen and Twilley, 1999). Our study showed that AGB were
lower at plots closer to settlements, which could be as a result
of either nutrient modification, pollution, or a consequence of
perturbation through logging and fishing.

Our field measurements of LAI (0.08–2.78) are within range
of LAI measured by hemispherical photograph (Wong and Fung,
2013; Prananda et al., 2020). The recorded LAI in this study
are also lower compared to alternative field LAI measuring
methods such as Plant Canopy Analyzer (Clough et al., 1997;
Kamal et al., 2016). Our low records of LAI (<3) could be
because of the stage of the mangrove forests, disturbance and
methodology. We employed the indirect method for estimating
LAI in this study using hemispherical photography, which has
been seldom employed in the estimation of LAI in mangrove
forests. This method has been known to underestimate LAI
and could explain the high difference in LAI from comparative
studies using direct methods (Ishil and Tateda, 2004). Hence,
multiple measuring techniques should be used in comparison
for mangrove canopy structure. Low recorded LAI in our study
could also be a representation of the state of the mangrove
forests in the Niger Delta. A study by Pool (1973), showed that
mangrove forests in early succession have reduced LAI while
higher LAI can be characteristic of later succession, especially
in mixed stands (Pool, 1973). This was evident in this study
where we recorded the lowest LAI in a site that was cleared in
2013 (Oproama) for a power line construction. This low LAI
in some of the plots could be as a result of the sites being
in early succession as a result of a previous disturbance (Pool,
1973). Another reason for the low values of LAI in this study
could be the monospecific Rhizophora nature of the sample plots.
Clough et al. (1997) characterized Rhizophora spp. as canopy shy
(shade intolerant) because of the numerous light gaps between
trees, which could increase the area of light penetration within
plots. Higher LAI have also been recorded heterogeneous forests
compared to homogeneous forests in Australia (Kamal et al.,
2016). The relationship between LAI and the state of mangrove
forests creates an opportunity to map mangrove productivity
in Niger Delta from a relationship between LAI and vegetative
indices of earth observation satellites (Kovacs et al., 2009; Manna
and Raychaudhuri, 2020). Monitoring landscape productivity is a
vital means of assessing rate of deforestation in mangrove forests.
LAI is a proxy for primary production through its relation to
photosynthetic capacity of the canopy (Pool, 1973; Araujo et al.,
1997; Williams et al., 1997). We showed a significant positive
correlation (rs = 0.63) and a regression equation (R2 = 0.39)
between LAI and AGB indicating the potential for LAI to be used
as a proxy for mangrove productivity in the Niger Delta.

Local Disturbance Effect on Biomass,
Stand Structure, and Canopy Properties
Stand structure in a forest landscape provides a means to monitor
the effects of disturbances on forests ecosystems. Natural sources
of perturbation such as hurricane and anthropogenic sources
such as wood harvesting can modify the stand structure of
the ecosystem thereby affecting the productivity of mangrove
forests (Wan Norilani et al., 2014). The DBH size class in

our study showed a reverse J-shaped distribution, which has
been reported by other mangrove stand reports (Kuei-Chu,
2008; Nguyen et al., 2020). Nguyen et al. (2020) reported this
reverse J-shaped distribution in erosion sites, while Kuei-Chu
(2008) gave this as an evidence of regeneration. Despite showing
this reverse J-shaped distribution, indicative of disturbance or
regeneration, our study excluded DBH <5 cm. Hence, we could
not make further inference of this distribution. Further study
can include DBH <5 cm and include evidence of regeneration
in plots. We observed that DBH size class contribution to
AGB had a significant difference between disturbance regimes
with disturbed plots having an uneven contribution to AGB.
Wan Norilani et al. (2014) reported that there was a uniform
distribution of stem size classes in a naturally disturbed area
compared with a harvested region at Kisap Forest Reserve,
Malaysia (Wan Norilani et al., 2014). This uniformity was also
reflected in this research where the contribution of each stem
size class to the AGB in undisturbed plots was more even (20–
30%) than exploited plots, where the lowest two classes (5–10 cm
and 10–15 cm) made up about 70% of the AGB. Symmetrically
distributed diameter of mangrove stands have also been observed
in Malaysia (Jusoh and Aziz, 2014). Wah et al. (2011) reported
that disturbed mangrove stands in Semporna, Malaysia had
lower DBH range (10–20 cm) and less dense stands compared
to undisturbed plots (20–35 cm). Natural disturbance can alter
stand structure of mangrove forests (Castañeda-Moya et al., 2010;
Biswas et al., 2012; Cox et al., 2016), however, our results have
shown that anthropogenic disturbance from wood extraction for
fuel wood and development can also alter the stand properties of
mangrove forests in the Niger Delta.

The stem size class 3 (15–20 cm) had the lowest contribution
to AGB in all disturbance groups. This has an implication on
the target stem size for harvest. This stem size class is the
target tree size within the region. Scales and Friess (2019) also
indicated a preferential selection of DBH >10 cm of Rhizophora
mucronata trees in the Bay of Assassins, Madagascar. The target
tree size is the most convenient tree size to harvest in order to
maximize the effort of loggers by reducing the cost of logging
and transportation in order to increase profit. Another possible
reason for the targeted DBH size class is the location of the larger
stem size class close to the tidal channel would have resulted
in harvested wood falling into the creek. The implication of
selectively harvesting mangrove stand is the resulting shift in
forest stand structure (Scales and Friess, 2019). Walters (2005a)
also reported the species and size selectivity of mangrove stands
based on its utilization. He reported that Rhizophora spp. was
primarily cut for local use in fishing and fuel wood due to its
slow decay property. Selective cutting practices could also be used
to conserve older trees which contribute to larger carbon pools
(Rasquinha and Mishra, 2020). The effect of target harvesting of
mangrove stands results in the change in stand structure and light
gap creation within mangrove stands (Clarke and Kerrigan, 2000;
Duke, 2001; Amir and Duke, 2009; Mohamed et al., 2009).

The incidence of cutting mangroves in the Niger Delta could
be because of a shift in economy. There was a historical reason
for the cutting of mangroves as a source of income due to a shift
from fishing primarily because of bad fishing practice, including
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chemical harvesting and use of small mesh sizes (Personal
Communication, 2017). The use of Gamallin-20 (a paralyzing fish
chemical) and small net mesh sizes resulted in depleting fish stock
in the region (Olaoye and Ojebiyi, 2018). This shift in economy
and the dependence of local communities on mangrove stands
for fuel wood puts a further pressure on the mangrove forests in
the Niger Delta. A similar dependence on mangrove stands by
local communities in Southern Cameroun also caused damage
to mangrove stands and environmental changes in mangrove
forests (Nfotabong-Atheull et al., 2011). Mangrove stem is one
of the major sources of income in local communities in the Niger
Delta, who also use it for fuel wood. Wood harvesting practices
can be employed to create sustainable management of mangrove
forest resources.

The change in stand structure of mangrove forests as a result of
wood exploitation also has an effect on canopy properties, hence,
modifying LAI (Araujo et al., 1997). Anthropogenic disturbance
within the study region resulted in LAI variation where exploited
plots had a higher variation in LAI than undisturbed plots.
Light gaps in mangrove forests are naturally created from dead
mangrove trunks caused by hurricane, lightening and diseases
(Amir and Duke, 2009), but these can also be created by small-
scale disturbance through wood extraction or clearance (Duke,
2001). Irregular harvesting, as seen in exploited plots in the study
resulted in open gaps within these plots. These light gaps have an
implication on regeneration and recruitment of mangrove trees
(Duke, 2001; Mohamed et al., 2009). We observed regeneration
in some of these plots within forest gaps in disturbed plots
during field surveys. However, due to the invasion of nipa palm,
the regeneration of mangrove stands in light gaps within the
study region is hindered. We observed young mangrove and nipa
stands growing in forest gaps, competing for forest resources.
This is a common feature along the Imo estuary (Ete and Kono
plots). However, nipa palm always outcompetes Rhizophora spp.
(Numbere, 2019). The effect of selective harvesting can have a
negative influence in the natural growth of a mangrove forest
especially the presence of an invasive species to colonize available
cleared mangrove area in the Niger Delta.

Pattern of Nipa Palm Invasion
There is a growing interest of invasion ecology globally due
to its influence on ecosystem function and economic impacts
(Secretariat of the Convention on Biologival Diversity, 2010).
Ukpong (2015) has reported on Nypa fruticans zonation and
soil conditions in Niger Delta mangrove forests. We reported
here a possible cause of nipa palm (Nypa fruticans) colonization
in Niger Delta mangrove forest. Reports have shown the close
link between mangrove deforestation and non-native species
colonization (Harun Rashid et al., 2009). Harun Rashid et al.
(2009) gave evidence that the colonization of non-native invasive
species in Bangladesh can be as a result of forest gaps formed
from catastrophic events affecting mangrove forests (Harun
Rashid et al., 2009). We reported a similar trend in this study
where higher LAI variance and proportion of BA removed were
significantly higher in plots classified as high nipa invasion (HI)
compared to moderate (MI) and no invaded plots (NI). This
relationship is an indication that nipa seedlings slowly colonize

light gaps within disturbed mangrove forests. Ukpong (2015)
also argued that the slow development process of red mangrove
(Rhizophora spp.) regeneration and its inability to regenerate
after being cut also aids in nipa outcompeting these natural
species. The poor ability of Rhizophora spp. to regenerate from
cut stem or from the root has been reported from various
studies (Hamilton and Snedaker, 1984; Food and Agriculture
Organization, 1994; Walters, 2005a,b). Hamilton and Snedaker
(1984) reported that Rhizophora mangle cannot regenerate when
cut from the roots, stump, and trunk but could grow back from
loss of foliage of about 50% and cut branches more than 2 cm
diameter. Numbere (2019) also gave evidence that nipa palm had
a competitive advantage to mangrove based on soil properties,
hence, further research can investigate the relationship among
nipa invasion, mangrove recruitment and soil properties. A case
can also be made for the inclusion of nipa palm in biomass
estimates of mangrove forests in coastal Nigeria.
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