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Abstract

Invasive plant species pose an increasing threat to mangroves globally. This study assessed
the impact of Paspalum vaginatum invasion on carbon loss and early recovery following
four years of restoration in a mangrove forest with Rhizophora racemosa in Benin. Organic
carbon was quantified in the total biomass, including both aboveground and belowground
components, as well as in the soil to a depth of −50 cm. In addition, soil gas fluxes of CO2,
CH4, and N2O were measured. Three sites were evaluated: a conserved mangrove, a site
degraded by P. vaginatum, and the same site post-restoration via hydrological rehabilitation
and reforestation. Invasion significantly reduced carbon storage, especially in soil, due to
lower biomass, incorporation of low C/N ratio organic residues, and compaction. Restora-
tion recovered 7.8% of the total biomass carbon compared to the conserved mangrove
site, although soil organic carbon did not rise significantly in the short term. However,
improvements in deep soil C/N ratios (15–30 and 30–50 cm) suggest enhanced soil organic
matter recalcitrance linked to R. racemosa reforestation. Soil CO2 emissions dropped by
60% at the restored site, underscoring restoration’s potential to mitigate early carbon loss.
These results highlight the need to control invasive species and suggest that restoration can
generate additional social benefits.

Keywords: mangrove restoration; grass invasion; blue carbon; ecosystem services;
greenhouse gases; Paspalum vaginatum

1. Introduction
Mangroves are strategic ecosystems for climate change mitigation due to their ability

to capture carbon dioxide (CO2) and store it for decades in biomass and carbon-rich soils [1].
Soils constitute the main carbon (C) reservoir in mangroves, owing to their high primary
productivity and the accumulation of recalcitrant organic compounds that are resistant to
microbial decomposition [2,3]. Water saturation further limits the mineralization of soil
organic matter (SOM), thereby reducing CO2 emissions from soil respiration [4]. As a result,
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mangroves can store more soil organic carbon (SOC) per unit area than many terrestrial
ecosystems [5].

Despite this ecological importance, mangrove forests are increasingly affected by
environmental degradation, driven by changes in biotic and abiotic conditions that reduce
their productivity and ecological functioning [6]. Deforested areas are especially vulnerable
to invasion by non-native plant species [7], and biological invasion is now the second
leading global threat to biodiversity [8]. In mangroves, nearly 70% of invasive species
become persistent, displacing native trees and inhibiting natural regeneration [9]. These
invasions can disrupt ecosystem processes such as carbon and nutrient cycling, microbial
activity, and habitat integrity, as shown in previous studies [10,11].

The effects of invasive species on carbon dynamics in mangroves remain complex
and context dependent. Some studies have reported increased carbon capture, while
others documented reductions [12–14]. Furthermore, invasion intensified carbon dioxide
(CO2), nitrous oxide (N2O), and methane (CH4) emissions by altering SOC [15]. In West
Africa, Paspalum vaginatum Swartz (Poaceae), a halophytic grass, has recently invaded
mangroves in the Republic of Benin. Deforestation, altered hydrology, and eutrophication
have limited the regeneration of Rhizophora racemosa Meyer, facilitating the establishment
of P. vaginatum [16].

It has been hypothesized that this invasion may compromise the carbon sink function
of mangroves in the region. Given this context, there is an urgent need to evaluate the
potential of ecological restoration to recover ecosystem services in mangroves affected
by invasive species. Mangrove restoration recovers ecosystem services (including carbon
storage) and strengthens soil structure, microbial activity, and the ecosystem’s long-term
resilience, as demonstrated in recent studies [17–23]. However, restoration in Africa often
faces challenges due to limited financial resources and high poverty levels. Nonetheless,
successful efforts in Benin have demonstrated progress in controlling P. vaginatum and
restoring mangrove forest cover, such as the studies by [16]. Establishing a baseline that
quantifies the effects of this invasion and the potential for early carbon recovery is essential
to support large-scale restoration strategies and inform decision-making around the costs
and benefits of greenhouse gas mitigation schemes.

The aim of this study was to assess the impact of P. vaginatum invasion on carbon
stocks in biomass and soil in West African mangroves, and to evaluate the potential for
early recovery following ecological restoration. To do this, we quantified total carbon
stocks and soil CO2 emissions across three sites in Ouidah, Benin: a conserved reference
mangrove, a site degraded by grass invasion, and the same site four years after hydrological
rehabilitation and reforestation. We also analyzed pore water and soil properties, the
elemental composition (C, N, and C/N ratio) of plant tissues, and used soil CO2 fluxes
as indicators of soil respiration. We hypothesized that active restoration could induce
short-term biomass recovery, while soil carbon recovery would require longer periods.

2. Materials and Methods
2.1. Study Area

West Africa contains about 15% (21,715 km2) of the world’s mangrove forests, which
are distributed across 19 countries in the region [24], extending from the southern border
of Mauritania to the northern edges of Angola and Benin. The extensive mangroves of
West Africa support local economies by providing habitat for fisheries, protecting human
populations from extreme weather events, and serving as natural barriers against flooding
and coastal erosion. In Benin, the mangrove area declined by 62.1% between 1988 and
2001 [25], primarily due to conversion into grasslands (52.4%) and other vegetation types
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(17.6%). This decline was particularly severe in the municipalities of Abomey-Calavi and
Ouidah [25].

This study was conducted in Ouidah, located on the Atlantic coast of the Republic
of Benin, within the Western African region (Figure 1). Despite economic and social
constraints that hinder conservation efforts in many African countries, Benin has made
notable progress in coastal ecological restoration. One of the most significant achievements
stems from a project funded by the French Global Environment Facility (FFEM), aimed
at restoring 30 ha of mangrove in the Djégbadji wetland, which had been displaced by P.
vaginatum [16] (Figure 1).

Figure 1. Study area within Ouidah (Benin, West Africa). Top: location of the study sites, including the
reference mangrove (Mref) and the restored site (Mres). (a) Community members participating in the
excavation of artificial channels as part of the hydrological rehabilitation phase; (b) manual removal
of the invasive grass Paspalum vaginatum; (c) reforestation with Rhizophora racemosa propagules;
(d) condition of the mangrove vegetation four years after the restoration activities.

The primary objective was to carry out hydrological rehabilitation with the involve-
ment of local communities.

The local community was actively involved in planning, implementation, environmen-
tal monitoring, and finally the restoration evaluation [16]. These communities participated
in the excavation of artificial channels and the clearing of silted natural channels, success-
fully re-establishing tidal flow and freshwater input in the site degraded by grass invasion
(P. vaginatum). In doing so, hydrological functioning at the site was restored (actions cat-
egorized as hydrological rehabilitation). As a result, the hydrological conditions became
unfavorable for P. vaginatum but favorable for the development of mangrove species used
in reforestation [16].

Simultaneously, P. vaginatum was manually removed (Figure 1) to flatten microtopog-
raphy, increase flood frequency, and reduce spatial competition with mangrove species.
After implementing hydrological rehabilitation, monthly environmental monitoring was
conducted to determine the optimal timing for reforestation, based on intervals like those
observed at the conservation site.

Of the total restored area, 20 ha were reforested through the direct planting of R.
racemosa hypocotyls (Figure 1) in zones where the topography matched the natural distri-
bution of this species. Planting was carried out at high density, as a strategy to prevent the
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long-term recolonization of P. vaginatum, using reference forest density as a benchmark. The
study was conducted at two sites (Figures 1 and A1): a conserved mangrove (reference) and
a restored mangrove, with sampling plots established in areas reforested with R. racemosa.

2.2. Field Sampling

In 2018, preliminary measurements were taken at a conserved mangrove site (Mref)
and at a site invaded by P. vaginatum (Mdeg), with the aim of assessing the floristic compo-
sition and carbon stocks (Figure A1).

Four years later, a second monitoring campaign was conducted at the Mdeg site
following its ecological restoration, hereafter referred to as Mres (Figures 1 and A1). The
sampling focused on the R. racemosa populations present at Mref and Mres. Structural
attributes such as tree height and diameter were recorded following the criteria described
by [26]. At each of the three selected sites, measurements were taken in three plots (three
replicates). Each plot covered an area of 100 m2.

2.3. Pore Water Parameters

Pore water is defined as the liquid fraction that freely occupies and moves through
the pore spaces between soil particles [27]. Its importance in mangrove studies is well
documented, as the dynamics of this water regulate the physicochemical properties of the
soil. These, in turn, influence mangrove zonation, forest physiognomy (tree diameter and
height, forest density), species distribution and dominance, biogeochemical processes, and
the degree of ecosystem degradation [27].

To monitor interstitial water, piezometers (gravitational water collectors) were con-
structed using PVC tubes, 10.16 cm in diameter and 1.5 m in length [28]. Each piezometer
had 1.0 cm diameter perforations along the lower 30 cm of the tube wall to allow water flow.
This design helped prevent oxidation of samples and avoided errors due to alterations in
their natural chemical composition. Water samples were collected from within the tube
after draining and stabilization. Data collected in February and April 2018 were used,
corresponding to measurements taken prior to the restoration.

Salinity was measured using an A&O refractometer, with a scale from 0 to 100 g of
salt per kg of water, expressed in practical salinity units (PSU) [27].

Redox potential was measured with a multiparameter probe (Hach-HQ11d), expressed
in millivolts (mV).

Soluble nutrient concentrations (nitrate (NO3
−), phosphate (PO4

3−), and sulfate
(SO4

2−)) were determined by ion chromatography (IC Advanced 861) [29], with a pre-
cision of ±0.01 mg L−1. An automated sample filtration system (model 788) operated
with Magic Net software version 3.1 was used. The injection volume was 20 µL. Chro-
matographic analysis was performed using a Metrosep A Supp 5 anion separation column
(reference 6.1006.503) with a length of 250 mm and an internal diameter of 4.0 mm, together
with a CO2 suppressor (model 853 MCS). The eluent consisted of a mixture of 0.003 M
NaHCO3 and 0.0024 M Na2CO3, while a 250 mM H2SO4 solution was used for suppressor
regeneration. All reagents and solutions, including sample dilutions, were prepared using
ultrapure water (resistivity ≥18.2 MΩ·cm).

2.4. Organic Carbon in Vegetation

To estimate tree biomass at the reference site (Mref), the allometric equations (AEs)
reported by [30] were used. These equations, specific to the above- and below-ground
biomass of R. racemosa, were developed from trees extracted in West Africa. Since no suitable
AEs were available for the structural characteristics of the restored site (Mres), regression
models were generated using empirical data from R. racemosa individuals collected on site
and oven-dried at 60 ◦C in a Thermo Scientific convection oven until reaching a constant
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dry weight, as recommended by [26,31]. This method relates dry aboveground biomass
(AGB; leaves, branches, and stems) and belowground biomass (BGB; roots) to tree height.

For the invasive species, total dry biomass (DB) of P. vaginatum was collected, includ-
ing above- and belowground biomass [32], in three 1.00 m2 quadrats placed within the
invaded area (Mdeg) (Figure A2). All collected biomass was processed using the same
equipment and procedures as the tree biomass, with components separated into above-
and belowground fractions.

Total biomass of each aboveground (AGB) and belowground (BGB) component was
calculated in Mg DB ha−1. Conversion factors were then applied to estimate carbon
content per component in Mg C ha−1. These conversion factors, specific to above- and
belowground biomass, were based on the recommendations of [26]. Conversion factors
were derived from average C concentrations in tissue samples by species. Three 10.00 g
samples (replicates) were taken from each of the following tissues of R. racemosa and P.
vaginatum: roots, branches, leaves, and stems.

Each sample was labelled by species and then pulverized by mechanical grinding
using a TissueLyser II (Qiagen GmbH, Hilden, Germany) to homogenize particle size and
improve analytical precision. From each subsample, 5.0 mg was weighed into tin capsules
using a high-precision microbalance (Mettler Toledo XP6; standard deviation: ±1 µg).
Capsules were analyzed using a Flash 2000 elemental analyzer (Thermo Fisher Sci. Inc.,
Waltham, MA, USA), calibrated with certified reference materials, to determine total carbon
and nitrogen concentrations.

2.5. Soil Properties and Organic Carbon Content

Three soil cores were extracted at each site using paired PVC tubes: one cylindrical
(6.5 cm diameter) and a semicylindrical insert placed inside it. Each core was sectioned
into depth intervals of 0–15 cm, 15–30 cm, and 30–50 cm, following protocols for the
measurement, monitoring, and reporting of structure, biomass, and carbon stocks in
mangrove forests [26].

Sampling was standardized to a depth of –50 cm, since in some areas (such as Mdeg),
high soil compaction prevented deeper extraction.

Samples from each interval were oven-dried at 60 ◦C until reaching constant weight,
as recommended in [26]. The dry weight of each sample was recorded to calculate bulk
density. Afterwards, samples were manually homogenized, and a 10.00 g subsample per
interval was sent to a laboratory in Mexico for mechanical grinding, using the equipment
TissuLyser II (Qiagen GmbH, Hilden, Germany).

Following grinding, 5.0 mg of each subsample was weighed into silver capsules using
a Mettler Toledo XP6 microbalance. An acidification step with 6.15 M hydrochloric acid
was performed to eliminate inorganic carbon. Soil organic carbon content in percentage
(SOC, %) was then quantified via dry combustion using a Flash 2000 elemental analyzer
(Thermo Fisher Scientific Inc., Waltham, MA, USA), calibrated with certified reference ma-
terials (Methionine y Sulfanilamide; Thermo Fisher Scientific Inc.), at the Coastal Wetlands
Laboratory of the EPOMEX Institute in Mexico 195 [33]. The elemental analyzer operated
with a pre-packed quartz oxidation reactor at 950 ◦C. High-purity helium was used as
the carrier gas at a flow rate of 140 mL min−1, while high-purity oxygen was injected at
250 mL min−1. Separation of the combustion gases was performed using a CHNS/NCS
multi-separation PTFE column (6 mm × 5 mm × 2 m), and detection was carried out with
a thermal conductivity detector (TCD).

Total soil organic carbon content (SOC, Mg C ha−1) for each depth layer was calculated
using the following formula [26]:

SOC (Mg C ha−1) = Bulk density (g cm−3) × SOC (%) × Depth (cm)
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Cumulative SOC to −50 cm was obtained by summing all interval values [19]. Bulk
density was calculated by dividing the dry weight by sample volume, with volume deter-
mined from core diameter and depth.

Separately, total soil nitrogen (Nt) was analyzed in untreated (non-acidified) soil
samples. An elemental analyzer was used to measure both C and N concentrations,
providing high precision for mangrove and coastal soils [34,35].

2.6. Total Ecosystem Carbon Stock and CO2 Equivalent Emissions

Total Ecosystem Carbon Stock (TECS) was estimated for each site by summing the
C stored in total biomass and in soil to a depth of −50 cm (expressed in Mg C ha−1). To
evaluate restoration potential for C storage recovery in mangroves, the TECS percentage in
the restored site was calculated relative to the reference (undisturbed) site.

The carbon dioxide equivalent (CO2e) removed by the reference and restored sites
was estimated by multiplying TECS by 3.67. This conversion factor reflects the molecular
weight ratio of CO2 to elemental carbon (44/12) and is widely used to quantify mangrove
ecosystems’ contribution to atmospheric carbon removal [26]. Potential net emissions
caused by mangrove degradation were estimated by subtracting the CO2e of the degraded
site from that of the reference site.

2.7. Soil Gas Fluxes

Soil gases were collected using static PVC cylindrical chambers (15 cm diameter, 77 cm
height) fitted with top valves. Only two chambers were installed per site, due to the high
cost of gas analysis. Each chamber was inserted −10 cm into the soil with the valve open to
equilibrate with the atmosphere. After 15 min, the valve was closed to start gas incubation.
The internal gas was mixed using a syringe, and 20 mL were extracted as the initial sample
(Ci). After two hours, a second sample was taken to measure the final concentration (Cf).

Samples were transferred from syringes into Tedlar® bags upon arrival at the lab and
immediately analyzed for CH4, N2O, and CO2 using a gas chromatograph coupled to a
mass spectrometer (Thermo Scientific, Waltham, Massachusetts, USA). The analysis was
performed using certified standards and manual injection with precision 1.0 mL syringes,
Luer Lock needles, and push-button valves (VICI).

Gas fluxes were calculated from the concentration difference between Ci and Cf,
chamber volume and surface area, following the method described by [36]. Only samples
in good condition during transport were included, collected during two campaigns in
November and February at each site.

2.8. Statistical Analysis

Principal Component Analysis and one-way ANOVA were used to evaluate the
influence of physical, physicochemical, and chemical properties of soil and water on carbon
capture in the mangroves, both in intact areas (Mref) and those invaded by P. vaginatum
(Mdeg). In addition, carbon losses between sites and subsequent recovery after restoration
(Mres) were assessed through one-way ANOVA, followed by post hoc Fisher’s LSD tests.
To assess differences in the physicochemical characteristics of porewater between Mref and
Mdeg, Student’s t-tests were applied. The same analysis was used to compare carbon (C)
and nitrogen (N) concentrations and the C/N ratio in plant tissue samples of R. racemosa
and P. vaginatum.

Regression analyses were used to build biomass estimation equations. All statistical
analyses were performed using Minitab® 19.1, with a significance level of α = 0.05.

Normality was verified using the Shapiro–Wilk test, and transformations were applied
where necessary.
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3. Results
3.1. Environmental Conditions of Pore Water Between the Reference and Degraded Sites

The conserved mangrove reference site exhibited significantly more reducing condi-
tions, with a redox potential of –342 ± 17 mV, compared to the degraded site invaded by P.
vaginatum (Mdeg), which showed more oxidizing conditions (–170 ± 48 mV; p < 0.0001).

Regarding other physicochemical parameters, the reference site (Mref) recorded values
of 19.6 ± 0.8 PSU, 0.13 ±0.05 mg NO3

− L−1, 0.19 ± 0.02 mg PO4
3− L−1, and 2313 ± 175 mg

SO4
2− L−1. In comparison, the degraded site (Mdeg) showed higher salinity and nitrate con-

centrations (21 ± 2.0 PSU, 0.30 ± 0.10 mg NO3
− L−1), but lower phosphate (0.15 ± 0.002 mg

PO4
3− L−1) and sulfate (1908 ± 218 mg SO4

2− L−1). However, differences in these chemical
parameters were not statistically significant; only the redox potential differed significantly
(Table 1).

Table 1. Statistical comparison of porewater physicochemical parameters between a conserved
mangrove site dominated by Rhizophora racemosa (reference) and a site invaded by Paspalum vaginatum
in Benin (West Africa), based on independent t-tests. NS = not significant; S = significant; df = degrees
of freedom.

Parameters df t-Value p-Value Significance

Redox potential (mV) 15 4.37 0.001 S
Salinity (PUS) 15 0.71 0.488 NS

Nitrate (mg NO3
− L−1) 15 1.44 0.171 NS

Phosphate (mg PO4
3− L−1) 15 1.31 0.210 NS

Sulfate (mg SO4
2− L−1) 15 1.35 0.197 NS

Principal Component Analysis (PCA) revealed that the first principal component (PC1)
explained 39% of the total variance, mainly associated with nitrate, phosphate, and redox
potential values (Table 2). The second component (PC2) accounted for an additional 25.8%,
related to salinity and sulfate concentration. The PCA biplot clearly separated the plots
from reference and degraded sites (Figure 2), with redox and nitrate vectors positively
aligned with plots from the degraded, P. vaginatum-dominated site. This indicates that P.
vaginatum invasion was associated with less reducing soil conditions and increased nitrogen
availability compared to the reference mangrove site.

Table 2. Principal component analysis (PCA) of physical and chemical parameters of porewater in a
conserved Rhizophora racemosa mangrove site (reference) and a site displaced by Paspalum vaginatum
invasion in Benin (West Africa). PC1: Principal Component 1; PC2: Principal Component 2.

Variables CP1 (39.0%) CP2 (25.8%)

Redox potential (mV) 0.505 0.258
Salinity (PUS) 0.296 −0.632

Nitrate (mg NO3
− L−1) 0.579 0.254

Phosphate (mg PO4
3− L−1) −0.540 −0.051

Sulfate (mg SO4
2− L−1) 0.173 −0.683

3.2. Biomass Carbon Associated with Invasion and Mangrove Restoration

Total biomass carbon stock was 22 ± 2.8 Mg C ha−1 in Mref, and 3.6 ± 0.5 Mg C
ha−1 at invaded sites, a reduction of 83% compared to the reference (Table 3). Following
restoration, total biomass carbon storage reached 1.7 ± 1.0 Mg C ha−1, equivalent to
7.8% of the reference site total. At all sites, most of the biomass carbon was stored in the
aboveground component, particularly at Mres (83.5%).
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Figure 2. Biplot of the principal component analysis (PCA) based on physicochemical parameters
of pore water in a Rhizophora racemosa mangrove (reference site) and a site invaded by Paspalum
vaginatum in Benin (West Africa). Red and green points represent plots from each site, while blue
vectors indicate the direction and contribution of the physicochemical variables.

Table 3. Forest structure and above- and belowground biomass in three mangrove sites in Benin (West
Africa): a conserved Rhizophora racemosa mangrove (Mref), a site invaded by Paspalum vaginatum (Mdeg),
and a site four years after restoration actions were implemented (Mres). N.d. = Not determined.

Sitio Height (m) Density
(Ind. ha−1)

Aboveground
Biomass

(Mg C ha−1)

Belowground
Biomass

(Mg C ha−1)

Total Biomass
(Mg C ha−1)

Mref 5.3 ± 1.2 a 650 ± 71 15 ± 1.8 a 7.3 ± 1.0 a 22 ± 2.8 a
Mdeg 1.1 ± 0.3 c N.d 2.3 ± 0.3 c 1.4 ± 0.3 c 3.6 ± 0.5 c
Mres 1.25 ± 0.08 b 1045 ± 445 1.4 ± 0.2 b 0.30 ± 0.02 b 1.7 ± 1.0 b

Different lowercase letters mean the values are significantly different at p ≤ 0.05, based on the post hoc test.

Two regression equations were generated to estimate above- and belowground
biomass, with tree height serving as the best predictor. Both models showed high co-
efficients of determination (R2 = 0.86 and R2 = 0.91, respectively; Figure 3). The high values
of R2 indicated that these equations could be used with high confidence to estimate the
biomass in this research, based on R. racemosa specimens ranging from 0.48 to 2.20 m in
height, including individuals from Mres (Table 3).

Species-specific biomass-to-C conversion factors were derived using average C con-
centrations in stems (AGB) and roots (BGB). R. racemosa exhibited higher C concentrations
in all tissues (Table 4): leaves (45.6%), stems (45.0%), and roots (38.0%). In contrast, P.
vaginatum had lower C concentrations, particularly in roots (23.0%).
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Figure 3. Regression equations developed for estimating (a) aboveground and (b) belowground
biomass in hydrologically rehabilitated and reforested sites with Rhizophora racemosa in Benin
(West Africa).

Table 4. Carbon (C) and nitrogen (N) concentrations and C/N ratio in plant tissues (leaves, stems,
and roots) of juvenile Rhizophora racemosa from the restored site and Paspalum vaginatum from the
degraded site in Benin (West Africa).

Species Component N (%) C (%) C/N Ratio

Rhizophora
racemosa

Root 0.37 ± 0.05 38 ± 1.4 101 ± 26
Leaves 1.61 ± 0.01 45.64 ± 0.03 28 ± 3.1
Stem 0.33 ± 0.02 45 ± 1.3 140 ± 10

Paspalum
vaginatum

Root 0.40 ± 0.08 23 ± 6.7 54 ± 7.0
Leave 0.61 ± 0.04 39 ± 2.8 64 ± 5.0
Stem 0.47 ± 0.04 25.8 ± 1.2 55.9 ± 7.5

Nitrogen concentrations in R. racemosa leaves (1.6%) were higher than those in P.
vaginatum (0.61%), whereas R. racemosa stems and roots had lower N concentrations (0.33%
and 0.37%) than P. vaginatum (0.47% y 0.40%). The C/N ratio was significantly higher in R.
racemosa stems (140) and roots (101); both species’ leaves had lower ratios, but R. racemosa
maintained a lower C/N (28) compared to P. vaginatum (64). According to the Student’s
t-tests, N concentrations differed significantly between R. racemosa and P. vaginatum in
leaves and stems, but not in roots. Additionally, carbon concentrations and C/N ratios
showed significant differences between the two species across all tissues (roots, stems, and
leaves) (Table 4; Appendix B Table A1).

3.3. Soil Properties Following Paspalum vaginatum Invasion and Mangrove Restoration

Mean soil bulk density in Mref was 0.48 ± 0.05 g cm−3; the degraded site had signifi-
cantly higher compaction, with an average of 1.19 ± 0.02 g cm−3. Bulk density decreased
following restoration in all soil layers, most notably in the upper 0–15 cm, which dropped
to 0.25 ± 0.03 g cm−3 (Figure 4)

All soil physicochemical variables showed significant differences across sites and
depths according to two-way ANOVA (Table 5). Soil organic carbon (SOC) and C/N ratios
at Mres remained significantly lower than at Mref at all depths (post hoc analysis; Figure 4).
C/N ratios were highest in the 0–15 cm layer at Mref (18 ± 1.5), compared to the invaded
site (9.6 ± 0.8), paralleling SOC differences that declined from 61.3 ± 0.6 to 12.0 ± 0.9 Mg
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C ha−1. Following restoration, C/N ratio increased modestly in deeper layers (15–30 cm
and 30–50 cm) at Mres (Figure 4).

Figure 4. Behavior of soil physical and chemical parameters at a Rhizophora racemosa reference
mangrove site, a site invaded by Paspalum vaginatum, and a third site four years after restoration
aimed at controlling the invasion in Benin (West Africa). Bars represent the mean values, and lines
above each bar indicate the standard error of the mean. Different capital letters denote significant
differences between sites according to a post hoc analysis. C/N = Carbon-to-nitrogen ratio; SOC = Soil
organic carbon.

Table 5. Two-way ANOVA of soil physical and chemical parameters across three mangrove conditions:
a reference Rhizophora racemosa site, a site degraded by Paspalum vaginatum invasion, and a site four
years after restoration actions. SOC = Soil organic carbon; C/N = Carbon-to-nitrogen ratio; NS = Not
significant; S = Significant.

Variable Factor df F-Value p-Value Significance

Bulk density
(g cm−3)

Site (A) 19 50.56 <0.0001 S
Depth (B) 19 7.92 0.003 S

Interaction AxB 19 0.56 0.697 NS

C/N ratio
Site (A) 19 16.43 <0.0001 S

Depth (B) 19 3.78 0.041 S
Interaction AxB 19 0.90 0.486 NS

SOC (Mg C ha−1)
Site (A) 19 47.10 <0.000 S

Depth (B) 19 4.30 0.029 S
Interaction AxB 19 1.79 0.172 NS

3.4. Total Carbon Stock and CO2 Equivalent Emissions After Invasion and Restoration

The total carbon stock at the reference mangrove site (Mref) was 157 ± 116.0 Mg
C ha−1, with soil contributing on average 86.1% of total ecosystem carbon compared to
vegetation biomass (Figure 5). At the degraded site (Mdeg), total carbon stock was 79.7%
lower than at Mref (F2,6 = 74.25; p < 0.0001). SOC dropped from 136 ± 17.0 Mg C ha−1 at
Mref to 28 ± 3.7 Mg C ha−1 at Mdeg, i.e., a 79.7% decrease.

Four years post-restoration, there were no statistically significant gains in total ecosys-
tem carbon stock (20 ± 2.7 Mg C ha−1; Figure 5).

The reference site’s total carbon stock corresponded to approximately 578 Mg
CO2e ha−1; at the degraded and restored sites, stocks were estimated at 114 and 73.7 Mg
CO2e ha−1, respectively. These values suggest a net emission of 463 Mg CO2e ha−1 at-
tributable to degradation by P. vaginatum.
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Figure 5. Total ecosystem carbon stock at three mangrove sites in Benin (West Africa). The following
are compared: (i) a monospecific R. racemosa mangrove used as reference; (ii) a mangrove degraded
by the invasion of Paspalum vaginatum; and (iii) a mangrove restored four years after implementing
invasion control actions. Bars represent the mean carbon stock value, and lines above each bar indicate
the standard error of the mean. Different capital letters denote significant differences between sites
according to a post hoc analysis. AGB: Aboveground Biomass. BGB: Belowground Biomass. SOC:
Soil Organic Carbon.

3.5. Changes in Soil Gas Fluxes Following Mangrove Restoration

CO2 was the primary soil-emitted greenhouse gas across all study sites, while CH4 and
N2O emissions were undetectable. Mean CO2 fluxes were 0.6 ± 0.1 g CO2 m−2 day−1 for
Mref and 0.5 ± 0.2 g CO2 m−2 day−1 for Mdeg. In the restored site (Mres), CO2 emissions
decreased by 60% to 0.3 ± 0.2 g CO2 m−2 day−1 (Figure 6); however, differences between
sites were not statistically significant.

Figure 6. Soil carbon dioxide (CO2) flux in a R. racemosa reference mangrove site, a site invaded by
Paspalum vaginatum, and a third site four years after restoration aimed at controlling the invasion
in Benin (West Africa). Bars represent mean CO2 flux values, and lines above each bar indicate
the standard error of the mean. Different capital letters denote significant differences between sites
according to a post hoc analysis.
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4. Discussion
4.1. Impact of Paspalum vaginatum Invasion on Carbon Storage in Mangroves

The invasion of P. vaginatum poses a growing threat to the ecological integrity of
mangroves in several countries [37]. This species exhibits high phenotypic plasticity and
several traits that facilitate its spread, including vegetative reproduction via rhizomes and
stolons, and high foliar productivity [38]. In this study, we observed how P. vaginatum
formed dense monospecific stands in areas formerly occupied by mangroves. These dense
patches reduced light availability and inhibited the natural regeneration of endemic species
by altering local environmental conditions at the invaded Benin site (Figures A1 and A2).

In addition, P. vaginatum displayed higher N concentrations in its roots and stems
compared to R. racemosa. This may reflect a functional investment in protein and enzyme
synthesis (e.g., proline) as part of its response to water stress and salinity tolerance [39].

Principal component analysis (PCA) suggested that the invaded site had higher concen-
trations of nitrates in porewater (Figure 2), although this correlation should be interpreted
cautiously and not taken as evidence of a direct causal link. Nonetheless, coastal ecosys-
tems are particularly vulnerable to N-driven eutrophication from agricultural runoff, urban
discharge, and household effluents [40].

Conversion of mangroves to grasslands dominated by P. vaginatum significantly re-
duced total carbon stocks. The estimated C loss (equivalent to 463 Mg CO2 ha−1) represents
a serious compromise to the role of mangroves as strategic C sinks, with implications for
climate change mitigation [14]. Similar losses have been documented in southern Mexico,
where mangroves converted to livestock pastures also showed drastic reductions in C
stocks [32]. By contrast, other invasive grasses such as Spartina alterniflora may increase soil
organic carbon (SOC) storage [41]. Still, these invasions disrupt other critical mangrove
functions, such as providing habitat for migratory species, particularly birds [42]. Therefore,
mangroves invaded by non-native species should be prioritized for invasive species control
and ecological restoration, given the high functional risks they face [10,43].

4.2. Soil Effects of Paspalum vaginatum Invasion and Carbon Loss

At the degraded site in Benin, soils were the most affected C pool, with an observed
79% reduction in SOC (Figure 5). This decline may be explained by two complementary
processes: (1) lower C accumulation due to the reduced biomass of P. vaginatum compared
to R. racemosa, leading to lower organic residue input; and (2) a lower C/N ratio in both the
soil and roots of P. vaginatum compared to R. racemosa (Table 4; Figures 4 and 5).

A low C/N ratio in organic residues typically indicates more labile material with
fewer recalcitrant compounds like lignin or cellulose, making it more susceptible to min-
eralization [44,45]. Labile organic residues that reach the soil are more susceptible to
decomposition in nutrient enrichment scenarios [46].

The input of nutrients, especially N and P, can alter the composition of soil microbial
communities and lead to a 23% reduction in SOC [47]. These findings are particularly rele-
vant in the context of mangroves invaded by P. vaginatum, where the results of this research
suggest a trend toward higher nitrate concentrations in porewater (see Section 4.1). This
quantitative observation underscores the urgency of directly measuring the contribution of
nitrate enrichment to SOC depletion under grass invasion.
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Additionally, P. vaginatum invasion increased soil bulk density at the degraded site
(Mdeg), indicating compaction (Figure 4; Table 5). Compacted soils retain less moisture,
due to reduced permeability, a pattern also documented in wetlands invaded by the grass
Echinochloa pyramidalis [48].

At Mdeg, compaction combined with sediment accumulation in natural channels
contributed to hydrological disconnection, limiting tidal flow and creating drier, better-
oxygenated conditions [16]. These aerobic conditions increase the likelihood of organic
residue decomposition and mineralization, accelerating SOC loss and enhancing CO2

emissions [49,50].
Mangrove fragmentation also disrupts hydrological and nutrient flows to adjacent

ecosystems [29], thereby affecting seagrass beds and coral reefs, and potentially undermin-
ing food security for local fishing communities [51]. These functional interdependencies
bolster the case for prioritizing mangrove conservation and restoration.

4.3. Carbon Recovery Following Mangrove Restoration

In recent studies, it has been reported that carbon stocks in biomass reach recovery
levels of 71–73% of intact stands approximately 20 years after planting [52]. Four years
after implementing restoration measures (hydrological rehabilitation and R. racemosa refor-
estation), 7.8% of C stored in aboveground and belowground biomass (1.7 Mg C ha−1) was
recovered relative to the reference site in Benin (Table 3). Although this value remains low,
it represents a key initial phase in ecological restoration. This result, together with the high
degree of natural regeneration of R. racemosa, validates the effectiveness of the techniques
applied to control the invasion of P. vaginatum. In addition, the recovered mangrove veg-
etation reached an average height of 1.25 m in four years (Table 3; Appendix A) and the
biomass C stock exceeded that reported for 7–10-year-old Rhizophora spp. plantations in
Senegal (1.05 Mg C ha−1), in a region located northeast of Benin [53]. Hydrological rehabili-
tation was essential for the high survival and growth rates of R. racemosa seedlings in Benin,
improving key parameters such as salinity and redox potential within 24 months of the
restoration [16]. These environmental factors are critical for mangrove establishment and
productivity, influencing photosynthesis, nutrient uptake, and primary production [54,55].

SOC did not increase significantly within four years (a result consistent with the slow
dynamics of SOC and its positive correlation with forest age) [56]. This finding is consistent
with other studies showing that, even after five years, no substantial changes were observed
in SOC stocks in reforested mangroves [52]; such studies indicated that, in early stages,
planting mainly prevents further SOC losses resulting from prior land-use changes, rather
than immediately increasing SOC [52]. In this research, a post hoc analysis confirmed that
there were no significant differences in SOC content between pre- and post-restoration
conditions at any of the depths evaluated (Figure 4).

However, an increase in the C/N ratio in deeper soil layers (15–30 and 30–50 cm)
suggests the gradual replacement of P. vaginatum-derived residues with more recalcitrant
inputs from R. racemosa roots (Table 4; Figure 4). Recent studies have shown that man-
grove reforestation promotes the accumulation of SOC by providing residues or organic
compounds that are intrinsically resistant to decomposition, derived from root growth,
exudate production, leaf litter, and increased microbial biomass. These organic residues
are usually composed of macromolecules with high aromaticity and abundant phenolic
groups, which contribute to their persistence in the soil [57]. Moreover, soil CO2 emissions
dropped by 60% at the restored site compared to the degraded site (Figure 6). While
this reduction was not statistically significant in the early stages of restoration, the trend
aligns with other studies reporting reduced emissions following hydrological restoration
in mangroves [58]. This decrease likely reflects greater soil water saturation and reduced
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exposure to the atmosphere due to restored tidal flows via artificial channel excavation and
natural channel dredging (Figure 1). Such conditions suppress aerobic microbial activity,
slowing the organic residue decomposition and potentially enhancing C retention, key for
generating carbon credits. Long-term and more frequent monitoring will be necessary to
confirm these outcomes.

5. Conclusions
This study demonstrates that P. vaginatum invasion poses a significant threat to carbon

storage in mangroves, by compacting soils, reducing recalcitrant SOM, and limiting en-
demic species growth. Four years after hydrological rehabilitation and reforestation with R.
racemosa, the first signs of ecosystem recovery were evident through the initial accumulation
of carbon in the aboveground and belowground biomass of this native mangrove species,
increasing the C/N ratios in the deeper soil layers, and reducing soil CO2 emissions.

These findings underscore the value of invasive species control and hydrological
restoration to mitigate carbon losses. We recommend long-term monitoring (beyond
five years), including isotopic and metagenomic analyses, to better assess the SOM and
microbial processes involved in carbon stabilization. These approaches will improve our
understanding of ecological recovery and help optimize nature-based restoration strategies
for climate resilience.
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Appendix A

Figure A1. Frontal view of the study sites in the Republic of Benin (West Africa), showing: the
reference mangrove dominated by Rhizophora racemosa; the site degraded by Paspalum vaginatum
grass invasion; and the restored site with reforested R. racemosa vegetation.
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Figure A2. Biomass collection of Paspalum vaginatum in the degraded mangrove site prior to restora-
tion actions (Benin, West Africa).

Appendix B

Table A1. Statistical comparison of carbon (C) and nitrogen (N) concentrations and C/N ratio in
plant tissues of juvenile Rhizophora racemosa from the restored site and Paspalum vaginatum from
the degraded site in Benin (West Africa), based on independent t-tests. NS = not significant; S =
significant; df = degrees of freedom.

Component Parameters df t-Value p-Value Significance

Roots
N (%) 0.53 0.624 NS
C (%) 4 4.24 0.013 S

C/N ratio 4.55 0.010 S

Leaves
N (%)

4
36.93 <0.0001 S

C (%) 3.83 0.019 S
C/N ratio 9.86 0.001 S

Stems
N (%)

4
3.22 0.032 S

C (%) 13.21 <0.0001 S
C/N ratio 8.87 0.001 S
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