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Tracking the long-term vegetation and soil
characteristics of restored mangroves: a case
study from Guyana’s coast
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The global urgency to halt and reverse mangrove loss has led to the implementation of numerous initiatives to protect and
restore mangroves and recover critical ecological functions and services. Restoration success is assessed by estimating
mangrove survival, while diversity, vegetation structure, and soil characteristics are often overlooked with no long-term
monitoring. Here, we investigated long-term changes in vegetation and soil characteristics of Avicennia germinans-dominated
stands planted along Guyana’s coast between 5 and 11 years old. A chronosequence approach was used to examine changes in
vegetation and soil parameters in restored mangrove stands of different ages compared to natural stands of the same ages. Tree
height, diameter, and aboveground biomass were inconsistent between restored and natural mangrove stands. Redundancy
analysis (RDA) revealed that the soil properties were the important factors influencing both the restored and natural mangrove
communities. There were no clear trajectories between the vegetation and soil characteristics with age, possibly due to
site-specific and hydrodynamic environmental factors, such as tidal dynamics, riverine inputs, and climatic variations.
While there were some equivalent vegetation and soil characteristics at the end of the first decade after restoration, the restored
mangroves may require a longer timespan (approximately 25 years) than the period overserved in our study to be entirely
identical to the natural mangroves. This case study from Guyana provides valuable insights into the ecological processes
driving mangrove recovery dynamics, growth patterns, and restoration effectiveness and offers reliable data needed to inform
future restoration projects.
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Liu & Ma 2024). Ecological restoration aims to restore the
integrity of ecological systems by enhancing ecosystem
health, biodiversity, and ecosystem services while promoting
sustainable interactions between humans and the environ-
ment (SER 2004). Many mangrove restoration goals and
ambitious pledges have been made in line with the 2021-2030
United Nations Decade on Ecosystem Restoration (UNDER),
a global campaign enacted to halt this destruction and accel-
erate global restoration efforts (Waltham et al. 2020).

Implications for Practice

e Examining vegetative and soil characteristics allows
restoration practitioners to evaluate how restored areas
recover over time.

e Restored mangroves can achieve similar vegetation and soil
characteristics to natural mangroves but may require longer
timescales than natural mangroves of the same age.

e Understanding restored mangrove growth patterns can
significantly improve the design and success of future res-
toration projects.
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Introduction

Due to widespread mangrove degradation and increased
awareness of harmful environmental and societal concerns,
mangrove restoration is now highly prioritized by conservation
organizations and Governments (Duncan et al. 2016; Ilman
et al. 2016; Worthington & Spalding 2018). This has led to
the implementation of many restoration projects to reestablish
degraded mangrove ecosystem services and recover biodiversity
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(Bosire et al. 2006; Datta & Deb 2012; Worthington & Spald-
ing 2018). Ecological restoration of degraded mangroves is a
commonly used method for recovering coastal wetlands and
associated ecosystem services (Lewis 2005; Ellison et al. 2020;
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Restored mangrove characteristics

The Global Mangrove Alliance has also set an ambitious goal to
restore half (4092 km?) of the total restorable mangroves
(8183 km?) by 2030 (Leal & Spalding 2022). However,
increasing investment in restoration requires evidence of the
effectiveness of past restoration projects (Suding 201 1; Ntshotsho
et al. 2015; Friberg et al. 2016).

Mangrove restoration is usually conducted along coastal fringes,
which are characterized by low nutrient availability as well as many
stresses, including inundation, high salinity water, erosion, wind,
sand, waves, and storms (Primavera & Esteban 2008; Samson &
Rollon 2008; Kamali & Hashim 2011). The concentrations of
organic carbon (OC), macronutrients, nitrogen, and available phos-
phorus and microbial enzymes’ activity are essential factors
influencing the growth and development of mangrove forests
(Reef et al. 2010; Chowdhury et al. 2019a, 2019b; Alongi 2021).
Although there is an understanding of the relationship between
vegetation and soil in natural mangrove forest areas (Gleason
et al. 2003; Salmo et al. 2013; Peters et al. 2020; Ahmed et al.
2023), studies examining if the same relationship exists between
growth in restored mangrove forests and soil characteristics remain
limited (Salmo et al. 2013). Changes in soil conditions, such as
salinity or sediment composition alterations, can impact the health
and resilience of mangrove ecosystems (Salmo et al. 2013;
Chowdhury et al. 20194, 2019b; Ahmed et al. 2022). Effective
conservation and restoration strategies must consider the intricate
relationship between mangrove plants and the soil environment
(Ellison 2000; Holguin et al. 2001; Salmo et al. 2013).

Some researchers suggest that restored mangroves might
achieve biomass, stand structure, and productivity levels of nat-
ural forests in 20-55 years after restoration (Salmo et al. 2013;
Osland et al. 2020; Azman et al. 2021). The supporting empiri-
cal data for such assertions, however, remain limited. A critical
factor in determining the success of mangrove planting initia-
tives is the rate and time for restored stands to achieve similar
forest structure, biomass, and soil characteristics of natural man-
groves (Ellison 2000; Salmo et al. 2013; Lewis et al. 2019).

Despite the surge of mangrove restoration projects, long-term
monitoring to assess the successful or unsuccessful outcomes of
these programs is rarely conducted (Ellison 2000; Biswas
et al. 2009; Worthington & Spalding 2018). Evaluating the suc-
cess of restoration projects is extremely challenging since using
one metric over another can result in different outcomes (Block
et al. 2001; Suding 2011; Baldera et al. 2018). This has impor-
tant consequences for management decisions, stakeholder
actions, and decision-makers regarding restoration projects. In
the marine environment, most studies focus on rudimentary per-
formance metrics, such as the survival rate of the individuals
restored (Baggett et al. 2015; Bayraktarov et al. 2016; Cadier
et al. 2020). Monitoring seedling survival rate is a short-term
approach to assessing restoration success as it indicates planting
method success, not ecosystem recovery (Hagen & Evju 2013;
Wortley et al. 2013; Méndez-Toribio et al. 2021). Therefore,
long-term monitoring of the restored mangrove growth trajecto-
ries and ecosystem functions, such as nutrient availability and
cycling, are better ecological indicators of restoration success.

Limited evidence demonstrates how closely restored areas
mimic naturally regenerated mangroves’ growth rate and structure

(Duke et al. 2007; Ram et al. 2021; Su et al. 2021). The influence of
mangrove age on structure and function has been disregarded and
poorly described (Azman et al. 2021). Soil physiochemical charac-
teristics and nutrient status have also been overlooked, even though
they are important indicators of mangrove growth and develop-
ment (Barnuevo & Asaeda 2018). Though these details are crucial
to advance our understanding of how mangrove forests change
over time by monitoring vegetation structure, tree diversity, and
biomass of different stand ages, this long-term monitoring is absent
from many restoration programs, for example, the Guyana
Mangrove Restoration Program (GMRP) (Azman et al. 2021).

In Guyana, there has been no long-term assessment of restored
mangrove areas, even though the country has been funding this
work since 2010, spending approximately 4,469,878 USD on res-
toration projects (Global Climate Change Alliance Plus (GCCA
+) 2018). Monitoring has been short-term and focused on a few
parameters, including site elevation, sediment salinity, seedling
height, diameter, percent cover, and photos from permanent
points (NAREI 2014). Most of the mangrove monitoring activi-
ties have been restricted to the planted areas with no comparison
to reference sites, and there has been no attempt to evaluate the
long-term success of these replanted sites. Furthermore, most
studies that have compared results to replanted forest patches,
do not provide an estimate of recovery over time (Salmo
et al. 2013; Azman et al. 2021, 2023). Therefore, the degree of
mangrove forest structure change with stand age remains unclear
post-restoration.

Here, we assessed the forest structure and soil characteristics
of restored mangroves of different ages (restored system) to esti-
mate the time over which planted mangroves approach similar
characteristics to that of natural mangrove forests (reference sys-
tem) in Guyana. Evaluating the changes in restored mangrove
vegetation and soil over time provides a better understanding
of mangrove restoration evolution and serves as possible indica-
tor parameters for evaluating the progress or success of man-
grove restoration programs. Understanding the time required
for restored mangroves to attain comparable structure and bio-
mass as natural mangroves is useful for managers responsible
for approving, funding, and designing mangrove restoration
projects and achieving multiple ecosystem service outcomes.

Methods

Study Area

This study was conducted along Guyana’s Atlantic coast,
which forms a part of the North Brazil Shelf. The country
has a tropical climate dominated by north-easterly trade
winds with periods between 8 and 10 seconds and heights
between 1 and 1.7 m (Winterwerp et al. 2020). Approxi-
mately 90% of Guyana’s population lives along its low
coastal plain, concentrated between the Essequibo and
Berbice Rivers (Government of Guyana 2012). Earthen dams
and concrete seawalls have been engineered along most of the
coast to protect this area from storm surges and rising sea
levels (Winterwerp et al. 2020).
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Restored mangrove characteristics

Guyana’s coast forms part of a 1600 km-long muddy coastal
system dominated by massive mud banks that migrate from the
mouth of the Amazon River to that of the Orinoco (Venezuela)
within a unique geological system (Anthony et al. 2010).
The morphodynamics of Guyana’s coast hinges on pulses
of mud abundance or relative scarcity embedded in multi-
year cycles of mud bank activity and inter-bank phases
(Anthony et al. 2010). Over time, the rhythmic nature of
these alternating phases leads to rapid shoreline accretion,
erosion, and major ecological changes involving the devel-
opment and destruction of mangrove forests (Anthony
et al. 2014). Guyana’s coastal system is characterized by a
semi-diurnal tide with a 1-3 m range at neap and spring tide,
respectively (Anthony et al. 2014). The coastal fringe of
Guyana has a mangrove forest community dominated by
Black mangroves (Avicennia germinans), Red mangroves
(Rhizophora mangle), White mangroves (Laguncularia racemosa),
and Buttonwood (Conocarpus erecta) (Toorman et al. 2018;
Ram et al. 2021).

In 2010, Guyana’s government initiated the GMRP with
funding from the European Union under the (GCCA+ 2018)
scheme (Landell Mills Limited 2013). GMRP was implemented
to increase mangrove forest cover, reestablish ecosystem ser-
vices, increase coastal protection, and provide sustainable liveli-
hood opportunities for coastal communities while mitigating
climate change (Landell Mills Limited 2013). The GMRP was
vital to protect the country’s coast, which is 1-3 m below sea
level at high tide. That project planted over 500,000 mangrove
A. germinans seedlings at 19 locations along 8 km of
Guyana’s coast. A total of 17 areas were replanted between
2010 and 2013 under the European Union funding scheme,
which ended in 2014. NAREI continues to advance active and
passive mangrove restoration in Guyana. The survival rates
were low initially, leading to a revision of the method used for
restoration and greater success (Fig. 1) (Landell Mills
Limited 2013).

Study Design

This study employed a chronosequence design of the current
restored mangroves in Guyana of different ages, creating a
space-for-time (SFT) chronosequence of restored mangrove
vegetation and soil trajectories. The restored site (restored
system) data were compared to natural mangroves (reference
system). The SFT substitution approach infers temporal
trends of diverse stand ages to create trajectory patterns for
the restored ecosystem (Pickett 1989). The type of distur-
bance, initial colonization conditions, the longevity of pio-
neer species, the establishment of dominant species, and
random processes can affect the temporal relationship
between young and old sites, and nullify the prospects of
using chronosequence here (Walker & del Moral 2003; Boyes
et al. 2011; Chazdon 2017). As such, restoration programs
using the chronosequence method may incorrectly infer the
processes that cause vegetation change and imperial restora-
tion efforts (Walker & del Moral 2003). In this study, those
limitations were overcome by selecting sites of dissimilar

ages, convergent successional trajectories, rapid species turn-
over, and low disturbance frequency.

Determination of Stand Age

In this study, 10 sites were selected via a stratified random
approach, made up of five natural and restored mangrove forests.
Natural mangroves are mangrove forests that have naturally
colonized migrating mudflats or recolonized disturbed areas, while
restored stands are monocultures of Black mangroves
(A. germinans) planted between 2010 and 2018. Restored mangrove
sample plots were classified into five different stand ages based on
the date of planting: 5, 6, 9, 10, and 11 years old. Natural mangrove
sites were determined after extensive consultation with local com-
munities from three administrative regions (Regions 2, 4, and 5) in
Guyana to accurately select sites of the same ages as the restored
mangroves. These sites were verified using satellite imagery to esti-
mate the natural growth of mangrove forests from 5, 6, 9, 10, to
11 years ago.

Plant Measurements

Field data were collected between September to November
2022. Permanent circular plots (radius = 10 m) were estab-
lished via stratified sampling with varying distances from the
shoreline (n = 3 per site) (Kauffman & Donato 2012). For each
plot, tree species, diameter at breast height (DBH) at 1.37 m
height, or above the highest prop root for Rhizophora spp. and
height (>1.37 m) were measured (Kauffman & Donato 2012).
Following the classification of Kauffman and Donato (2012),
trees (>5 cm DBH) were measured in 10-m radius circular plots,
saplings (<5 to 1.5 cm DBH and height >1.36 m) in a smaller
3 m circular subplot nested within the larger 10-m plot and seed-
lings (<1.5 cm DBH) were also measured within a 2 m radius
subplot. The tree height was determined using a Nikon Forestry
Pro II Laser Rangefinder. The most important species were
determined using the importance value index (IVI), which was
calculated by adding the relative density, relative dominance,
and relative frequency equation. The aboveground biomass
(AGB) of all trees was calculated using species-specific allome-
tric equations: A. germinans (B = 0.14D2.4), L. racemosa
(B =1.03.3D2.5), and R. mangle (B = 0.1282D2.6) (Fromard
et al. 1998).

Soil Analysis

Triplicate soil samples were collected in each plot at low tide for
physicochemical and nutrient analysis. Samples were collected
from the core at 0-10, 10-20, 20-30, 30-40, and 40-50 cm
depth with a polyvinyl chloride soil corer. The soil salinity/
electrical conductivity (EC) were measured with a Fdit EC-
3185 Soil Tester Kit. The pH and temperature were measured
using an Aqua-pH Waterproof meter. Soil samples collected
were analyzed at the NAREI laboratory for total nitrogen
(N) and available phosphorus (P) contents using the Walkley
Black method (Walkley & Black 1934), the digestion method
(Sommers & Nelson, 1972), and the Bray method (Bray &

July 2024 Restoration Ecology

3of13

850807 SUOWWIOD 3Ae8.D (el (dde au Aq pausenob ae sajonme VO ‘8sn J0 Sa|nJ 1o} A%eiq)8uljuO A3|IA UO (SUORIPUOO-pUe-SWLIRIALI0O" A8 1M AReIq 1 BUI [UO//:SANY) SUORIPUOD pUe Sw | 8Y) 89S *[202/60/0T] Uo AreiqiTauluo Ae|im ‘Ariqi] ode Nl M0 81pp3a AQ OLTHT 984/TTTT OT/I0PAWO A8 | 1M Aeiq 1 |Bul|uo//Sdny Wouy pepeoumod ‘G ‘vZ0Z ‘X00T9ZST



Restored mangrove characteristics
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Figure 1. Location of study sites (blue circles are natural areas where mangrove forests have naturally colonized migrating mudflats or recolonized disturbed

areas and red diamonds are restored areas replanted by the GMRP-NAREI).

Kurtz, 1945), respectively. A GBC 9000 model flame atomic
absorption spectrophotometer was used to test the concentration
of magnesium (Mg), potassium (K), sodium (Na), copper (Cu),
manganese (Mn), iron (Fe), and zinc (Zn).

Statistical Analyses

Stand attributes were calculated as the mean and standard devi-
ation. Shapiro—Wilk tests with the base function of the Rstudio
shapiro.test was done to determine if our data was normally dis-
tributed. Even after the log 10 transformation, our vegetation
data did not follow a normal distribution, requiring nonparamet-
ric tests (p < 0.001). A Levene’s test was done using the levene.
test function in Rstudio to assess the equality of variance
between the restored and natural mangrove abundance and age
(p < 0.05). A Wilcoxon test using the function wilcox.test was
run in R Studio to compare the abundance between restored
and natural mangroves. A nonparametric Kruskal-Wallis was
used to examine the individual effects of age, treatment, and spe-
cies and their interactions on the height, diameter, and AGB var-
iables. The Kruskal-Wallis test with Dunn’s post hoc analysis
was done in RStudio using the kruskal.test and dunn.test func-
tions, and results were considered significant if the p-value
was less than an alpha level of 0.05. A general linear mixed
model (GLMM) with Poisson regression was used to investigate
the fixed and random factors impacting the mangrove species
abundance in the restored and natural mangroves. Abundance
was used as the response variable, while the “Age,” “Forest
Type,” “Species,” and “Location” were used as the predictors.
Different variable transformations, distributions, and links were
tested. Selection criteria for the GLMM included conditional

Akaike Infromation Criterion, log-likelihood scores, and over-
dispersion ratios. The model was built using the “glmm” pack-
age in RStudio (Knudson et al. 2018). Redundancy analysis
(RDA) was used to assess the relationship between mangrove
abundance and different soil parameters. The soil characteristics
were scaled using the Hellinger method and transformed to
Euclidean distances using the vegan package in RStudio
(Oksanen et al. 2022). The selection criteria of the tested RDA
models included their significance, the variance inflation factors
of the explicative variables, and the proportion of inertia
explained by each model. Significances of models, axes, and
terms were tested using Analysis of Variance based on 999 per-
mutations of residuals.

Results

Species Composition and Abundance

Three mangrove species (Avicennia germinans, Laguncularia
racemosa, and Rhizophora mangle) were recorded at the
restored and natural mangrove stands. Avicennia germinans
was the most dominant species at all stands, except the 5-year-
old restored stand where L. racemosa was more abundant. Avi-
cennia germinans and L. racemosa were 84.2 and 11.6% more
abundant in the restored mangroves than in the natural stands.
Rhizophora mangle had a 52.1% higher abundance in natural
mangroves than in restored mangroves. The restored stands
were 50.1% more abundant than the natural stands, but there
were no significant differences (p > 0.05) between the age and
abundance of restored and natural mangroves (Table 1). The
6-year-old restored and 6-year-old natural stands had the highest
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Restored mangrove characteristics

Table 1. Structural composition of restored and natural mangroves, where R5 (5 years old), R6 (6 years old), R9 (9 years old), R10 (10 years old), and
R11 (11 years old) are restored mangroves, and N5 (5 years old), N6 (6 years old), N9 (9 years old), N10 (10 years old), and N11 (11 years old) are

natural mangroves.

Mangrove Density Basal area Relative Relative Relative Importance
forest type Mangrove species (n/ha) (m’/ha) density (%) [frequency (%) dominance (%) value (IV)
R5 Avicennia germinans 28 10.98 20.74 0.21 0.46 31.93
Laguncularia racemosa 99 12.97 73.33 0.73 0.54 87.04
Rhizophora mangle 8 — 5.93 0.06 — —
R6 Avicennia germinans 355 90.19 96.99 0.97 0.87 188.15
Laguncularia racemosa 10 0.04 2.73 0.03 0.00 2.80
Rhizophora mangle 1 — 0.27 0.00 — —
R9 Avicennia germinans 63 27.25 82.89 0.83 0.96 110.97
Laguncularia racemosa 11 — 14.47 0.14 —
Rhizophora mangle 2 1.24 2.63 0.03 0.05 3.90
R10 Avicennia germinans 89 36.99 91.75 0.92 0.98 129.66
Laguncularia racemosa 2 0.62 2.06 0.02 0.02 2.71
Rhizophora mangle 6 — 6.19 0.06 — —
R11 Avicennia germinans 221 51.57 99.55 1.00 0.99 152.12
Laguncularia racemosa 1 0.57 0.45 0.00 0.01 1.02
N5 Avicennia germinans 26 43.58 78.79 0.79 0.89 123.16
Laguncularia racemosa 5 0.28 15.15 0.15 0.01 15.59
Rhizophora mangle 2 — 6.06 0.06 — —
N6 Avicennia germinans 82 55.32 97.56 1.00 1.00 153.88
N9 Avicennia germinans 41 18.73 42.71 0.43 0.61 61.86
Laguncularia racemosa 52 0.21 54.17 0.54 0.01 54.92
Rhizophora mangle 3 0.04 3.13 0.03 0.00 3.19
N10 Avicennia germinans 92 71.49 97.87 0.98 0.97 170.34
Laguncularia racemosa 2 1.87 2.13 0.02 0.03 4.02
N11 Avicennia germinans 66 26.77 50.38 0.50 0.64 77.66
Laguncularia racemosa 48 11.62 36.64 0.37 0.28 48.63
Rhizophora mangle 17 3.72 12.98 0.13 0.09 16.83

mangrove abundance (Table 1). The seedling abundance was
significantly (p <0.001) higher in the restored mangroves
(525 seedlings) compared to the natural mangroves (115 seed-
lings) (Table S1). The 6-year-old restored mangroves had the
highest seedling abundance (253 seedlings), followed by the
11-year-old (177 seedlings) and 5-year-old stands (47 seedlings)
(Table S1). The 9-year-old natural mangroves had the highest
seedlings abundance (65 seedlings), followed by the 10-year-
old (32 seedlings) and 5-year-old stands (11 seedlings)
(Table S1). The sapling abundance was not significantly greater
(p > 0.05) in the natural mangroves (100 saplings) compared to
the restored mangroves (70 saplings) (Table S1). The 11-year-
old natural mangroves had the highest sapling abundance
(n = 82), followed by the 9-year-old (n = 16) and 5-year-old
stands (n = 2) (Table S1).

GLMMs revealed that age influenced the restored man-
grove’s abundance (Est = —5.04; p > 0.05), leading to a
species-specific decline, with R. mangle having the highest
decline (Est = —147; p <0.05). A similar trend was
observed with the natural mangroves (Est= 27.05,
p > 0.05), but the decline rate was lower than in the restored
mangroves. However, age was not a significant (p > 0.05)
predictor of mangrove species abundance in the restored
and natural mangrove stands.

The restored mangroves had a 50.1% higher density than the
natural mangroves, with the 6-year-old restored stand being
the densest. The total basal area was slightly higher for the
restored mangroves than the natural mangroves, with the

6-year-old stand having the highest (90.23 m2/11a) (Table 1).
Avicennia germinans had the highest relative density, relative
frequency, relative dominance, and importance at all stands
except for the 5-year-old restored stand, where L. racemosa
was denser, more frequent, dominant, and important (Table 1).

Growth Patterns

The average height of the mangroves in natural stands
(12.52 £ 0.65m) was greater than at the restored
stands (11.00 £ 0.78 m) by 13.81% (Fig. 2). The average height
of the restored mangroves ranged between 10.10 and 13.57 m
while it was 10.9-14.70 m in the natural stands. The 11-year-
old mangroves were the tallest in the restored strands, while
the 9-year-old mangroves were the tallest in the natural stands.
There was a significant difference (p < 0.01) between tree age
and height, but no significant difference (p > 0.05) between
the height of restored and natural mangroves.

The average DBH in the natural mangrove stands
(15.50 £ 1.80 cm) was greater than in the restored
stands (12.90 £ 1.27 cm) by 20.16% (Fig. 3). The average
DBH ranged between 9.10 and 16.50 cm in the restored stand
and 12.20 and 18.60 cm in the natural stands. The 9-year-old
mangroves had the highest DBH for the restored stands, while
the 6-year-old mangroves had the highest DBH for the natural
stands. There was a significant difference (p < 0.01) between tree
age and diameter, and between the diameter of restored and natu-
ral mangroves (p < 0.01).
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Figure 2. Tree height of restored and natural mangroves of different ages.
The error bars indicate = SD. *p < 0.05, **p < 0.01.
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Figure 3. Tree diameter of restored and natural mangroves of different ages.
The error bars indicate = SD. **p < 0.01, ***p < 0.001.

The average AGB was greater in the natural mangrove stands
(1.25 Mg/ha) than in the restored stands (0.52 Mg/ha) by
140.38% (Fig. 4). The average AGB of the restored mangroves

AGB (Mg/ha)

Age
Mangrove Forest Type

. Natural . Restored

Figure 4. Aboveground biomass of restored and natural mangroves of
different ages. The error bars indicate = SD. *p < 0.05.

Table 2. Soil physicochemical parameters from restored and natural man-
groves of different ages (mean + standard deviation) (n = 3).

Mangrove

forest type EC (mS/cm) pH Organic carbon (%)
RS 9.03 £ 3.32 7.02 £ 0.21 4.78 + 0.00
R6 28.30 + 2.06 7.08 + 0.04 5.18 £ 0.22
R9 1749 £080  7.13 £045 4.78 + 0.00
R10 1523 £ 1.94 7.47 +£0.32 4.86 + 0.00
R11 22.80 +5.21 7.60 &+ 0.09 478 +0.18
N5 6.64 + 1.69 7.46 £ 1.60 7.46 £ 0.09
N6 33.36 + 1.60 7.22 +3.98 7.22 +£0.33
N9 15.58 £3.98 7.50 + 1.62 5.50 £+ 3.02
N10 12.99 + 1.90 6.49 4+ 0.61 5.18 £ 0.28
N11 2.35+1.70 6.45 + 0.64 4.38 £ 0.00

ranged between 0.01 and 2.91 and 0.82-7.80 Mg/ha in the
natural stands. The 9-year-old mangroves had the highest
AGB for restored stands, while the 11-year-old natural man-
groves had the highest for the natural stands. There was a signif-
icant difference (p < 0.01) between tree age and AGB, but no
significant difference (p > 0.05) between the AGB of restored
and natural mangroves.

Soil Physicochemical Characteristics

The soil pH ranged between 6.4 and 7.6 (Table 2). The restored
mangrove soil pH was higher than the natural mangrove soils.
The 11-year-old restored mangroves had the highest pH (7.6),
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Mn Fe Zn

Cu

N (mg/L)

Ca

Na

Mg

P (mg/kg)

forest type
R5
R6

2499.45 +264.73 0.02 £+ 0.05 4.68 + 0.95 2.43 £ 0.41 0.92 £ 0.42

972.80 £+ 44.35
1034.42 + 27.49

1.36 £ 0.12  7232.52 £ 609.70 6708.00 £+ 609.67 8272.00 + 628.37
2.11 £ 0.21 4420.00 £+ 118.46 9336.00 £+ 270.34 8352.00 + 2369.38

2162.31 £ 174.73 1.87 £0.03 8.12 + 1.33 1.04 £ 0.09 0.83 £ 0.18

1995.06 + 102.27 0.05 £ 0.01 3.61 = 1.11 4.94 £ 0.89 3.34 £ 0.97

6668.00 & 129.65 8418.00 £ 482.29  1071.07 £ 65.75
901.09 £ 552.74 2179.44 + 190.05 0.06 £ 0.01 3.48 £+ 1.82 7.07 £ 0.71 2.36 £ 0.54

0.85 £ 0.10 6434.20 + 45.65
191 £ 0.18 5317.16 £ 97.32

R9
R10

RI1

6889.60 + 461.21 8030.00 £ 552.74

3.42 + 0.070 4630.00 £ 130.73 10,152.00 £ 849.93 8094.00 + 289.39

1016.70 4+ 222.30  2277.11 £ 180.19 1.94 + 0.01 2.59 £ 0.79 0.95 £+ 0.05 0.75 + 0.26

527.10 £ 132.89 20,325.00 + 132.89 11,900.00 £ 3286.73 0.02 &+ 0.01 0.32 £ 0.05 0.06 + 0.01 0.14 £+ 0.04

1763.33 + 261.83 2032.47 £ 331.09
1445.67 + 1336.76  962.00 £ 219.45

1.43 £0.33 5567.80 £ 123.00 6512.00 £+ 156.44 8580.00 + 468.92
1.85 £ 0.57 4868.00 £ 792.55 9218.00 £+ 377.25 7028.00 + 387.65

727.87 £ 80.06

0.76 + 0.13 249298 + 593.13
0.66 + 0.18 3651.60 £+ 610.51
0.73 £ 0.37 2990.76 £ 272.30

N5

5024.16 £+ 331.09 11,671.67 + 4907.38 0.07 £ 0.07 0.33 £ 0.10 0.09 £+ 0.04 0.14 + 0.05

N6

4920.82 + 219.45 17,550.00 + 4812.07 0.08 + 0.03 0.16 £ 0.05 0.10 £ 0.05 0.13 £+ 0.03

NO

1983.77 + 160.42 0.09 £+ 0.01 6.10 + 2.23 6.47 £ 0.32 1.69 £ 1.28

903.37 £+ 67.25
840.68 £ 71.49

N10

1.96 £+ 0.01 2.81 £ 0.88 1.02 £ 0.17 0.14 £ 0.25

1966.04 + 204.08

N11

while the 5-year-old natural mangroves had the highest pH
(7.4). The soil EC ranged between 2.35 and 33.60 S/cm
(Table 2). The restored mangrove soil EC was higher than the
natural mangrove soils. The 6-year-old restored mangroves
had the highest EC (28.30 mS/cm), while the 6-year-old natural
mangroves had the highest EC (33.60 mS/cm). The OC ranged
between 4.38 and 7.46% (Table 3). The restored mangrove soil
OC was higher than the natural mangrove soil. The 6-year-old
restored mangroves had the highest OC (5.18%), while the
5-year-old natural mangroves had the highest OC (7.46%)
(Table 2).

Soil Nutrient Status

The nutrient concentrations vary across restored and natural
mangroves, with inconsistent patterns. The restored mangroves
had higher concentrations of P, K, Na, and Zn, while the natural
mangroves had higher concentrations of Ca, except for the
11-year-old stand (Table 3). The younger restored mangrove
stands (R5 and R6) had higher levels of Mg, K, Na, Ca, N,
and Mn than the older stands, which had higher levels of Cu,
Fe, Zn, and P (Table 3). In contrast, the older mangrove natural
stands (N10 and N11) had higher levels of Mg, K, Na, N, Cu,
Mn, Fe, and Zn than the younger stands (N5 and N6), which
had higher levels of P and Ca (Table 3). Most soil nutrients from
the restored and natural mangroves did not increase with age and
were inconsistent across different stands, except for Cu in the
natural mangrove stands.

The RDA revealed that K, P, pH, EC, and OC are soil param-
eters that positively correlate with the abundance of
A. germinans, while N and Mg negatively correlate with the
abundance of L. racemosa (Fig. 5). There was no correlation
between the soil parameters and R. mangle. The cumulative per-
centage variance of the vegetation occurrence data explained by
the first four axes of the RDA was 37%. The cumulative percent-
age variance of the mangrove—environment relationship on the
first axis was 91.75%, whereas that on the second axis was
6.5%: the first and second axes explained 96.75% of the rela-
tionship between the mangroves and the environment, indicat-
ing that the vegetation and environment axes were highly
correlated. The sampling sites clustered into four groups in the
ordination, suggesting that stand ages in the same group share
some similar characteristics. The first group comprises the
6-year-old restored and 11-year-old natural sites, the second
group is 9-year-old restored and natural sites, the third group
is the 5- and 6-year-old restored sites, and the 5- and 10-year-
old natural sites and the fourth group consists of the 10 and
11 years old restored sites.

Discussion

Wetland restoration and creation often aim to replace ecosystem
functions and services lost during degradation (Osland
et al. 2012). Many wetland restoration and creation efforts are
implemented under the assumption that once an area has been
restored, it will develop along a predictable trajectory and
become equivalent to a natural wetland at some point in the
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Figure 5. RDA plot of soil and vegetation patterns in restored and natural
mangroves. Where R5 (5 years old), R6 (6 years old), R9 (9 years old), R10
(10 years old), and R11 (11 years old) restored mangroves, and N5 (5 years
old), N6 (6 years old), N9 (9 years old), N10 (10 years old), and N11

(11 years old) natural mangroves. Arrows represent traits while its length is
based on the contribution of each trait to separate the accessions. Nitrogen
(N), organic carbon (OC), electrical conductivity (EC), power of hydrogen
(Ph), calcium (Ca), magnesium (Mg), sodium (Na), potassium (K), and
phosphorous (P).

future, thereby providing equivalent ecosystem functions or ser-
vices (Choi 2004; Osland et al. 2012; Craft 2022). However,
many of these efforts do not follow this predicted trajectory,
which was the case in this study as well (Hossler et al. 2011;
Suding 2011; Osland et al. 2012). While hydrological processes
can be restored rapidly with proper design (e.g. within 1 year),
soil-dependent properties and processes often require much more
time (e.g. decades or centuries) to resemble natural or intact man-
grove forest areas (Lewis 2005; Craft et al. 2003; Ballantine &
Schneider 2009; Hossler & Bouchard 2010; Craft 2022).
Unfortunately, a disproportionate number of studies exist on
the rate and trajectory of wetlands ecosystem development
post-restoration, even though these data are crucial for
informing future restoration projects and practices, which
are becoming common in coastal areas.

Once established, monospecific restored mangrove plantations
undergo rapid growth and succession during early development,
which is then followed by the recruitment of other species
and convergence into natural forests (Proffitt & Devlin 2005;
Bosire et al. 2008; Samson & Rollon 2008; Salmo et al. 2013).
We observed a similar trend here, where restored stands started
as Avicennia germinans monoculture plantations and were later
colonized by Laguncularia racemosa and Rhizophora mangle.
This trend indicates that the environment was conducive for
new species, and the restored stand appears to be converging
toward a natural mangrove stand. We observed low species
richness, which was expected since only four mangrove species
are adapted to the unstable substrates, mud bank movement, and
variable salinities in the South American region (Fromard
et al. 2004; Toorman et al. 2018; Ram et al. 2021). Laguncularia
racemosa, a fast-growing pioneer species, is often replaced by
A. germinans, which dominates the South American coast

(Fromard et al. 2004). Multi-species mangrove stands can lead
to wider niche differentiation than monocultures and increased
total resource use, which provides multiple trophic pathways to
sustain richer faunal communities (Bosire et al. 2006). Avicennia
germinans was the most dominant species, probably because it is
well adapted to the saline conditions experienced along the Cen-
tral and South American coasts (Fromard et al. 1998; Nettel &
Dodd 2007; Ram et al. 2021), and because of their ability to be
one of the first species to colonize newly formed mudflat areas
(Toorman et al. 2018; Triest et al. 2021; Aye et al. 2023). While
there were a few R. mangle seedlings, no trees were present at
the restored stands, possibly due to the saline conditions, different
tidal inundation, low freshwater influence, and unfavorable
topography (Duke & Allen 2006; Djamaluddin et al. 2023).

Restored mangrove seedling survival rate is a crucial factor
influencing tree abundance in coastal ecosystems (Minchinton
2001; Bosire et al. 2008; Lewis 2005). In our study, the restored
mangrove stands had a higher tree density than the natural mangrove
stands. The higher restored mangrove density is likely due to more
planted mangroves and favorable hydrological conditions for man-
grove colonization and growth. We observed a similar restored
mangrove tree density pattern to Azman et al. (2021) and Fromard
et al. (1998), where these authors reported higher densities from
younger, pioneer-stage mangrove stands than mature stands. How-
ever, in our study, the older natural stands had higher tree density
than the younger pioneering stages (seedlings and saplings), indic-
ative of a low regeneration potential. This finding conflicts with
Goessens et al. (2014) and Khan et al. (2013), where these authors
reported that tree density decreased with age in natural mangrove
stands. The 6-year-old restored stand had the highest mangrove
abundance, possibly due to higher survival rates and seedling
abundance. The density of adult restored and natural mangrove
trees was still increasing after the first decade of the chronose-
quence, indicating that these mangrove forests are not yet fully
developed. As individual trees mature, the mangrove forest begins
to self-thin, and adult tree densities usually decline (Bosire et al.
2008; Salmo et al. 2013; Azman et al. 2021).

Restored mangrove tree height, size, and density may require
several decades, much longer than examined here, to be equivalent
to natural mangroves (Proffitt & Devlin 2005). The natural man-
groves at our sites were taller than the restored mangroves, except
for the 11-year-old stand. Several factors may have contributed to
this pattern, such as favorable environmental conditions and higher
levels of essential nutrients such as Ca, Mg, N, P, K, and Na in this
restored site than in the 11-year-old natural stand (Reef et al. 2010;
Lovelock et al. 2014; Romero-Mujalli & Melendez 2023). The
9-year-old natural mangrove stand was the tallest, potentially due
to higher observed Ca and N levels promoting increased plant
growth. Our findings contradict those of Azman et al. (2021) and
Ferreira et al. (2015), who found that the intact/natural forest stands
were shorter than the younger planted mangroves in their studies.
The dominance of the species restored (Rhizophora sp.) in those
studies compared to the species restored in our study (Avicennia
sp.) may have accounted for the difference in growth rates. Our
findings are consistent with Dookie et al. (2022), who reported that
the restored mangrove ecosystem had taller trees than natural and
degraded ecosystems in Guyana. The younger restored mangroves
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had homogenous tree height and density, common in young tree
plantations where planted seedlings are not yet exposed to strong
competition (Niklas et al. 2003).

Mangrove tree diameter usually increases with stand age
following self-thinning (Deshar et al. 2012; Kamara et al. 2012).
In our study, the restored mangrove tree diameter did not increase,
which may be due to site-specific environmental factors, competi-
tion, and varying nutrient availability (Kamara et al. 2012). The
9-year-old natural mangrove stand had the greatest diameter, which
may be driven by the presence of multiple mangrove species and
higher observed Ca and N concentration levels compared to the
other stands. Our study supports previous findings that higher N
levels increase mangrove growth rates and cover (Alongi 2017,
2021; Dangremond et al. 2020). The 5-year-old restored mangrove
stand had the lowest diameter, probably because the trees in this
stand were mostly immature. Even though it is estimated that
restored mangrove trees can achieve diameters similar to those of
natural mangroves between 25 and 55 years post-planting
(Osland et al. 2012), some of the restored mangrove tree diameters
were equivalent and even greater than those of some natural man-
grove stands in the first decade of the chronosequence.

Mangrove forest age is known to influence AGB and below-
ground biomass carbon stocks (Salmo et al. 2013; Adame
et al. 2018; Azman et al. 2021). Our study showed a nonlinear
relationship between the restored and natural mangrove AGB
and forest age. We found a higher total AGB in the natural man-
groves (288.01 Mg/ha) than in the restored mangroves
(137.83 Mg/ha). These findings conflict with earlier estimates
by Ram et al. (2021), where they reported higher AGB in the
restored stands (103 Mg/ha) than the intact stands (89.4 Mg/ha),
possibly due to a different study design with larger plots and more
sampling stands with several mangrove species. We assume that
the difference between the restored and natural mangrove AGB
may be due to multiple mangrove species (L. racemosa and
R. mangle) in natural mangrove stands than monospecific
restored stands. The growth rate of different mangrove species
may also influence biomass accumulation in differently aged
mangroves (Wang et al. 2021; Azman et al. 2023; Ray et al.
2023). Salmo et al. (2013) reported that younger plantations in
the Philippines initially had low AGB but rapidly increased in
12-year-old stands. In contrast, in our study, the youngest planta-
tion (5 years old) had the highest AGB due to the fast-growing
nature of pioneer vegetation and the presence of other mangrove
species (L. racemosa) with higher wood density values than
A. germinans. Azman et al. (2021) found that the restored man-
groves had two times more AGB biomass than naturally regener-
ated mangrove stands in Malaysia. This is contrary to the findings
of our study but may be related to the high wood density of the
Rhizophora sp. Meanwhile, the 9-year-old natural mangroves
had the highest AGB and were also dominated by L. racemosa.
Most of the restored mangrove stands AGB were not equivalent
to natural mangrove stands in the first decade of the chronose-
quence. Therefore, the restored mangrove forests require more
time to attain biomass equivalent to natural mangroves, which
can take as long as 40 years (Azman et al. 2021).

There are often significant differences between restored, cre-
ated, and natural wetland soils, and many studies indicate that it

may take even decades or centuries for created and restored wet-
lands to develop soil properties equivalent to those of natural
wetlands (Ball 2002; Proffitt & Devlin 2005; Hossler & Bou-
chard 2010; Hossler et al. 2011). Even though we expected dis-
tinct soil properties and higher nutrient levels in the natural
mangroves, we found that a higher concentration of P, K, Na,
and Zn in the restored mangroves is likely caused by a higher
level of leaf litter degradation, organic matter decomposition,
and nutrient regeneration in the restored mangroves (Bosire
et al. 2005). The RDA revealed that the soil properties were the
important factors influencing restored and natural mangrove com-
munities. Increasing sediment organic matter content, salinity, P
and N content, and other macronutrients are indicators of success-
ful mangrove reestablishment (Grueters et al. 2021). Mangrove
restoration usually increases soil nutrient accumulation during
the first few years after restoration, followed by a steep decline
as forests mature (Salmo et al. 2013; Shao et al. 2014; Zimmer
et al. 2022). Salmo et al. (2013) reported a similar trend, with a
clear progression between soil characteristics (P, N, and redox
potential) and forest age. We did not observe this trend, indicating
that site-specific factors such as soil composition, hydrology, and
geomorphology may have influenced nutrient accumulation in
restored and natural mangroves. Despite inconsistent patterns
with the soil properties and age of the restored and natural man-
grove stands in our study, the restored mangroves achieved higher
levels of P, K, Na, and Zn at the end of the first decade of the
chronosequence, suggesting successful nutrient accumulation in
the restored ecosystem over time.

The rate and trajectory of ecosystem development vary due to
wetland type, landscape position, land use history, and site-specific
conditions (Proffitt & Devlin 2005; Ballantine & Schneider 2009;
Suding 2011). The absence of clear trajectories between mangrove
age, vegetation, and soil characteristics in our study might be
attributed to the dynamic nature of Guyana’s coastline. Guyana’s
coast is created by the mobile mud banks formed by the sedimen-
tary environment due to the massive sediment loads discharged
from the Amazon (Fromard et al. 2004). These changes might
be important in determining mangrove forest survival, growth,
structure, and composition here (Fromard et al. 2004; Anthony
et al. 2010). Environmental factors, including tidal dynamics,
riverine inputs, and climatic variations, might also influence
Guyana’s mangrove forests (Fromard et al. 2004; Anthony
et al. 2014; Toorman et al. 2018). These complexities contribute
to spatial divergence, where mangrove stands along the coast
may experience distinctly different environmental conditions,
thereby influencing developmental trajectories. Guyana’s mixed
mangrove species, each with unique adaptive strategies, further
complicates any possible linear relationship between age, vegeta-
tion composition, and soil properties. Natural disturbances like
storms, erosion, and accretion may also disrupt developmental
patterns, leading to the non-uniform trajectories observed
across mangrove stands here. Changes in river flow patterns
are influenced by local activities and rainfall, which affect
nutrient availability and sedimentation rates, impacting man-
grove growth and development trajectories. Mangrove stands
close to each other showed comparable vegetation and soil
characteristics, irrespective of mangrove age and type.

July 2024 Restoration Ecology

90of 13

850807 SUOWWIOD 3Ae8.D (el (dde au Aq pausenob ae sajonme VO ‘8sn J0 Sa|nJ 1o} A%eiq)8uljuO A3|IA UO (SUORIPUOO-pUe-SWLIRIALI0O" A8 1M AReIq 1 BUI [UO//:SANY) SUORIPUOD pUe Sw | 8Y) 89S *[202/60/0T] Uo AreiqiTauluo Ae|im ‘Ariqi] ode Nl M0 81pp3a AQ OLTHT 984/TTTT OT/I0PAWO A8 | 1M Aeiq 1 |Bul|uo//Sdny Wouy pepeoumod ‘G ‘vZ0Z ‘X00T9ZST



Restored mangrove characteristics

The emergence of clear trends between age, vegetation, and
soil characteristics may also require a longer timeframe than that
examined in our study, which is consistent with data emerging
from studies elsewhere. Mangrove forests have gradual and
intricate growth patterns reaching maturity between 20 and
30 years (Jimenez et al. 1985; Alongi 2002; Osland et al.
2020), which might not manifest in distinctly similar trends
between natural and restored sites within the relatively shorter
time frame, following the intervention examined here. Some
researchers propose that restored mangroves can achieve
structural complexity and biomass like natural mangroves
between 20 and 55 years post-restoration, provided that the
biophysical conditions are conducive for growth (Salmo et al.
2013; Osland et al. 2020). Despite the lack of clear trajectories,
this case study demonstrated that the restored mangrove forests
developed some vegetation and soil characteristics but were not
entirely equivalent to natural mangrove forests, indicating a pos-
itive recovery model post-planting. Our study provides valuable
insights into the ecological processes driving mangrove recovery
dynamics, growth patterns, and restoration effectiveness and
offers reliable data needed to inform future restoration projects.
It also provides a reliable timeline for the recovery of restored
mangrove vegetation, which translates to ecosystem services
and functions that support the well-being and resilience of local
communities. Mangrove restoration practitioners and investors
should consider these outcomes when planning or investing in
future restoration projects.

Acknowledgment

We are grateful to WWF Education for Nature Russell E. Train
Fellowship (WWF-EFN) (EF10998) for providing financial
assistance to the study, the Marine Conservation Action Fund
of the New England Aquarium for providing financial support
to this study, and the National Agriculture Research & Extension
Institute-Mangrove Restoration and Management Department for
their technical support. Also, special thanks to R. Lakenarine,
J. Itwaru, and R. Balram for assisting with field sampling. Open
access publishing facilitated by James Cook University, as part
of the Wiley - James Cook University agreement via the Council
of Australian University Librarians.

LITERATURE CITED

Adame MF, Zakaria RM, Fry B, Chong VC, Then YHA, Brown CJ, Lee SY
(2018) Loss and recovery of carbon and nitrogen after mangrove clearing.
Ocean & Coastal Management 161:117-126. https://doi.org/10.1016/j.
ocecoaman.2018.04.019

Ahmed S, Sarker SK, Friess DA, Kamruzzaman M, Jacobs M, Islam MA, et al.
(2022) Salinity reduces site quality and mangrove forest functions. From
monitoring to understanding. Science of the Total Environment 853:
158662. https://doi.org/10.1016/j.scitotenv.2022.158662

Ahmed S, Sarker SK, Kamruzzaman M, Ema JA, Saagulo Naabeh CS, Cudjoe E,
Chowdhury FI, Pretzsch H (2023) How biotic, abiotic, and functional
variables drive belowground soil carbon stocks along stress gradient in the Sun-
darbans mangrove forest? Journal of Environmental Management 337:117772.
https://doi.org/10.1016/j jenvman.2023.117772

Alongi DM (2002) Present state and future of the world’s mangrove forests.
Environmental Conservation 29:331-349. https://doi.org/10.1017/
S0376892902000231

Alongi DM (2017) Micronutrients and mangroves: experimental evidence for
copper limitation: copper limitation in mangroves. Limnology and Ocean-
ography 62:2759-2772. https://doi.org/10.1002/Ino.10604

Alongi DM (2021) Macro- and micronutrient cycling and crucial linkages to geo-
chemical processes in mangrove ecosystems. Journal of Marine Science
and Engineering 9:456. https://doi.org/10.3390/jmse9050456

Anthony EJ, Gardel A, Gratiot N (2014) Fluvial sediment supply, mud banks,
cheniers and the morphodynamics of the coast of South America between
the Amazon and Orinoco river mouths. Geological Society, London, Spe-
cial Publications 388:533-560. https://doi.org/10.1144/SP388.8

Anthony EJ, Gardel A, Gratiot N, Proisy C, Allison MA, Dolique F, Fromard F
(2010) The Amazon-influenced muddy coast of South America: a review
of mud-bank—shoreline interactions. Earth-Science Reviews 103:99-121.
https://doi.org/10.1016/j.earscirev.2010.09.008

Aye WN, Tong X, LiJ, Tun AW (2023) Assessing the carbon storage potential of
a young mangrove plantation in Myanmar. Forests 14:824. https://doi.org/
10.3390/f14040824

Azman MS, Sharma S, Liyana Hamzah M, Mohamad Zakaria R, Palaniveloo K,
MacKenzie RA (2023) Total ecosystem blue carbon stocks and sequestration
potential along a naturally regenerated mangrove forest chronosequence.
Forest Ecology and Management 527:120611. https://doi.org/10.1016/j.
foreco.2022.120611

Azman MS, Sharma S, Shaharudin MAM, Hamzah ML, Adibah SN,
Zakaria RM, MacKenzie RA (2021) Stand structure, biomass and dynam-
ics of naturally regenerated and restored mangroves in Malaysia. Forest
Ecology and Management 482:118852. https://doi.org/10.1016/j.foreco.
2020.118852

Baggett LP, Powers SP, Brumbaugh RD, Coen LD, DeAngelis BM, Greene JK, etal.
(2015) Guidelines for evaluating performance of oyster habitat restoration.
Restoration Ecology 23:737-745. https://doi.org/10.1111/rec.12262

Baldera A, Hanson DA, Kraft B (2018) Selecting indicators to monitor outcomes
across projects and multiple restoration programs in the Gulf of Mexico.
Ecological Indicators 89:559-571. https://doi.org/10.1016/j.ecolind.2018.
01.025

Ball MC (2002) Interactive effects of salinity and irradiance on growth: implica-
tions for mangrove forest structure along salinity gradients. Trees 16:126—
139. https://doi.org/10.1007/s00468-002-0169-3

Ballantine K, Schneider R (2009) Fifty-five years of soil development in restored
freshwater depressional wetlands. Ecological Applications 19:1467-1480.
https://doi.org/10.1890/07-0588.1

Barnuevo A, Asaeda T (2018) Integrating the ecophysiology and biochemical
stress indicators into the paradigm of mangrove ecology and a rehabilita-
tion blueprint. PLoS One 13:¢0202227. https://doi.org/10.1371/journal.
pone.0202227

Bayraktarov E, Saunders MI, Abdullah S, Mills M, Beher J, Possingham HP,
Mumby PJ, Lovelock CE (2016) The cost and feasibility of marine
coastal restoration. Ecological Applications 26:1055-1074. https://
doi.org/10.1890/15-1077

Biswas SR, Mallik AU, Choudhury JK, Nishat A (2009) A unified framework for
the restoration of Southeast Asian mangroves—bridging ecology, society
and economics. Wetlands Ecology and Management 17:365-383. https:/
doi.org/10.1007/s11273-008-9113-7

Block WM, Franklin AB, Ward JP Jr, Ganey JL, White GC (2001) Design and
implementation of monitoring studies to evaluate the success of ecological
restoration on wildlife. Restoration Ecology 9:293-303. https://doi.org/10.
1046/j.1526-100x.2001.009003293.x

Bosire J, Dahdouh-Guebas F, Kairo J, Wartel S, Kazungu J, Koedam N (2006)
Success rates of recruited tree species and their contribution to the structural
development of reforested mangrove stands. Marine Ecology Progress
Series 325:85-91. https://doi.org/10.3354/meps325085

Bosire JO, Dahdouh-Guebas F, Kairo JG, Kazungu J, Dehairs F, Koedam N
(2005) Litter degradation and CN dynamics in reforested mangrove

100f 13

Restoration Ecology July 2024

850807 SUOWWIOD 3Ae8.D (el (dde au Aq pausenob ae sajonme VO ‘8sn J0 Sa|nJ 1o} A%eiq)8uljuO A3|IA UO (SUORIPUOO-pUe-SWLIRIALI0O" A8 1M AReIq 1 BUI [UO//:SANY) SUORIPUOD pUe Sw | 8Y) 89S *[202/60/0T] Uo AreiqiTauluo Ae|im ‘Ariqi] ode Nl M0 81pp3a AQ OLTHT 984/TTTT OT/I0PAWO A8 | 1M Aeiq 1 |Bul|uo//Sdny Wouy pepeoumod ‘G ‘vZ0Z ‘X00T9ZST


https://doi.org/10.1016/j.ocecoaman.2018.04.019
https://doi.org/10.1016/j.ocecoaman.2018.04.019
https://doi.org/10.1016/j.scitotenv.2022.158662
https://doi.org/10.1016/j.jenvman.2023.117772
https://doi.org/10.1017/S0376892902000231
https://doi.org/10.1017/S0376892902000231
https://doi.org/10.1002/lno.10604
https://doi.org/10.3390/jmse9050456
https://doi.org/10.1144/SP388.8
https://doi.org/10.1016/j.earscirev.2010.09.008
https://doi.org/10.3390/f14040824
https://doi.org/10.3390/f14040824
https://doi.org/10.1016/j.foreco.2022.120611
https://doi.org/10.1016/j.foreco.2022.120611
https://doi.org/10.1016/j.foreco.2020.118852
https://doi.org/10.1016/j.foreco.2020.118852
https://doi.org/10.1111/rec.12262
https://doi.org/10.1016/j.ecolind.2018.01.025
https://doi.org/10.1016/j.ecolind.2018.01.025
https://doi.org/10.1007/s00468-002-0169-3
https://doi.org/10.1890/07-0588.1
https://doi.org/10.1371/journal.pone.0202227
https://doi.org/10.1371/journal.pone.0202227
https://doi.org/10.1890/15-1077
https://doi.org/10.1890/15-1077
https://doi.org/10.1007/s11273-008-9113-7
https://doi.org/10.1007/s11273-008-9113-7
https://doi.org/10.1046/j.1526-100x.2001.009003293.x
https://doi.org/10.1046/j.1526-100x.2001.009003293.x
https://doi.org/10.3354/meps325085

Restored mangrove characteristics

plantations at Gazi Bay, Kenya. Biological Conservation 126:287-295.
https://doi.org/10.1016/j.biocon.2005.06.007

Bosire JO, Dahdouh-Guebas F, Walton M, Crona BI, Lewis RR, Field C, Kairo JG,
Koedam N (2008) Functionality of restored mangroves: a review. Aquatic Bot-
any 89:251-259. https://doi.org/10.1016/j.aquabot.2008.03.010

Boyes LJ, Gunton RM, Griffiths ME, Lawes MJ (2011) Causes of arrested
succession in coastal dune forest. Plant Ecology 212:21-32. https://doi.
org/10.1007/s11258-010-9798-6

Bray RH, Kurtz LT (1945) Determination of total, organic, and available forms of
phosphorus in soils. Soil Science 59(1):39-46.

Cadier C, Bayraktarov E, Piccolo R, Adame MF (2020) Indicators of coastal
wetlands restoration success: a systematic review. Frontiers in Marine
Science 7:600220. https://doi.org/10.3389/fmars.2020.600220

Chazdon RL (2017) Tropical forest regeneration . In: Reference module in life
sciences. Elsevier, Amsterdam, Netherlands. https://doi.org/10.1016/
B978-0-12-809633-8.02053-7

Choi YD (2004) Theories for ecological restoration in changing environment:
toward ‘futuristic’ restoration. Ecological Research 19:75-81. https://doi.
org/10.1111/5.1440-1703.2003.00594_19_1.x

Chowdhury A, Naz A, Bhattacharyya S (2019a) Plantation methods and restoration
techniques for enhanced blue carbon sequestration by mangroves. Pages 127—
144. In: Inamuddin, Asiri AM, Lichtfouse E (eds) Sustainable agriculture
reviews 37. Vol 37. Springer International Publishing, Cham, Switzerland

Chowdhury R, Sutradhar T, Begam MM, Mukherjee C, Chatterjee K, Basak SK,
Ray K (20190) Effects of nutrient limitation, salinity increase, and associ-
ated stressors on mangrove forest cover, structure, and zonation across
Indian Sundarbans. Hydrobiologia 842:191-217. https://doi.org/10.1007/
$10750-019-04036-9

Craft C (2022) Creating and restoring wetlands: From theory to practice. Elsevier,
Amsterdam, Netherlands

Craft C, Megonigal P, Broome S, Stevenson J, Freese R, Cornell J, Zheng L, Sacco J
(2003) The pace of ecosystem development of constructed Spartina alterniflora
marshes. Ecological Applications 13:1417-1432. https://doi.org/10.1890/02-
5086

Dangremond EM, Simpson LT, Osborme TZ, Feller IC (2020) Nitrogen
enrichment accelerates mangrove range expansion in the temperate—tropical
ecotone. Ecosystems 23:703-714. https://doi.org/10.1007/s10021-019-00441-2

Datta D, Deb S (2012) Analysis of coastal land use/land cover changes in the
Indian Sunderbans using remotely sensed data. Geo-Spatial Information
Science 15:241-250. https://doi.org/10.1080/10095020.2012.714104

Deshar R, Sharma S, Mouctar K, Wu M, Hoque ATMR, Hagihara A (2012)
Self-thinning exponents for partial organs in overcrowded mangrove
Bruguiera gymnorrhiza stands on Okinawa Island, Japan. Forest Ecol-
ogy and Management 278:146—154. https://doi.org/10.1016/j.foreco.
2012.05.007

Djamaluddin R, Fusi M, Djabar B, Evans D, Holmes R, Huxham M, et al. (2023) Point
of (no) return? Vegetation structure and diversity of restored mangroves in Sula-
wesi, Indonesia, 14-16 years on. Restoration Ecology 31:¢13963. https://doi.
org/10.1111/rec.13963

Dookie S, Jaikishun S, Ansari AA (2022) A comparative study of mangroves in
degraded, natural, and restored ecosystems in Guyana. Biodiversity 23:
40-48. https://doi.org/10.1080/14888386.2022.2107570

Duke NC, Allen JA (2006) Rhizophora mangle, R. samoensis, R. racemosa, R.
harrisonii (Atlantic—East Pacific red mangrove). Species profiles for pacific
island agroforestry 10:1-18.

Duke NC, Meynecke J-O, Dittmann S, Ellison AM, Anger K, Berger U, et al.
(2007) A world without mangroves? Science 317:41b—42b. https://doi.
org/10.1126/science.317.5834.41b

Duncan C, Primavera JH, Pettorelli N, Thompson JR, Loma RJA, Koldewey HJ
(2016) Rehabilitating mangrove ecosystem services: a case study on the
relative benefits of abandoned pond reversion from Panay Island,
Philippines. Marine Pollution Bulletin 109:772-782. https://doi.org/10.
1016/j.marpolbul.2016.05.049

Ellison AM (2000) Mangrove restoration: do we know enough?. Restoration
Ecology 8:219-229. https://doi.org/10.1046/j.1526-100x.2000.80033.x

Ellison AM, Felson AJ, Friess DA (2020) Mangrove rehabilitation and restora-
tion as experimental adaptive management. Frontiers in Marine Science
7:327. https://doi.org/10.3389/fmars.2020.00327

Ferreira AC, Ganade G, Luiz de Attayde J (2015) Restoration versus natural
regeneration in a neotropical mangrove: effects on plant biomass and crab
communities. Ocean & Coastal Management 110:38-45. https://doi.org/
10.1016/j.ocecoaman.2015.03.006

Friberg N, Angelopoulos NV, Buijse AD, Cowx IG, Kail J, Moe TF, Moir H,
O’Hare MT, Verdonschot PFM, Wolter C (2016) Effective river restoration
in the 2Ist century: from trial and error to novel evidence-based
approaches. Pages 535-611. In: Dumbrell AJ, Kordas RL, Woodward G
(eds) Large-scale ecology: model systems to global perspectives. Advances
in ecological research. Vol 55. Academic Press, Amsterdam, Netherlands.

Fromard F, Puig H, Mougin E, Marty G, Betoulle JL, Cadamuro L (1998) Struc-
ture, above-ground biomass and dynamics of mangrove ecosystems: new
data from French Guiana. Oecologia 115:39-53. https://doi.org/10.1007/
5004420050489

Fromard F, Vega C, Proisy C (2004) Half a century of dynamic coastal change
affecting mangrove shorelines of French Guiana. A case study based on
remote sensing data analyses and field surveys. Marine Geology 208:
265-280. https://doi.org/10.1016/j.margeo.2004.04.018

Gleason SM, Ewel KC, Hue N (2003) Soil redox conditions and plant—soil rela-
tionships in a micronesian mangrove forest. Estuarine, Coastal and Shelf
Science 56:1065-1074. https://doi.org/10.1016/S0272-7714(02)00307-4

Global Climate Change Alliance+ (GCCA+) (2018) Sustainable coastal zone
protection through mangrove management in Guyana j Global Climate
Change Alliance+. https://www.gcca.eu/programmes/sustainable-coastal-
zone-protectionthrough-mangrove-management-guyana (accessed 9 Jun
2023)

Goessens A, Satyanarayana B, Van der Stocken T, Quispe Zuniga M,
Mohd-Lokman H, Sulong I, Dahdouh-Guebas F (2014) Is Matang man-
grove forest in Malaysia sustainably rejuvenating after more than a century
of conservation and harvesting management? PLoS One 9:¢105069.
https://doi.org/10.1371/journal.pone.0105069

Government of Guyana (2012) Guyana Second National Communication to the
UNFCCC. Communication to the United Nations Framework Convention
on Climate Change, Georgetown, Guyana. https://unfccc.int/documents/
106991 (accessed 2 May 2023)

Grueters U, Ibrahim MR, Schmidt H, Tiebel K, Horn H, Pranchai A, et al. (2021)
Stable coexistence in a field-calibrated individual-based model of man-
grove forest dynamics caused by inter-specific crown plasticity. Forests
12:955. https://doi.org/10.3390/f12070955

Hagen D, Evju M (2013) Using short-term monitoring data to achieve goals in a
large-scale restoration. Ecology and Society 18. https://doi.org/10.5751/
ES-05769-180329

Holguin G, Vazquez P, Bashan Y (2001) The role of sediment microorganisms in
the productivity, conservation, and rehabilitation of mangrove ecosystems:
an overview. Biology and Fertility of Soils 33:265-278. https://doi.org/10.
1007/s003740000319

Hossler K, Bouchard V (2010) Soil development and establishment of carbon-
based properties in created freshwater marshes. Ecological Applications
20:539-553. https://doi.org/10.1890/08-1330.1

Hossler K, Bouchard V, Fennessy MS, Frey SD, Anemaet E, Herbert E (2011)
No-net-loss not met for nutrient function in freshwater marshes: recom-
mendations for wetland mitigation policies. Ecosphere 2:art82. https:/
doi.org/10.1890/ES11-00009.1

Ilman M, Dargusch P, Dart P, Onrizal O (2016) A historical analysis of the drivers
of loss and degradation of Indonesia’s mangroves. Land Use Policy 54:
448-459. https://doi.org/10.1016/j.1andusepol.2016.03.010

Jimenez JA, Lugo A, Cintron G (1985) Tree mortality in mangrove forests’.
Biotropica 17:177-185. https://doi.org/10.2307/2388214

Kamali B, Hashim R (2011) Mangrove restoration without planting. Ecological
Engineering 37:387-391. https://doi.org/10.1016/j.ecoleng.2010.11.025

Kamara M, Deshar R, Sharma S, Kamruzzaman M, Hagihara A (2012) The
self-thinning exponent in overcrowded stands of the mangrove, Kandelia

July 2024 Restoration Ecology

11 0f 13

850807 SUOWWIOD 3Ae8.D (el (dde au Aq pausenob ae sajonme VO ‘8sn J0 Sa|nJ 1o} A%eiq)8uljuO A3|IA UO (SUORIPUOO-pUe-SWLIRIALI0O" A8 1M AReIq 1 BUI [UO//:SANY) SUORIPUOD pUe Sw | 8Y) 89S *[202/60/0T] Uo AreiqiTauluo Ae|im ‘Ariqi] ode Nl M0 81pp3a AQ OLTHT 984/TTTT OT/I0PAWO A8 | 1M Aeiq 1 |Bul|uo//Sdny Wouy pepeoumod ‘G ‘vZ0Z ‘X00T9ZST


https://doi.org/10.1016/j.biocon.2005.06.007
https://doi.org/10.1016/j.aquabot.2008.03.010
https://doi.org/10.1007/s11258-010-9798-6
https://doi.org/10.1007/s11258-010-9798-6
https://doi.org/10.3389/fmars.2020.600220
https://doi.org/10.1016/B978-0-12-809633-8.02053-7
https://doi.org/10.1016/B978-0-12-809633-8.02053-7
https://doi.org/10.1111/j.1440-1703.2003.00594_19_1.x
https://doi.org/10.1111/j.1440-1703.2003.00594_19_1.x
https://doi.org/10.1007/s10750-019-04036-9
https://doi.org/10.1007/s10750-019-04036-9
https://doi.org/10.1890/02-5086
https://doi.org/10.1890/02-5086
https://doi.org/10.1007/s10021-019-00441-2
https://doi.org/10.1080/10095020.2012.714104
https://doi.org/10.1016/j.foreco.2012.05.007
https://doi.org/10.1016/j.foreco.2012.05.007
https://doi.org/10.1111/rec.13963
https://doi.org/10.1111/rec.13963
https://doi.org/10.1080/14888386.2022.2107570
https://doi.org/10.1126/science.317.5834.41b
https://doi.org/10.1126/science.317.5834.41b
https://doi.org/10.1016/j.marpolbul.2016.05.049
https://doi.org/10.1016/j.marpolbul.2016.05.049
https://doi.org/10.1046/j.1526-100x.2000.80033.x
https://doi.org/10.3389/fmars.2020.00327
https://doi.org/10.1016/j.ocecoaman.2015.03.006
https://doi.org/10.1016/j.ocecoaman.2015.03.006
https://doi.org/10.1007/s004420050489
https://doi.org/10.1007/s004420050489
https://doi.org/10.1016/j.margeo.2004.04.018
https://doi.org/10.1016/S0272-7714(02)00307-4
https://www.gcca.eu/programmes/sustainable-coastal-zone-protectionthrough-mangrove-management-guyana
https://www.gcca.eu/programmes/sustainable-coastal-zone-protectionthrough-mangrove-management-guyana
https://doi.org/10.1371/journal.pone.0105069
https://unfccc.int/documents/106991
https://unfccc.int/documents/106991
https://doi.org/10.3390/f12070955
https://doi.org/10.5751/ES-05769-180329
https://doi.org/10.5751/ES-05769-180329
https://doi.org/10.1007/s003740000319
https://doi.org/10.1007/s003740000319
https://doi.org/10.1890/08-1330.1
https://doi.org/10.1890/ES11-00009.1
https://doi.org/10.1890/ES11-00009.1
https://doi.org/10.1016/j.landusepol.2016.03.010
https://doi.org/10.2307/2388214
https://doi.org/10.1016/j.ecoleng.2010.11.025

Restored mangrove characteristics

obovata, on Okinawa Island, Japan. Journal of Oceanography 68:851-856.
https://doi.org/10.1007/s10872-012-0135-7

Kauffman JB, Donato DC (2012) Center for International Forestry Research
(CIFOR), Protocols for the measurement, monitoring and reporting of
structure, biomass and carbon stocks in mangrove forests. Working Paper
86. CIFOR, Bogor, Indonesia

Khan MNI, Sharma S, Berger U, Koedam N, Dahdouh-Guebas F, Hagihara A
(2013) How do tree competition and stand dynamics lead to spatial patterns
in monospecific mangroves? Biogeosciences 10:2803-2814. https://doi.
org/10.5194/bg-10-2803-2013

Knudson C, Geyer C, Benson S (2018) Glmm: generalized linear mixed models
via Monte Carlo likelihood approximation (R software package). Mathemat-
ics Faculty Publications & Data. https://experts.umn.edu/en/publications/
likelihood-based-inference-for-generalized-linear-mixed-models-in

Landell Mills Limited (2013) Technical assistance for mangrove rehablitation.
https://www.developmentaid.org/tenders/view/58188/technical-assistance-
for-mangrove-rehabilitation

Leal M, Spalding MD (2022) The state of the worlds mangroves, Report 2022.
Global Mangrove Alliance

Lewis RR (2005) Ecological engineering for successful management and restora-
tion of mangrove forests. Ecological Engineering 24:403—418. https://doi.
org/10.1016/j.ecoleng.2004.10.003

Lewis RR, Brown BM, Flynn LL (2019) Methods and criteria for successful man-
grove forest rehabilitation. Pages 863-887. In: Perillo GME, Wolanski E,
Cahoon DR, Hopkinson CS (eds) Coastal wetlands. 2nd edition. Elsevier,
Amsterdam, Netherlands

Liu N, Ma Z (2024) Ecological restoration of coastal wetlands in China: current
status and suggestions. Biological Conservation 291:110513. https://doi.
org/10.1016/j.biocon.2024.110513

Lovelock CE, Feller IC, Reef R, Ruess RW (2014) Variable effects of nutrient
enrichment on soil respiration in mangrove forests. Plant and Soil 379:
135-148. https://doi.org/10.1007/s11104-014-2036-6

Minchinton TE (2001) Canopy and substratum heterogeneity influence recruitment
of the mangrove Avicennia marina. Journal of Ecology 89:888-902. https:/
doi.org/10.1046/5.0022-0477.2001.00599.x

Méndez-Toribio M, Martinez-Garza C, Ceccon E (2021) Challenges during the
execution, results, and monitoring phases of ecological restoration: learn-
ing from a country-wide assessment. PLoS One 16:¢0249573. https://doi.
org/10.1371/journal.pone.0249573

National Agricultural Research and Extension Institute (NAREI) (2014) Man-
grove department annual report. NAREIL Guyana

Nettel A, Dodd RS (2007) Drifting propagules and receding swamps: genetic
footprints of mangrove recolonization and dispersal along tropical
coasts. Evolution 61:958-971. https://doi.org/10.1111/j.1558-5646.
2007.00070.x

Niklas KJ, Midgley JJ, Rand RH (2003) Tree size frequency distributions, plant
density, age and community disturbance: tree size distributions. Ecology
Letters 6:405—411. https://doi.org/10.1046/j.1461-0248.2003.00440.x

Ntshotsho P, Esler KJ, Reyers B (2015) Identifying challenges to building an evi-
dence base for restoration practice. Sustainability 7:15871-15881. https:/
doi.org/10.3390/su71215788

Oksanen J, Simpson GL, Blanchet FG, Kindt R, Legendre P, Minchin PR, et al.
(2022) vegan: community ecology package. https://researchportal.
helsinki.fi/en/publications/vegan-community-ecology-package

Osland MJ, Feher LC, Spivak AC, Nestlerode JA, Almario AE, Cormier N, et al.
(2020) Rapid peat development beneath created, maturing mangrove
forests: ecosystem changes across a 25-yr chronosequence. Ecological
Applications 30:¢02085. https://doi.org/10.1002/eap.2085

Osland MJ, Spivak AC, Nestlerode JA, Lessmann JM, Almario AE,
Heitmuller PT, et al. (2012) Ecosystem development after mangrove
wetland creation: plant-soil change across a 20-year chronosequence.
Ecosystems 15:848-866. https://doi.org/10.1007/s10021-012-9551-1

Peters R, Walther M, Lovelock C, Jiang J, Berger U (2020) The interplay between
vegetation and water in mangroves: new perspectives for mangrove stand
modelling and ecological research. Wetlands Ecology and Management
28:697-712. https://doi.org/10.1007/s11273-020-09733-0

Pickett STA (1989) Space-for-time substitution as an alternative to long-term
studies. Pages 110-135. In: Likens GE (ed) Long-term studies in ecology.
Springer, New York. https://doi.org/10.1007/978-1-4615-7358-6_5

Primavera JH, Esteban JMA (2008) A review of mangrove rehabilitation in the
Philippines: successes, failures and future prospects. Wetlands Ecology
and Management 16:345-358. https://doi.org/10.1007/s11273-008-9101-y

Proffitt CE, Devlin DJ (2005) Long-term growth and succession in restored and
natural mangrove forests in southwestern Florida. Wetlands Ecology
and Management 13:531-551. https://doi.org/10.1007/s11273-004-2411-9

Ram MA, Caughlin TT, Roopsind A (2021) Active restoration leads to rapid
recovery of aboveground biomass but limited recovery of fish diversity in
planted mangrove forests of the North Brazil shelf. Restoration Ecology
29:e13400. https://doi.org/10.1111/rec.13400

Ray R, Suwa R, Miyajima T, Munar J, Yoshikai M, San Diego-McGlone ML,
Nadaoka K (2023) Sedimentary blue carbon dynamics based on chronose-
quential observations in a tropical restored mangrove forest. Biogeos-
ciences 20:911-928. https://doi.org/10.5194/bg-20-911-2023

Reef R, Feller IC, Lovelock CE (2010) Nutrition of mangroves. Tree Physiology
30:1148-1160. https://doi.org/10.1093/treephys/tpq048

Romero-Mujalli G, Melendez W (2023) Nutrients and trace elements of semi-arid
dwartf and fully developed mangrove soils, northwestern Venezuela. Environ-
mental Earth Sciences 82:51. https://doi.org/10.1007/s12665-022-10701-5

Salmo SG, Lovelock C, Duke NC (2013) Vegetation and soil characteristics as
indicators of restoration trajectories in restored mangroves. Hydrobiologia
720:1-18. https://doi.org/10.1007/s10750-013-1617-3

Samson MS, Rollon RN (2008) Growth performance of planted mangroves in the
Philippines: revisiting forest management strategies. AMBIO 37:234-240.
https://doi.org/10.1579/0044-7447(2008)37[234:GPOPMI]2.0.CO;2

SER (Society for Ecological Restoration) (2004) International primer on ecolog-
ical restoration. Society for Ecological Restoration. https://www.ser.org/
page/SERDocuments

Shao X, Liang X, Wu M, Gu B, Li W, Sheng X, Wang S (2014) Influences of
sediment properties and macrophytes on phosphorous speciation in the
intertidal marsh. Environmental Science and Pollution Research 21:
10432-10441. https://doi.org/10.1007/s11356-014-2957-x

Su J, Friess DA, Gasparatos A (2021) A meta-analysis of the ecological and eco-
nomic outcomes of mangrove restoration. Nature Communications 12:
5050. https://doi.org/10.1038/s41467-021-25349-1

Sommers LE, Nelson DW (1972) Determination of total phosphorus in soils: a
rapid perchloric acid digestion procedure. Soil Science Society of America
Journal 36:902-904.

Suding KN (2011) Toward an era of restoration in ecology: successes, failures, and
opportunities ahead. Annual Review of Ecology, Evolution, and Systematics
42:465-487. https://doi.org/10.1146/annurev-ecolsys-102710-145115

Toorman EA, Anthony E, Augustinus PGEF, Gardel A, Gratiot N, Homenauth O,
Huybrechts N, Monbaliu J, Moseley K, Naipal S (2018) Interaction of man-
groves, coastal hydrodynamics, and morphodynamics along the coastal fringes
of the Guianas. Pages 429-473. In: Makowski C, Finkl CW (eds) Threats to
mangrove forests. Vol 25. Springer International Publishing, Cham, Switzerland

Triest L, Del Socorro A, Gado VJ, Mazo AM, Sierens T (2021) Avicennia genetic
diversity and fine-scaled structure influenced by coastal proximity of man-
grove fragments. Frontiers in Marine Science 8:643982. https://doi.org/10.
3389/fmars.2021.643982

Walker LR, del Moral R (2003) Primary succession and ecosystem rehabilitation. 1st
ed. Cambridge University Press, Cambridge, UK. https://doi.org/10.1017/
CB09780511615078

Walkley A, Black IA (1934) An examination of the different method for deter-
mining soil organic matter, and a proposed modification of the chromic acid
titration method. Soil Science 37:29-38. https://doi.org/10.1097/
00010694-193401000-00003

Waltham NJ, Elliott M, Lee SY, Lovelock C, Duarte CM, Buelow C, et al. (2020)
UN decade on ecosystem restoration 2021-2030—what chance for success
in restoring coastal ecosystems? Frontiers in Marine Science 7:71. https:/
doi.org/10.3389/fmars.2020.00071

Wang Q, Duarte C, Song L, Christakos G, Agusti S, Wu J (2021) Effects of
ecological restoration using non-native mangrove Kandelia obovata to

120f13

Restoration Ecology July 2024

850807 SUOWWIOD 3Ae8.D (el (dde au Aq pausenob ae sajonme VO ‘8sn J0 Sa|nJ 1o} A%eiq)8uljuO A3|IA UO (SUORIPUOO-pUe-SWLIRIALI0O" A8 1M AReIq 1 BUI [UO//:SANY) SUORIPUOD pUe Sw | 8Y) 89S *[202/60/0T] Uo AreiqiTauluo Ae|im ‘Ariqi] ode Nl M0 81pp3a AQ OLTHT 984/TTTT OT/I0PAWO A8 | 1M Aeiq 1 |Bul|uo//Sdny Wouy pepeoumod ‘G ‘vZ0Z ‘X00T9ZST


https://doi.org/10.1007/s10872-012-0135-7
https://doi.org/10.5194/bg-10-2803-2013
https://doi.org/10.5194/bg-10-2803-2013
https://experts.umn.edu/en/publications/likelihood-based-inference-for-generalized-linear-mixed-models-in
https://experts.umn.edu/en/publications/likelihood-based-inference-for-generalized-linear-mixed-models-in
https://www.developmentaid.org/tenders/view/58188/technical-assistance-for-mangrove-rehabilitation
https://www.developmentaid.org/tenders/view/58188/technical-assistance-for-mangrove-rehabilitation
https://doi.org/10.1016/j.ecoleng.2004.10.003
https://doi.org/10.1016/j.ecoleng.2004.10.003
https://doi.org/10.1016/j.biocon.2024.110513
https://doi.org/10.1016/j.biocon.2024.110513
https://doi.org/10.1007/s11104-014-2036-6
https://doi.org/10.1046/j.0022-0477.2001.00599.x
https://doi.org/10.1046/j.0022-0477.2001.00599.x
https://doi.org/10.1371/journal.pone.0249573
https://doi.org/10.1371/journal.pone.0249573
https://doi.org/10.1111/j.1558-5646.2007.00070.x
https://doi.org/10.1111/j.1558-5646.2007.00070.x
https://doi.org/10.1046/j.1461-0248.2003.00440.x
https://doi.org/10.3390/su71215788
https://doi.org/10.3390/su71215788
https://researchportal.helsinki.fi/en/publications/vegan-community-ecology-package
https://researchportal.helsinki.fi/en/publications/vegan-community-ecology-package
https://doi.org/10.1002/eap.2085
https://doi.org/10.1007/s10021-012-9551-1
https://doi.org/10.1007/s11273-020-09733-0
https://doi.org/10.1007/978-1-4615-7358-6_5
https://doi.org/10.1007/s11273-008-9101-y
https://doi.org/10.1007/s11273-004-2411-9
https://doi.org/10.1111/rec.13400
https://doi.org/10.5194/bg-20-911-2023
https://doi.org/10.1093/treephys/tpq048
https://doi.org/10.1007/s12665-022-10701-5
https://doi.org/10.1007/s10750-013-1617-3
https://doi.org/10.1579/0044-7447(2008)37%5B234:GPOPMI%5D2.0.CO;2
https://www.ser.org/page/SERDocuments
https://www.ser.org/page/SERDocuments
https://doi.org/10.1007/s11356-014-2957-x
https://doi.org/10.1038/s41467-021-25349-1
https://doi.org/10.1146/annurev-ecolsys-102710-145115
https://doi.org/10.3389/fmars.2021.643982
https://doi.org/10.3389/fmars.2021.643982
https://doi.org/10.1017/CBO9780511615078
https://doi.org/10.1017/CBO9780511615078
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.3389/fmars.2020.00071
https://doi.org/10.3389/fmars.2020.00071

Restored mangrove characteristics

replace invasive Spartina alterniflora on intertidal macrobenthos commu-
nity in Maoyan Island (Zhejiang, China). Journal of Marine Science and
Engineering 9:788. https://doi.org/10.3390/jmse9080788

Winterwerp JC, Albers T, Anthony EJ, Friess DA, Manchefio AG, Moseley K,
et al. (2020) Managing erosion of mangrove-mud coasts with permeable
dams — lessons learned. Ecological Engineering 158:106078. https://doi.
org/10.1016/j.ecoleng.2020.106078

Worthington T, Spalding M (2018) Mangrove restoration potential: A global map
highlighting a critical opportunity. University of Cambridge Repository.
https://www.repository.cam.ac.uk/items/c1bb1493-4ef1-4263-b0ef-4e 1e16efaabO

Wortley L, Hero J-M, Howes M (2013) Evaluating ecological restoration success:
areview of the literature: trends and gaps in empirical evaluations. Restora-
tion Ecology 21:537-543. https://doi.org/10.1111/rec.12028

Coordinating Editor: Valter Amaral

Zimmer M, Ajonina GN, Amir AA, Cragg SM, Crooks S, Dahdouh-Guebas F,
et al. (2022) When nature needs a helping hand: different levels of
human intervention for mangrove (re-)establishment. Frontiers in For-
ests and Global Change 5:784322. https://doi.org/10.3389/ffgc.2022.
784322

Supporting Information

The following information may be found in the online version of this article:

Table S1. Stem density (ha™") of different mangrove species.

Received: 29 September, 2023; First decision: 13 December, 2023; Revised: 19
April, 2024; Accepted: 20 April, 2024

July 2024 Restoration Ecology

130f 13

850807 SUOWWIOD 3Ae8.D (el (dde au Aq pausenob ae sajonme VO ‘8sn J0 Sa|nJ 1o} A%eiq)8uljuO A3|IA UO (SUORIPUOO-pUe-SWLIRIALI0O" A8 1M AReIq 1 BUI [UO//:SANY) SUORIPUOD pUe Sw | 8Y) 89S *[202/60/0T] Uo AreiqiTauluo Ae|im ‘Ariqi] ode Nl M0 81pp3a AQ OLTHT 984/TTTT OT/I0PAWO A8 | 1M Aeiq 1 |Bul|uo//Sdny Wouy pepeoumod ‘G ‘vZ0Z ‘X00T9ZST


https://doi.org/10.3390/jmse9080788
https://doi.org/10.1016/j.ecoleng.2020.106078
https://doi.org/10.1016/j.ecoleng.2020.106078
https://www.repository.cam.ac.uk/items/c1bb1493-4ef1-4263-b0ef-4e1e16efaab0
https://doi.org/10.1111/rec.12028
https://doi.org/10.3389/ffgc.2022.784322
https://doi.org/10.3389/ffgc.2022.784322

	Tracking the long-term vegetation and soil characteristics of restored mangroves: a case study from Guyana's coast
	Introduction
	Methods
	Study Area
	Study Design
	Determination of Stand Age
	Plant Measurements
	Soil Analysis
	Statistical Analyses

	Results
	Species Composition and Abundance
	Growth Patterns
	Soil Physicochemical Characteristics
	Soil Nutrient Status

	Discussion
	Acknowledgment
	LITERATURE CITED


