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Abstract: Mangroves offer a range of globally acknowledged advantages, yet they continue to be
lost and degraded. Efforts to restore lost mangroves using conventional techniques in high-energy
areas result in low success rates due to the removal of seedlings via wave action. We assessed the
efficacy of using modified Riley Encasement Methods in the restoration of mangroves in high-energy
areas in Gazi Bay, Kenya. Vegetation and soil baseline data were collected in 49 square plots of
100 m?, which were established along belt transects perpendicular to the shoreline. The following
mangrove vegetation data was collected: species composition, tree height (m), and stem diameter
(cm). From these, the importance value index (IV), basal area, and standing density (stems/ha) were
derived. Sediment cores were made in the center of each square plot for carbon and grain size analysis.
Mangrove (Rhizophora mucronata) planting adopted a randomized complete block design (RCBD)
in which the planting area was divided into three blocks (A, B, C). Within each block, treatments
(bamboo and different-sized PVC pipes) were randomly assigned locations. The results of the study
reveal significant variations in survival and growth rates among treatments. Higher survival rates
were recorded for seedlings grown within PVC encasements (43%), surpassing bamboo (1%) and
control groups (4%). Our findings suggest that PVC pipes were efficient in supporting and protecting
seedlings from external forces. We expound on the implications of the results and highlight potential
enhancements for the effectiveness of encasement technique in mangrove restoration.

Keywords: mangrove restoration; encasement; conventional methods; shoreline protection;
Gazi; Kenya

1. Introduction

Mangroves are recognized as one of the world’s most productive ecosystems, playing
crucial roles ecologically, physically, economically, and socially [1,2]. They provide a wide
range of valuable goods and services that contribute to poverty reduction, increased food
security, and opportunities for tourism and recreation, as well as to the moderation of
extreme weather events [3,4]. In Kenya, approximately 80% of the coastal communities
derive their livelihood from mangrove ecosystems [5]. Ecologically, mangroves provide
a habitat and breeding ground for marine fauna, including fishes [6]. In addition, they
sequester about five times more carbon than tropical forests [7,8]. Research shows that
mangrove sediments together with the roots are estimated to hold approximately 6.4 billion
tons of carbon [6], and capture about 30 million tons every year [9], and therefore are
suitable for mitigating climate change [10].

Moreover, mangroves and associated ecosystems play a significant role in shoreline
and coastal protection [11-14]. Mangroves are capable of minimizing wave energy, stabiliz-
ing sediment, and facilitating sediment accretion [11,12,15-18]. For instance, a 100 m width
of mangroves has the potential to reduce incoming wave energy by 66% of the wave’s
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height [19]. Their root system forms a network that stabilizes sediments, preventing ero-
sion [12]. The vegetation cover reduces the speed of the flowing water and wind, promoting
sediment accretion, which stimulates the production of the belowground root system [20],
further improving soil cohesion. The dense mangrove vegetation together with the reduced
wind speed contributes to reduced wave vigor [6,19,21,22], thus protecting the shoreline
from wave damage. In the event of sea level rise, mangroves are able to accrete sediments,
thereby adapting to the rising sea levels [23,24]. The role of mangroves in coastal protection
was well illustrated in the event of the Indian Ocean Tsunami (IOT) of 2004 where areas
with degraded mangroves experienced high losses of life and properties compared to areas
with intact ecosystems [25,26]. The loss of life was estimated to exceed 200,000 deaths and
the cost of property loss was estimated as more than 9.9 billion dollars [27-29].

Despite their great values, mangroves throughout the world continue to be lost and
degraded as a result of human and natural causes [30,31]. It is estimated that the world
is losing 1-3% of mangrove areas per year [32]. In Kenya, at least 40% of the 60,000 ha
of mangroves were lost and degraded between 1990 and 2005 [33]. Whereas the rate of
loss has declined in some areas, the remaining mangrove forests are still threatened by
illegal harvesting, land encroachment, pollution, and climate change effects [34]. Mangrove
loss risks the release of huge amounts of the stored carbon back into the atmosphere,
further impacting climate [7,35]. In addition, the loss of the outer mangrove fringe has been
associated with increased shoreline erosion and decreased elevation [36,37]. This increases
the vulnerability to coastal hazards and also alters the optimal conditions for mangrove
establishment and growth [36,38]. At Gazi Bay in Kenya, mangroves have been historically
exploited for wood and non-wood resources [39,40]. In the 1970s and 1980s, the industrial
exploitation of mangrove wood for energy in Gazi left large contiguous blank areas, some
of which have failed to regenerate naturally to date [41,42]. As a result, the area experiences
coastal erosion due to wave exposure prompting the uprooting of coconut trees adjacent to
the community’s agricultural field.

In response, widespread restoration initiatives have been launched to re-establish lost
mangrove stands, particularly in recent times when ecosystem restoration has become in-
creasingly popular and essential to address climate change and biodiversity decline [43—45].
The commonly used approaches include natural regeneration, which relies on the spon-
taneous dispersal of propagules [40] and artificial regeneration which entails the direct
planting of propagules or nursery-raised saplings [45-47]. While these methods are usu-
ally fit for mangrove restoration in low-energy areas, they typically underperform in
mangrove-lined ecosystems. Success rates of restoration efforts vary from one project to
another [47-49] depending on site history, the choice of the species to be planted, and
approach used. Low success rates are often reported in areas exposed to high energy and
where habitats have been destroyed and ecological conditions altered [46,50].

In Gazi Bay, where this study was based, attempts by Kairo [46] to rehabilitate high-
energy sites using conventional planting methods failed, recording success rates of less
than 10%. This failure is attributed to changes in site conditions and exposure to high wave
action [46] that dislodge the newly planted seedlings. Poor mangrove performance has
been reported elsewhere, where unshielded coastlines are prone to wave actions [51,52].
This underscores the need for alternative restoration techniques. This study assessed the
applicability and efficacy of the modified Riley Encasement Methodology (REM) initially
proposed by Riley & Kent [53] to inform on their replicability in re-establishing the lost
mangroves in high-energy areas of Gazi Bay. Under REM the planting materials are
installed in polyvinyl chloride (PVC) tubing to protect them from being dislodged by
waves [53]. In the current study, we varied the diameter of encasements (7 to 10 cm) as
well as the material types (bamboo and PVC pipes). The encasements are meant to shield
and support seedlings during the early developmental stages. Research questions were as
follows: What are the biophysical characteristics of degraded high-energy mangrove site
in Gazi? How does the survival and growth of the replanted mangroves compare among
different treatments?
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2. Materials and Methods
2.1. The Description of the Study Area

The study was carried out in the south coast of Kenya at Gazi Bay (39° 30" E, 04° 25’ S),
located about 55 km from Mombasa (Figure 1). The bay comprises two villages: Gazi and
Makongeni. It covers about 18 km? [54] and is characterized by the eastern and western
creeks, fringing mangroves, seagrass beds, and a long intertidal area. Two seasonal rivers,
Kidogoweni and Mkurumudzi, drain into the western creek and provide freshwater input
into the bay while groundwater seepage happens in a few points [55].
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Figure 1. Map of Gazi Bay showing planting area.

The bay connects to the Indian Ocean through a relatively broad opening (3500 m),
and is usually shallow, with an average depth of 5 m at the entrance [56]. It is protected
to the east by Chale Peninsula and to the south by a fringing coral reef. Coral reefs,
present in dispersed clusters serve as habitats for various marine fauna including mollusks,
crustaceans, and fish. As such, they contribute to biodiversity and play an important role
in sustaining community livelihoods through tourism and fisheries [57].

The climate of Gazi Bay may be classified as tropical wet/dry as per Koppen classifica-
tion [58]. The wet season is associated with the southeast monsoons. It is characterized by
heavy rains and rough seas, and usually occurs from March to August. Dry season follows
from November to March, associated with the northeast monsoon winds. This season
features calm seas [59]. Annual total rainfall in Gazi ranges from 1000 mm to 1600 mm,
with temperature ranging from 19 to 34 °C throughout the year [60]. Humidity is high, and
averages about 80% all year round [56].

There are about 700 ha of mangroves in Gazi Bay, represented by nine species [61,62].
The most important mangrove species in Gazi Bay are Rhizophora mucronata, Ceriops tagal,
and Avicennia marina, and these occupy more than 80% of the forest formation [63]. Gazi
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mangroves exhibit a zonation pattern that is similar to other mangrove forests in Kenya.
The seaward side is occupied by Sonneratia alba. This is followed by Rhizophora mucronata—
Bruguiera gymnorrhiza in the mid-zone and Ceriops tagal, Avicennia marina, and Lumnitzera
racemosa on the landward side [39]. The community in Gazi village benefits from sale of
carbon credits from the mangrove forest, which has positively impacted their livelihoods.

2.2. Vegetation Surveys

Systematic random sampling design was adopted in the study. Square quadrats of
100 m? were established along 50 m belt transects established perpendicular to the shoreline
at an interval of 20 m. In the quadrats, all mangroves with a stem diameter at breast height
(dbh) > 2.5 were identified, counted, and recorded. Vegetation attributes including tree
height (m) and dbh (cm) were collected. Dbh measurements for all species were taken at
130 cm above the ground [64], except for Rhiziphora mucronata in which they were taken
at 30 cm above the highest grounded prop root [65]. From the field data, the following
were derived; tree basal area (m?/ha), stand density (stems/ha), and importance value (IV);
following procedures discussed in Kauffman and Donato [66] as well as in Kershaw [67].

2.3. Sediment Characteristics

Within the 100 m? quadrats established for vegetation assessment, two sediment cores
were collected using a 7.0 cm diameter half-arc soil corer. The soil corer was vertically
inserted into the soil until a maximum depth was reached and pulled out gently. Each core
was partitioned, using a ruler, into sections representative of various depths (0-15, 15-30,
30-50, and 50-100). Sub-samples measuring 5 cm were collected from the midpoints of the
sections as follows: 5-10, 20-25, 37.5-42.5, and 72.5-77.5 cm [66]. The samples were then
placed into labeled containers and transported to the laboratory and stored at 4 °C for a
further analysis of particle size, bulk density, and sediment organic matter.

2.3.1. The Determination of Sediment Particle Sizes

Dry sieve method was used to determine the distribution of soil grain sizes. A standard
weight of 100 g of the dried sample was measured, homogenized, and then passed through
a series of sieves ranging from a 2 mm to 38 pm mesh-size. Subsequent statistical analysis
was done following the Folk and Ward [68] method using the GRADISTAT computer
program to determine the percentage proportions of silt, clay, and sand [69].

2.3.2. The Determination of Bulk Density and Sediment Organic Matter

To calculate bulk density, samples were placed on pre-weighed aluminum foils and
oven dried at 60 °C until a constant dry weight, weighed, and recorded. The bulk density
was calculated by dividing the mass of the oven-dried sample by the volume of the sample
as illustrated in the equation below [70].

Bulky Density (g/cm®) _ Weight of oven — dried sample (8)

Volume of the sample (cm3)
where,
Volume = cross — sectional area of the corer (7'(1‘2> x height of the sub — sample

To determine soil organic matter (SOM), the loss-on-ignition (LOI) method was used.
It is a semi-quantitative method in which soil organic matter is lost in the process of
combustion in a furnace. To maximize the efficacy of the results, samples used in computing
for bulky density were used. The dried samples were homogenized and grinded using an
electronic grinder machine for ten (10) min and then sieved to separate the fine sediment
from debris. Samples were then combusted at 450 °C in an induction furnace for 8 h in
three replicates of 5.0 g each, after which they were cooled in a desiccator and weighed to
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obtain the weight after combustion. The percentage of SOM was then calculated following
the equation below:

SOM (%) = Mass before combustion (g)— Mass after combustion(g) 100
e Mass before combustion (g)

Since LOI expresses not only the loss of organic carbon, but the loss of organic matter,
which consists of many nutrients such as hydrogen, carbon, nitrogen, oxygen, and sul-
fur [70], an equation relating LOI% to SOC% in mangrove ecosystems was used to estimate
Soil Organic Carbon (SOC) from SOM [71].

% SOC = 0.415 x % LOI + 2.89.

2.4. Experimental Mangrove Planting
2.4.1. Site Selection

Natural and socio-ecological factors were considered in selecting the planting site.
With regards to natural suitability, the site was selected due to the previous presence of
mangrove vegetation and exposure to strong waves, currents, and winds. Regarding socio-
ecological suitability, we expect improved shoreline protection through the rehabilitation
of mangroves. The majority of the community in Gazi supports the idea of replanting
mangroves to control shoreline erosion in the designated area. Mangrove rehabilitation
efforts are anticipated to align harmoniously with both current and future land use in the
area. The site was designated for annual planting by communities involved in the carbon
offset scheme, Mikoko Pamoja. Based on the technical specifications, the community is
expected to replant 4000 new mangrove seedlings each year in the degraded areas of Gazi
Bay. Therefore, the current restoration experiment aligns with the community needs for
mangrove rehabilitation, aiming to yield climate-related benefit.

2.4.2. The Use of PVC and Bamboo Pipes

Though traditional methods are generally effective for mangrove restoration in low-
energy areas, they may not suffice in areas that face challenges such as wave action and soil
erosion/accretion. They often provide minimal protection from waves and other physical
forces [72]. In response to such conditions, alternative methods, such as the use of PVC
pipes (Riley Encased Method) and bamboo pipes, are incorporated to provide protection
during the early developmental stages [53]. This physical protection serves to mitigate the
impacts of wave and wind action. Importantly, the PVC pipe is intended to be removed
once the saplings have established [73].

2.4.3. Encasements and Propagule Preparation

Using an electric driller, the 3” and 4” PVC piping and bamboo piping were drilled
to make holes along the length for allowing water to flush in and out. A vertical slit was
then made in the PVC pipes to allow easy removal when mangroves are fully established.
The mature propagules of Rhizophora mucronata were collected from the forest floor or by
shaking the mother plant and picking the falls. To initiate rooting, the propagules were
spread on top of moistened sawdust in a dark room and covered with a wet heavy blanket.
Propagules which did not root after 7 days were considered non-viable and discarded.
Viable propagules were then assigned to treatments.

2.4.4. Experimental Design

The randomized complete block design (RCBD) was employed in setting up the exper-
iment. Three rectangular blocks measuring 5.5 m by 7 m were established perpendicular to
the shore (Figure 2).
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Figure 2. Schematic presentation of the experimental design showing randomized blocks and
treatments in the planting area.

Treatments including 3” PVC (7 cm in diameter), 4” PVC (10 cm in diameter), bamboo
tubing, and control were randomized separately for each block using the RAND function in
the Excel 2016 package. On every block pits were dug at a spacing of 50 cm for encasement
installation as the bedrock was shallow, making it impossible to directly push encasements
into the ground as anticipated. The planting spacing was kept at a minimum distance of
50 cm because the site faces strong waves. Closer seedling spacing is recommended for such
sites to help withstand the impact of waves [74,75]. After establishment, if all seedlings are
growing well, they could be transplanted to other areas with gaps [75]. After digging pits,
encasements were tightly fixed in the ground and cut into a height corresponding to the
elevation of the existing Rhizophora mucronata mangroves closest to the planting site [39].
The pipes were then filled with sufficient mangrove sediments to set the seedling at an
elevation consistent with the mean-high-water mark. In each encasement, one propagule
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was planted. Every block contained 15 rows at a spacing of 50 cm and every line contained
3 units of each of the treatments, which resulted in 45 units of every treatment in a block.
This added up to a total of 180 propagules in every block and a total of 540 propagules in
all blocks (Figure 2). Figure 3 shows the planting site ground elevation measurements in
relation to the mean sea level (MSL).

2580
240
230
220

210

Elevation (cm)

200
Block A

BlockB g ¢

190

180

0 10 20 30 40 50 60 70 80 90 100

Distance from Benchmark (m)
Figure 3. Elevation of every block relative to the MSL.

2.4.5. The Monitoring of Growth Performance

The monitoring of planted mangrove propagules was done monthly for eight (8)
months by collecting survival and growth data using the protocol in the UNEP’s guide-
lines on mangrove ecosystem restoration for the Western Indian Ocean Region [47]. The
following vegetation data were generated (Table 1): shoot height (cm), number of leaves,
number of internodes, number of branches, and leaf area (Figure 4).

Table 1. Monitoring schedule adopted in assessing the survival and growth performance of the
planted seedlings.

Time after Planting Parameters Measured

0 to 3 months Percentage Survival

Percentage Survival

Shoot height (from first node to the base of
4 to 6 months top-most leaves)

Number of leaves (for all individuals)

Number of internodes (for all individuals)

Percentage Survival

Shoot Height

Number of leaves (for all individuals)
Number of internodes (for all individuals)

7 to 8 months
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Figure 4. Biometry of a mangrove sapling [47].

2.5. Data Analysis

Statistical analysis was done using the SPSS version 26.0, GRADISTAT computer
program, and Microsoft Excel 2016. The tabular and graphic presentations of data allowed
ease of visualization. The normality of the data was tested using the Kolmogorov-Smirnov
test and Shapiro-Wilk test and data were normalized where necessary to meet parametric
assumptions. Data on survival rates were subjected to repeated measures of Analysis of
Variance (ANOVA) followed by a Post-hoc Tukey HSD (p < 0.05) to compare means among
treatments and blocks. The bamboo and control groups were not included in the growth
performance analysis due to the low survival rates (high mortality), as the small sample
size would compromise the results of the study. The measures of soil properties were also
subjected to ANOVA followed by a Tukey HSD Post-hoc to realize variations in depth.

3. Results
3.1. Biophysical Characteristcs

Soils in the degraded areas of Gazi are characterized by high proportions of sand
accounting for 96.97 £ 0.17% with very small proportions of silt and clay (3.03 £ 0.17%).
No clear pattern is depicted in percentage sand, as well as clay and silt, with depth (Table 2).
However, the differences in the values across the depth intervals are not statistically
significant (p > 0.05). The average bulk density across the different depth intervals ranged
from 0.065 to 0.335 g/cm? (mean: 0.255 =+ 0.007 g/cm?). Bulk density varied significantly
with depth (p < 0.05) as values decreased with increasing depth. The proportions of soil
organic matter (SOM) ranged from 5.948 to 7.315% (mean: 6.334 £ 0.24%), while those
of soil organic carbon (SOC) ranged from 5.358 to 5.926% (mean: 5.519 + 0.10) with no
significant differences between the depth intervals (p > 0.05).
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Table 2. Sediment physico-chemical properties in the different depth intervals of the eroded Gazi site.

The values are presented as percentage mean + S.E.

Sample Coarse Sand Medium Fine Sand Silt-Clay Bulk Density SOM socC

Depth (cm) (%) Sand (%) (%) (%) (g/cm?3) (%) (%)
0-15 13.54 £ 0.98 27.68 £+ 2.30 55.33 £ 2.60 3.45 + 0.30 0.335 £0.009 6.419 £0.35 5.554 £0.15
15-30 19.50 + 1.41 27.60 £ 1.87 50.05 £ 2.30 2.86 £ 0.24 0.281 £0.010 5948 £ 048 5.358 £ 0.20
30-50 18.74 + 1.53 24.66 £ 2.08 53.76 £ 2.55 2.84 +0.43 0.184 £0.008  6.251 &£ 0.55 5484 £0.23
50-100 19.23 +1.73 19.51 +1.75 58.65 +2.99 2.60 + 0.34 0.065 £ 0.004  7.315+ 0.58 5.926 +0.24
Average 17.19 £ 0.70 26.10 £1.13 53.68 £ 1.35 3.03 £ 0.17 0.255 £ 0.007  6.334 +0.24 5.519 £0.10

3.2. Mangrove Forest Structure

Three species of mangroves were encountered in the project site. Based on their
importance value (IV) index, the most dominant species in the site is Sonneratia alba
(IV = 293.23%), followed by Rhizophora mucronata (16.25) and Avicennia marina (13.25)
(Table 3).

Table 3. Species composition and importance values of mangroves encountered in the eroding Gazi
Bay shoreline.

Species Relative Values (%)
Dominance Frequency Density IV (%)
Avicennia marina 2.45 9.09 1.709 13.25
Rhizophora 1.25 13.64 1.368 16.25
mucronata
Sonneratia alba 96.30 100 96.923 293.23

The overall stand density of the mangroves in the study site at Gazi was estimated
at 2659 + 460.13 stems ha~! (range: 500-10,000 stems ha~1), with mean basal area, tree
height, and DBH of 21.06 + 2.45 m? ha~! (range: 3.28-39.96 m? ha™!), 549 + 0.09 m
(range; 1.5-11.2 m), and 8.52 £ 0.23 cm (range; 2.5-31.5 cm), respectively. Figure 5 shows a
scattergram of the heights against stem diameters of mangroves in Gazi. As expected, there
is a positive linear correlation between stem diameter and height. However, regression
analysis reveals that it is a low positive correlation (R? = 0.255). Some 50% of trees in the
study sites had diameters and height range from 4.5 to 11.5 cm and 3.5 to 7.0 m, respectively
(Figure 5).
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Figure 5. Height-diameter distribution of mangroves in degraded Gazi site.
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Survival

3.3. Trial Mangrove Growing Experiments in a High-Energy Site of Gazi
3.3.1. The Survival Rates of the Replanted Mangroves

Three months after planting (the last month at which mangroves encased within
bamboo poles were present), Block A exhibited survival rates ranging from two to twenty-
three (4-52%). Among these, those encased in 3” PVC pipes displayed the highest survival
rate at 52%, followed by those in 4” PVC at 42%, and bamboo pipes at 9%. The control
group, consisting of directly planted seedlings, recorded a 4% survival rate during the
same period. At the end of the eighth month, survival rates varied from two to seventeen
(4-38%). Mangroves in 3” PVC achieved the highest survival rate at 38%, followed by those
in 4” PVC at 36%, and the directly planted seedlings at 4% (Figure 6).

Treatment

Cl4" pvc
E3' pe
EZBamboo
Ocantrel

Block

Figure 6. Survival rates of mangroves established in three blocks (A, B, C) under different treatments
over time. One to eight represent time in months after planting.

Eight months after planting, mangroves grown in Block B recorded survival rates
ranging from two to twenty-six (4-58%), with those established in 4” PVC recording the
highest survival rate of 58%, followed by those in 3” PVC (51%), and bamboo pipes (4%).
Over the same growth period, directly planted propagules had a survival rate of 7% only
(Figure 6).

Mangroves sown in Block C had survival rates ranging from two to twenty-seven
(4-60%) two months after planting (the last month at which mangroves encased within
bamboo poles were present), with seedlings encased in 4” PVC having the highest survival
(60%), followed by those encased within 3” PVC (53%), and bamboo pipes (16%). The
directly planted propagules had the lowest survival of 4%. At the end of the experiment
(8 months after planting), survival rates ranged from 2 to 40% (1-18), with mangroves
planted within 3” PVC recording a higher survival rate of 40% followed by those planted
in 4” PVC (36%), and the control with a 2% survival (Figure 6).

Overall, survival rates varied significantly between treatments (F = 153.962, p < 0.05)
(Table 4). Mangroves encased in 3” and 4” PVC recorded significantly higher survival
rates (43%) compared to the bamboo-grown (1%) and control group (4%) (p < 0.05). No
significance difference in survival was recorded between 3'" and 4" PVC encasements
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(p = 0.992). Survival rates for bamboo grown seedlings varied significantly from all other
treatments (p < 0.05). Similarly, survival rates for the control group varied significantly
from PVC and bamboo encasements (p < 0.05). Post hoc test results showing comparison
in survival rates between treatments are shown in Appendix A, Table A1l. There were no
significant variations in survival rates between blocks (F = 0.5, p = 0.608) (Table 4). Seedlings
planted in Block B recorded a mean survival rate of 16.78 + 2.0%, followed Block C
(15.12 + 2.05%) and then Block A with 14.07 + 1.8%.

Table 4. ANOVA table showing the effect of treatments and blocks on survival rates.

Treatments Blocks
Sum of Mean . Sum of Mean .
Squares df Square F Sig. Squares df Square F Sig.
Between Groups 7812.524 3 2604.175 153.962 0.000 110.614 2 55.307 0.500 0.608
Within Groups 1370.064 81 16.914 9071.974 82 110.634
Total 9182.588 84 9182.588 84

3.3.2. The Growth Performance of the Replanted Mangroves

Four months after planting, seedlings growing in Block A had attained a shoot length
of 7.3-22.2 cm (12.82 + 0.52), with 4-8 leaves (6.15 + 0.27) and 1-3 internodes (2.08 + 0.13).
At six months, seedlings had a shoot length ranging from 11.8 to 28 cm (18.83 & 0.62), with
8-12 (10.31 £ 0.2) leaves and 3-5 (4.5 £ 0.1) internodes. By the eighth month, the seedlings’
shoots ranged from 15.5 to 37.2 cm (mean: 25.38 + 0.83), with those encased in 4” PVC
and 3” PVC attaining a mean of 25.91 & 1.43 cm and 24.88 £ 0.90 cm, respectively. The
number of leaves and internodes ranged between ten and fourteen (12.36 & 0.2) and four
and six (5.18 £ 0.1), respectively, with seedlings encased in 4” PVC recording an average of
12.88 + 0.32 (10-14) leaves and 5.44 + 0.16 (4-6) internodes while those encased in 3"” PVC
had 10-14 (11.88 £ 0.21) leaves and 46 (4.94 &£ 0.10) internodes (Figures 7-9). There were
no significant statistical differences in vegetation attributes among seedlings grown in 3”
and 4” PVC (p > 0.05).
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Figure 7. Average shoot growth (in cm) in blocks per treatment. A, B, and C represent the blocks.
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By the fourth month of growing, seedlings planted in Block B had attained a shoot
length ranging from 4.9 to 24.3 cm (16.36 + 0.63), with 2-8 (5.12 & 0.21) leaves and 1-3
(1.63 £ 0.10) internodes. In six months, the shoot length was ranging between 12.4 and
33 (21.58 £ 0.71), while the number of leaves and internodes ranged between four and
twelve (8.36 £ 0.21) and one and five (3.18 + 0.11), respectively. On reaching the age
of eight months, seedlings had attained a shoot length of 26.33 £ 0.67 (15.1-38.1), 8-14
(11.25 £ 0.19) leaves, and 36 (4.62 & 0.10) internodes. Seedlings encased in 4” PVC had an
average shoot length of 27.49 £ 0.86 cm, 11.54.88 £ 0.28 leaves, and 4.77 £ 0.14 internodes,
while those encased in 3” PVC recorded an average of 25.21 &+ 1.08 cm in shoot length,
10.91 £ 0.25 leaves, and 4.45 + 0.13 internodes (Figures 7-9). The differences recorded
among seedlings grown in 3'" and 4" PVC were statistically insignificant (p > 0.05).

At four months of growing, seedlings in Block C attained a mean shoot length of
13.28 £ 0.42 cm (range: 4.3-18), 5.81 & 0.27 (2-8) leaves, and 1.95 + 0.13 (1-3) internodes.
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After six months, seedlings attained a shoot length of 8-24.5 cm (18.76 £ 0.46), with
4-12 (9.86 £ 0.21) leaves and 1-5 (3.93 £ 0.1) internodes. By the eighth month, the shoot
length reached 24.73 + 0.48 cm (range: 12.3-35.3 cm), with 11.45 £ 0.22 (8-14) leaves and
4.73 £ 0.11 (3-6) internodes. Seedlings grown in the 3” PVC recorded an average shoot
length of 21.09 £ 1.17 cm (range: 12.6-31.5 cm), with 11.44 + 0.27 leaves (range: 10 to 14)
and 4.72 & 0.14 internodes (range: 4 to 6). In contrast, those enclosed within the 4” PVC
achieved a shoot length of 22.39 &+ 1.42 cm (range: 12.3 to 35.3 cm). These seedlings also
displayed eight to fourteen leaves (mean: 11.47 £ 0.36) and three to six internodes (mean:
4.73 £ 0.18) (Figures 7-9). The variances observed between the two treatments were not
statistically significant (p > 0.05).

At the conclusion of the experiment, the growth performances of mangroves enclosed
in 3” and 4” PVC had statistically insignificant differences as indicated in Table 5 (p > 0.05).

Table 5. Overall growth performances for the replanted mangroves at the end of the experiment.
Values are reported as mean = se.

Treatment Shoot Number of Number of Number of
Growth (cm) Leaves Internodes Branches

3” PVC 23.84 + 0.66 11.37 £ 0.15 4.68 + 0.08 1.87 £ 0.13
4” PVC 25.65 4+ 0.72 11.89 £ 0.20 495+ 0.10 245+ 0.18
Total 24.74 4+ 0.69 11.63 £0.13 4.82 + 0.06 227 +£0.13

Leaf area per plant for seedlings encased in 3” and 4” PVC varied within the ranges
of 41.33-149.29 cm? and 41.79-146.29 cm?, respectively, at the six-month mark. In Blocks
A, B, and C, leaf area ranged from 47.20 to 149.29, 48.10 to 142.91, and 41.33 to 145.51,
respectively. On average, considering all blocks together, the leaf area per plant was
100.48 +£ 2.05 (with a range of 41.33-149.29).

4. Discussion
4.1. Sediment Characteristics

Sediment particle size distribution is among the most critical physical properties that
affect soil properties in regards to erosion [76,77]. The very low amount of percentage silt-
clay (3.03 £ 0.17) in sediment compared to those of forested sites (38.38%) in Gazi [78] is an
indication of a highly degraded site with low vegetation cover. The proportions of fine sand
(53.68 £ 1.35%) are comparable to those of non-reforested sites in Gazi (58.85 + 6.11%) [78],
further indicating a situation of a degraded site. The relatively small amounts of SOM
(6.33 £ 0.24%) and SOC (5.52 £ 0.10%) in the sediment compared to values obtained in
forested Gazi sites (38.38, 31.04, 17.38%) by Kairo et al. [78] suggests near zero sediment
accretion. Mangrove vegetation enhances the build-up of SOM by accreting sediments [78].
Mangrove vegetation boosts sediment trapping and settlement by reducing the speed
of water movement [20,79]. With the high proportions of sand (96.97 £ 0.17%) in the
sediments, there is a high possibility of decreased soil stability which increases the risk of
erosion [80,81] by high tides and other extreme weather events.

Soil bulk density is considered as the soil’s dry weight per unit volume and it indicates
soil compaction. Normally, as the soil depth increases, bulk density is known to increase [82]
as the weight of the top layer sediments effect soil compaction [83]. However, the results of
this study indicate an exact opposite situation where bulk density significantly decreases
with increase in soil depth (Figure 10). We would imagine a situation where the top layers
of mangrove sediment have experienced physical compaction due to the action of waves,
tides, and other forms of disturbance. Such a situation could lead to increased bulk density
in the shallow layers as the impact of compaction would diminish with depth, resulting in
lower bulk density in deeper layers.
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4.2. Mangrove Forest Structure in Gazi

The designated mangrove planting area in Gazi is dominated by Sonneratia alba, thus
the higher importance value (IV) as expected. The species naturally occurs in the low
lying intertidal areas, in the inundation Class 1 of Watson [84]. This fringing forest is
heavily fragmented due to mangrove harvesting for fuelwood in the 1970s [41] that left
blank contiguous areas [42], leading to the moderately low stand density. Other mangrove
species in the zone are Rhizophora mucronata and Avicennia marina, which exist as both adults
and juveniles [63,78]. The presence of mature established species of Rhizophora mucronata in
the study area prompted us to use it in the restoration experiment (Figure 11).

Figure 11. A photo taken from the study site showing a mature Rhizophora stand establishing in
combination with the native species.
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Adult Rhizophora species have prop roots for anchorage and breathing [85]. The root-
ing systems form a strong mesh system that enables them to create wave barriers [86]. As
such, Rhizophora have high proficiency in wave attenuation compared to other mangroves
species due to the complexity of the root system, which creates greater friction to incoming
waves and thus a higher drag coefficient [86-88]. This is critical for the designated planting
area as it is highly exposed to wave action. The rooting system also accretes sediments
and facilitates the natural recruitment of indigenous species. The genus Rhizophora is also
known to be a land-builder through sediment accretion and stabilizations [89], thus the
potential in revitalizing eroded shorelines and keeping pace with rising sea levels [16,90,91].
As such, the successful establishment of the species in the site will play a critical role in
enhancing the restoration of the Gazi shoreline.

The low positive association (R? = 0.255) between the stem diameters and heights
of the mangroves in the degraded Gazi site could probably be a result of the challenging
environmental conditions, including sedimentation and exposure to high wave action, that
negatively impact the growth patterns of mangrove trees. This might lead to disparities
in stem diameter and height thereby weakening the correlation. Such weak correlations
have been reported elsewhere, for instance in Mombasa and Mtwapa, Kenya [92], where
the mangrove ecosystem is predisposed to human and environmental stressors [93,94].
Overall, conditions along the shoreline of Gazi Bay depict a picture of a highly degraded
and exposed mangrove site. This validates the need for alternative restoration approaches
to enhance restoration success and ensure that communities are protected as the degraded
fringing mangrove belt stands between the land and the sea.

4.3. The Survival and Mortality of the Planted Mangroves

In most mangrove restoration projects, survival rates are used as one of the common
indicators for success [48,49]. The results of this study reveal significant differences in
survival rates among treatments. Significant variations were particularly noted between
the PVC-encased and bamboo-encased and between the PVC-encased and control, as well
as between the bamboo-encased and control. There were no significant differences in
survival rates between the different PVC encasement sizes. Major losses occurred in the
first two months following planting due to tidal washing. This outcome is anticipated in the
pre-establishment stage when seedlings have not yet firmly taken root. In the first month,
the highest mortality (94%) was recorded for the conventionally planted propagules, which
is expected since these propagules had no protection, and thus were highly exposed to
strong wave energy [95]. High wave energy has been deemed to be a stressor that limits
the success of mangrove establishment [96]. Similar results were observed in high energy
mangrove planting areas of Florida [97]. Results also align with a study by Kairo et al., [46]
that demonstrated up to 90% mortality for mangrove seedlings exposed to high energy.
High mortality for propagules encased in bamboo tubes was also occasioned by washing by
tides as a result of the small diameter tube that could not hold enough soil, thus providing
a weak support system. This contrasts with the findings of Kent & Lin [98] where the
mortality of seedlings encased in bamboo was occasioned by lack of sufficient light. This is
so because in the current study seedling were not fully encased, as was the case with Kent
and Lin [98], rather, seedlings were set at an elevation that allowed enough light to get into
the seedlings.

Survival rates were highest in propagules installed in 3” and 4” PVC tubes. Despite
the differences in PVC diameters, there were no significant differences (p > 0.05) in survival
rates across the blocks. Actually, at the end of the experiment they recorded similar survival
rates (43%) while the bamboo tubes and control had survivals of 1% and 4%, respectively.
This could be attributed to the PVC’s ability to hold more sediments thus offering adequate
support to the seedlings. Kent and Lin, in their experiment, also reported higher survival
rates of above 70% for seedlings encased in full-length PVC, exceeding bamboo-grown
and conventionally planted seedlings. This highlights the potential of PVC encasement in
mangrove restoration within high-energy areas. Modifications to prevent sediment loss
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from within the pipes could further enhance the efficacy of PVC. In addition, techniques
such as crafting physical barriers around the restoration blocks could help in minimizing
the impacts of ocean tides, waves, and currents, thereby enhancing success [99,100]. These
defenses have the ability to attenuate incoming waves [101], thus reducing the energy
reaching the planted mangroves.

Other eco-engineering approaches used for mangrove restoration in areas exposed
to high wave energy often report higher growth and survival rates compared to the con-
ventional planting techniques. For instance, the use of breakwater in Sungai, Malaysia
to minimize the wave energy reaching the planted seedlings was moderately successful
with 30% of the originally planted seedlings surviving eight months after planting [99]. At
Pedada Bay in the Philippines, survival rates higher than 70% were achieved through the
use of breakwaters [100]. The effective deployment of breakwaters in Indonesia and Viet-
nam resulted in decreased wave energy, and thus reducing coastal erosion and sediment
accumulation and increasing the rate of mangrove colonization [102]. In Grand Cayman,
the use of anchored armored concrete cultivator pots for mangrove planting in a high
energy environment was associated with high survival rates above 70% [72].

However, the advancement of mangrove restoration techniques in high-energy envi-
ronments is an ongoing endeavor essential for effective management. This is particularly
important due to the various human and climatic pressures on blue carbon ecosystems like
mangroves. The ultimate goal surrounds the innovation of cost-effective methods that can
be embraced in sites where conventional methods show limited efficacy [72].

4.4. The Growth Performance of the Planted Mangroves

There were no significance differences (p > 0.05) in sapling shoot length or the num-
bers of leaves, internodes, and branches for mangroves encased in 3” and 4” PVC. The
average number of leaves per plant by the fourth month of growing (5.67 £ 0.65) slightly
compares with that of seedlings planted under field conditions (6.17 % 3.86) by Kairo [39]
in Gazi. This is an indication that PVC encasements might have the capability of imitating
the natural environment under which mangroves establish. However, other parameters
including shoot growth and the number of internodes were relatively high under field con-
ditions (35.11 & 3.86; 7.29 + 3.78) by Kairo [39] compared to those in the PVC environment
(14.15 £ 0.53; 1.87 £ 0.12) in this study. Additionally, values obtained for the total leaf
area per plant at the age of 6 months (100.5 + 2.1 cm? (41.3-149.3 cm?) are significantly
lower compared to those obtained by Kairo [39] at the age of 12 months (893.1 & 71.3 cm?
(195.2-1615.5 cm?) under field conditions. This could be attributed to nutrient scarcity
within the PVC environment. Over the course of the current experiment, a noticeable
removal of sediments from the encasements became apparent, potentially resulting in nu-
trient depletion. This phenomenon may have contributed to slowed growth and a decrease
in leaf area. The primary factor constraining the growth of mangroves is the availability of
nutrients [103,104]. Instances of nutrient deficiencies have been associated with stunted
growth in mangroves [105,106]. Consequently, there is a need to optimize conditions within
the PVC pipes, possibly through improved nutrient management practices.

5. Conclusions

Over the eight months of observation, seedlings encased in 3” and 4” PVC pipes
recorded almost similar and greater survival and growth rates compared to the directly
planted and bamboo encased seedlings. However, if the monitoring was done for a longer
period, significant differences may develop between the different-sized PVC encasements.
Results indicate that PVC encasements were more effective in enhancing the survival and
growth of the planted seedlings in high-energy areas of Gazi Bay. Performance with PVC
encasements would still be enhanced by devising recommended measures such as better
nutrient management. Though bamboo encasements were not effective in this study, there
is still potential in their use if large diameters are available. A deep substrate would also
be suitable for bamboo pipes due to ease of installation. This implies that with the pro-
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posed revisions, encasement methodology would facilitate survival rates by minimizing
seedling washout, which is the key challenge and cause of mortality in high-energy envi-
ronments [72]. In the long run, established mangroves are likely to return the ecosystem
functions by facilitating soil accretion, minimizing wave energy and encouraging biodiver-
sity and thus, return on investment [107,108]. However, successful restoration demands an
obligation from the communities that utilize and are associated with mangroves to ensure
the long-term monitoring and maintenance of planted mangroves [109,110]. This study
offers future research opportunities on the ecological restoration of mangroves under the
changing climate. The results have direct application for mangrove restoration in highly
exposed mangrove areas to protect shoreline and minimize disaster risks during the UN’s
Decade on Ecosystem Restoration (2021-2030) [111].
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Appendix A

Table A1. Post hoc test results showing group-wise variations in survival rates.

Post Hoc-Tukey HSD

(I) Treatment

(J) Treatment

Mean d Si 95% Confidence Interval
Difference (I-]) Std. Error &

Lower Bound Upper Bound

4” PVC —21.167 * 1.187 0.000 —24.28 —18.05
Control 3”7 PVC —21.500 * 1.187 0.000 —24.61 —18.39
Bamboo —7.288 % 1.416 0.000 —11.00 —-3.57
Control 21.167 * 1.187 0.000 18.05 24.28
4” PVC 37 PVC -0.333 1.187 0.992 —3.45 2.78
Bamboo 13.878 * 1.416 0.000 10.16 17.59
Control 21.500 * 1.187 0.000 18.39 24.61
3" PVC 4" PVC 0.333 1.187 0.992 —-2.78 3.45
Bamboo 14.212 % 1.416 0.000 10.50 17.93
Control 7.288 * 1.416 0.000 3.57 11.00
Bamboo 4" PVC —13.878 * 1.416 0.000 —17.59 —10.16
37 PVC —14.212 % 1.416 0.000 —17.93 —10.50

*. The mean difference is significant at the 0.05 level.
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