Pre prints.org

Article Not peer-reviewed version

Nature - Based Solutions: Restoring
Mangroves for Shoreline Protection and
Other Ecosystem Services at Gazi Bay,
Kenya

Gladys Kinya ~ , James Gitundu Kairo : , Rossa Ngendo Nyoike , Josphat Nguu Gachoki, Brian Kiiru Githinji,
Michael Njoroge Githaiga

Posted Date: 4 December 2023
doi: 10.20944/preprints202312.0099.v1

Keywords: mangrove restoration; modified restoration tools; nature-based solutions; disaster risk
management, shoreline erosion; climate change, Gazi; Kenya

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/3289290
https://sciprofiles.com/profile/1182889
https://sciprofiles.com/profile/2250856

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2023 doi:10.20944/preprints202312.0099.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Nature —Based Solutions: Restoring Mangroves for
Shoreline Protection and Other Ecosystem Services at
Gazi Bay, Kenya

Gladys Kinya 2%, James Gitundu Kairo 2, Rossa Ngendo Nyoike 1, Josphat Nguu Gachoki 2,
Brian Kiiru Githinji 2 and Michael N. Githaiga !

1 Department of Biological Sciences, University of Embu, P.O Box 6-60100, Embu, Kenya;
nyoike.rossa@embuni.ac.ke (R.N.N); githaiga.michael@embuni.ac.ke (M.N.G)

2 Department of Oceanography and Hydrography, Kenya Marine and Fisheries Research Institute, P.O Box
81651, Mombasa, Kenya; gkairo@yahoo.com (J.G.K); nguugachoki@gmail.com (J.N.G);
kiirugithinji3@gmail.com (B.K.G)

* Correspondence: gladyskickiel31@gmail.com

Abstract: Debates on climate change challenges around the world are moving in favour of nature-
based solutions (NBS) as potential mitigation and adaptation options. Mangroves and associated
blue carbon ecosystems are nature-based solutions against sea level rise and other coastal hazards.
As such, protecting the existing mangrove forests and restoration of the degraded areas is integral
in this aspect. However, conventional mangrove restoration approaches in high-energy areas result
in poor performance due to the removal of seedlings by waves. Here, we assessed the efficacy of
using modified Riley Encasement Methods in the restoration of eroding intertidal areas of Gazi Bay,
Kenya. Vegetation and soil baseline data were collected in 49 square plots of 100m? established
along belt transects perpendicular to the waterline. The following mangrove vegetation data was
collected; species composition, tree height (m), and stem diameter (cm); from which 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. Results show that seedlings grown within PVC
encasements had high survival and growth rates, surpassing bamboo and control groups. This
implies that PVC pipes offer better protection from external factors. These findings are critical in
highlighting potential enhancements for the effectiveness of PVC pipes in mangrove restoration.
They also reinforce on the need to consider the incorporation of PVC encasements as an alternative
mangrove restoration technique in high-energy locations.

Keywords: mangrove restoration; modified restoration tools; nature-based solutions; disaster risk
management, shoreline erosion; climate change, Gazi; Kenya

1. Introduction

Coastal areas are highly dynamic regions influenced by human and natural factors [1].With the
changing global climate patterns, coastal areas are likely to experience increased shoreline change
due to increased erosion and accretion processes|[2] thus greater risk of flooding and destruction of
coastal infrastructure [3]. Such changes are often amplified by loss and degradation of natural capital,
including mangroves [4]. A study by [5] estimated 16% of Kenya coastline as highly exposed to
natural hazards; and projecting a 41% escalation if marine ecosystems continue to be degraded .
Global Projections indicate that the intensity of coastal hazards including storms and cyclones is
likely to increase by 1-10% by 2030 -2080 [1,6]. In the past, responses to such hazards included
construction of protective structures like seawalls and breakwaters (“grey” engineering). However,
these kind of interventions are rigid, challenging to maintain, lack a natural component, and
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contribute to the depletion of natural habitats as well as “coastal squeeze” [1,7,8]. Consequently,
attention has recently shifted to ecosystem-based interventions in responding to coastal hazards [9].
Ecosystem-based interventions, also known as nature-based solutions, involve the management,
conservation, and restoration of natural ecosystems to minimize disaster risks and promote
sustainability and resilience [1,10,11].

Mangroves and associated ecosystems provide the first line of defense to storm damage, and
other coastal hazards [12-15]. Mangroves are capable of minimizing wave energy, stabilizing
sediment and facilitating sediment accretion[1,12,13,16-18]. For instance, a 100m width of mangroves
has a potential to reduce incoming wave energy by 66% of the waves height[19]. Their root system
form a network that stabilize sediments preventing erosion [13]. The vegetation cover reduces the
speed of the flowing water and wind promoting sediment accretion which stimulate the production
of below ground root system[20] further improving soil cohesion. The thick mangrove vegetation
together with the reduced wind speed contribute to reduced wave vigor [19,21-23] , 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 [24,25]. The role of mangrove in coastal
protection was well illustrated in the event of Indian Ocean Tsunami (IOT) of 2004 where areas with
degraded mangroves experienced high losses of life and properties compared to areas with intact
ecosystems [26,27]. The loss of life was estimated to exceed 200,000 deaths and with property loss of
more than 9.9 billion dollars [28-30].

Despite their significance role in coastal protection and other services, mangrove throughout the
world continue to be lost and degraded as a result of human and natural causes [31]. It is estimated
that the world is losing 1-3 % of mangrove areas per year [32]. In Kenya ,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 and climate change effects [34] .

According to[35], there are about 800,000 ha of potential mangrove restoration sites around the
world. Unfortunately, the success rates of restoration efforts varies from one project to another[36-
38] depending on site history, choice of the species to be planted, and restoration approach used.
Areas exposed to high energy experience poor performance due to dislodging of propagules by wave
actions [39]. Conventional restoration techniques involving direct planting, use of nursery raised
seedlings, or natural regeneration seems to fail where habitats have been destroyed and ecological
conditions altered [40]. At Gazi bay in Kenya where this study was based, for instance, large
contiguous blank areas left since 1970s massive mangrove deforestation for industrial wood energy
failed to regenerate naturally [41]. Earlier attempts by [39] to rehabilitate these sites using nursery
raised saplings and wildlings failed as well. Here, we used a modified Riley Encasement
Methodology (REM) initially proposed by [42] to re-establish the lost mangroves in Gazi Bay. Under
REM the planting materials are installed in Polyvinyl Chloride (PVC) tubing’s to protect them from
being dislodged by waves [42]. In the current study, we varied the diameter of encasements (7 to 10
cm) as well as materials types (bamboos and PVC pipes). Research questions were as follows: What
are the biophysical characteristics of degraded high-energy mangrove site in Gazi? How does
survival and growth of the replanted mangroves compare among different treatments?

2. Materials and Methods

2.1. Description of the Study Area

The study was carried out in the south coast of Kenya at Gazi Bay (39° 30" E, 04° 26' S), located
about 55km from Mombasa. The Bay is characterized by the eastern and western creeks, fringing
mangroves, seagrass beds, and long intertidal area. Two seasonal rivers; Kidogoweni and
Mukurumudzi, drains into the western creek and provide freshwater input into the Bay while
groundwater seepage happens in a few points [43]. The bay is protected to the east by Chale
Peninsula and to the south a fringing coral reef.
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Figure 1. Map of Gazi bay showing activity area.

The climate of Gazi Bay may be classified as tropical wet/dry and is heavily influenced by South
East monsoon winds. There are two rainy seasons. The long rains associated with South East
Monsoons falls from March to August (Figure 2). This is followed by the short rains form November
to March that is associated with the North East monsoon winds. Annual total rainfall in Gazi ranges
from 1000 mm to 1,600 mm; with temperature ranging from 19 to 34°C throughout the year [44].
Humidity is high, and averages at about 80 % all year round [45].
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Figure 2: Climate diagram of Gazi

2.1.1. Mangroves in Gazi Bay

There are 710ha of mangroves in Gazi bay; represented by nine species [46,47]. The most
important mangrove species in Gazi bay are Rhizophora mucronata, Ceriops tagal and Avicennia marina
that occupies more than 80% of forest formation [48]. Gazi mangroves exhibit a zonation pattern that
is similar to other mangrove forests in Kenya. The seaward side is occupied by Sonneratia alba. This
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is followed by Rhizophora mucronata - Bruguiera gymnorrhiza in the mid-zone and the Ceriops tagal,
Avicennia marina and Lumnitzera racemose on the landward side [49].

2.1.2. History of Mangrove Exploitation and Management Interventions in Gazi

Historically, mangroves in Gazi bay have been exploited for wood and non-wood resources
[49,50]. In the 1970s and 1980s industrial exploitation of mangrove wood for energy in Gazi left large
contiguous blank areas, some of which have failed to regenerate naturally [41,51]. As a result, the
area experiences coastal erosion due to wave exposure prompting to the uprooting of coconut trees
adjacent to the community agricultural field. This exposes the community to the risk of coastal
hazards.

Reforestation program to rehabilitate degraded mangrove areas in Gazi was initiated in 1991 by
the Kenya Marine and Fisheries Research Institute (KMFRI). In 1994 more than 200 000 different
mangrove seedlings were planted [49] and by 2004, about 100 ha of the deforested areas had been
replanted. In 2013, a joint management program involving communities, forest agency and donors
was initiated through a carbon offset program, Mikoko Pamoja [52]. Under Mikoko Pamoja
community in Gazi restore and protect mangrove through sale of carbon credits in the Voluntary
Carbon Market (VCM); and is the world’s first community-led conservation project funded by carbon
credits.

Despite the enormous efforts towards mangrove restoration in Gazi over the years, some sites
failed to recover as very low success rates are reported. This failure is attributed to changes in site
conditions and exposure to high wave action [39]. Poor mangrove performance have been reported
elsewhere, where unshielded coastlines are prone to wave actions [53,54]. As such, the current study
focused on improving restoration success of mangroves replanted in high energy degraded site of
the bay (Figure 1, planting area).

2.2. Vegetation Surveys

Systematic random sampling design was adopted in the study. Square quadrats of 100m? were
established along a 50 m belt transects established perpendicular to the waterline 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 trees height (m) and Dbh (cm) were collected.
Dbh measurements for all species were taken at 130 cm above the ground [55]; except for Rhiziphora
mucronata in which they were taken at 30 cm above the highest grounded prop root [56]. From the
field data, the following were derived; trees basal area (m2/ha), stand density (stems/ha) and
Importance value (IV) following procedures discussed in [57] and [58].

2.3. Sediment Characteristics

Within the 100m? 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 midpoints of the sections as follows; 5-10, 20-25, 37.5-42.5 and 72.5-77.5 cm
[57]. The samples were then placed into labeled containers and transported to the laboratory and
stored at 4°C for further analysis of particle size, bulk density, and sediment organic matter.

2.3.1. Determination of Sediment Particle Sizes

Dry sieve method was used to determine the distribution of soil grain sizes. A standard weight
of 100g of the dried sample was measured, homogenized and then passed through a series of sieves
ranging from 2 mm to 38 um mesh-size. Subsequent statistical analysis was done following [59]
method on GRADISTAT computer program to determine the percentage proportions of silt, clay and
sand [60].
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2.3.2. 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 [61].
Weight of oven-dried sample (g)

. 3y _
Bulky Density (g/cm”) Volume of the sample (cm?)

Where,
Volume = cross-sectional area of the corer (1r?) x height of the sub-sample

To determine soil organic matter (SOM), 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)
minutes and then sieved to separate the fine sediment from debris. Samples were then combusted at
450°C in an induction furnace for 8 hours in three replicates of 5.0g each, after which they were cooled
in a desiccator and weighed to obtain weight after combustion. Percentage soil organic matter (SOM)
was then calculated following the equation below:
Mass before combustion (g)- Mass after combustion(g)

SOM (%) = Mass before combustion (g) <100

A relation of LOI% to SOC% was used to estimate SOC from SOM [62] as follows:
%Corg = 0.415 x %LOI + 2.89.

2.4. Experimental Mangrove Planting

2.4.1. Site Selection

The choice of the planting site was motivated by both natural and socio-ecological factors. In
terms of natural suitability, the site was selected due to the previous presence of mangrove
vegetation. Additionally, there were signs of secondary growth and limited vegetation, featuring a
few noteworthy species. The location is also characterized by erosion due to exposure to strong
waves, currents, and winds. Regarding socio-ecological suitability, we expect improved protection
against coastal hazards, such as flooding, through the rehabilitation of mangroves. Majority of the
community in Gazi supports the idea of replanting mangroves to control shoreline change in the
designated area. Mangrove rehabilitation efforts are anticipated to align harmoniously with both
current and future land use and development needs in the area.

2.4.2. Propagule Installations in 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 [63]. 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 [42]. 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 [64].

Mature propagules of Rhizophora mucronata were collected from 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.
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2.4.3. Encasements Preparation

Using an electric driller, the 3” and 4” PVC plus the bamboo piping’s were drilled to make holes
along the length for allowing water to flush in and out. A vertical slit was then made on the PVC
pipes to allow easy removal when mangroves are fully established.

2.4.4. Experimental Design

The randomized complete block design (RCBD) was employed in setting up the experiment.
Three rectangular blocks measuring 5.5 m by 7 m were established perpendicular to the shore.
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 excel 2016 package.

.E 4" PVC pipe
™SEE 3 ] fa'wcp‘m
e L ~ K
A7 2 AL -.m‘.]f\?
] 'Fnimmmnuou
"Sem’
A . ‘Eﬂan'lbmstam

Figure 3. Schematic presentation of the experimental design showing randomized blocks and

treatments in the planting area.

On every block pits were dug at a spacing of 50 cm for encasements installation as the bedrock
was shallow, making it impossible to directly push encasements on the ground as anticipated. After
digging pits encasements were tightly fixed on the ground and cut into height corresponding to the
elevation of existing Rhizophora mucronata mangroves closest to the planting site [49]. The pipes were
then filled with sufficient mangrove sediments to set the seedling at an elevation consistent with the
mean-high-water mark. On each encasement, one propagule was planted. Every block contained 15
rows at spacing of 50 cm and every line contained 3 units of each of the treatment which resulted to
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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 3).

2.4.5. Monitoring of Growth Performance

Monitoring of planted mangrove propagules was done monthly for eight (8) months by
collecting survival and growth data using [38] protocol. The following vegetation data was generated
(Table 1); shoot height (cm), number of leaves, number of internodes, number of branches and leaf
area (Figure 4).

Leaf areals) = 273 (L=W)
Shoot
height
{cm) w

Propaguie
heght (cm)

Figure 4. Biometry of mangrove sapling [38].

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

Time after planting Parameters measured

0 to 3 months Percentage Survival

4 to 6 months Percentage Survival
Shoot height ( from first node to the base of top-most leaves)
Number of leaves (for all individuals)
Number of internodes (for all individuals)

7 to 8 months Percentage Survival
Shoot Height
Number of leaves (for all individuals)
Number of internodes (for all individuals)

2.5. Data Analysis

Statistical analysis was done using the SPSS version 26.0, GRADISTAT computer program and
Microsoft Excel 2016.Tabular and graphic presentations of data allowed ease of visualization.
Normality of the data was tested using Kolmogorov-Smirnov test and Shapiro-wilk test and data
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were normalized where necessary to meet parametric assumptions. All data on survival and growth
parameters 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) thus small sample size that would compromise the results of the study. 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 difference 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. 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).

Table 2. Sediment physico-chemical properties in the different depth intervals of Gazi eroded site.
The values are presented as percentage mean + S.E.

Sample Coarse Medium Fine Silt-clay Bulk SOM SOC
Depth  Sand (%) sand (%)  Sand (%) (%) Density (%) (%)
(cm) (g/cmd)

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 5.948+0.48 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 5.484+0.23

50-100 19.23+x1.73 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

doi:10.20944/preprints202312.0099.v1
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Table 3. Species composition and importance values of mangroves encountered in Gazi Bay eroding

shoreline.
Species Relative values (%)
Dominance Frequency Density IV (%)
Avicennia marina 245 9.09 1.709 13.25
Rhizophora mucronata 1.25 13.64 1.368 16.25
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"! ); with mean basal area, tree height and DBH of 21.06
+2.45 m?ha (range: 3.28 - 39.96 m?ha), 5.49 + 0.09 m (range; 1.5-11.2 m) and 8.52 cm (range; 2.5-31.5
cm) respectively.

Figure 5 shows a Scattergram of heights against stems diameters of mangroves in Gazi. As
expected, there is a positive correlation (R?=0.2203) between stem diameter and height. Some 50% of
trees in the study sites had diameters and height range from 4.5 - 11.5 cm and 3.5 - 7 m respectively.
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Figure 5. Height-diameter distribution of mangroves in Gazi degraded site. .
3.3. Trial Mangrove Growing Experiments in High Energy Site of Gazi

3.3.1. 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 2 to 23 (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
2 to 17 (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).

Eight months after planting, mangroves grown in Block B recorded survival rates ranging from
2 to 26 (4-58%); with those established in 4” PVC recording the highest survival rate of 58%;

doi:10.20944/preprints202312.0099.v1
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followed by those in 3” PVC (51%), and bamboo pipes (4%). Over the same growth period, direct
planted propagules had a survival rate of 7% only (Figure 6).

Mangroves sown in Block C had survival rates ranging from 2 to 27 (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 direct planted propagules had the least survival of 4%. At the
end of the experiment (8 month after planting), survival rates ranged from 2-40 % (1-18) with
mangroves planted within 3” PVC recording higher survival rate of 40% followed by those planted
in4” PVC (36%) and control with 2% survival (Figure 6).

Treatment
Cl4" pvC
Ei pve
EdBamboo
O¢ontrol

Survival

Block

Figure 6. Survival rates of mangroves established in three blocks (A, B, C) under different treatments
eight (8) months after planting. 1 to 8 represents time in months after planting.

At the end of the experiment, mangroves encased in 3” and 4” PVC recorded survival rates
higher than 42% (58) when compared to the bamboo grown and control that recorded survival rates
of less than 5% (Figure 7).

140

0 1 2 3 5 5 a 7 8
Time after planting (months)
== RBamho =@=4" Pvc =fr=3" Pvc == Control

Figure 7. Overall survival rates of mangroves established under different treatments.
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Mangroves sowed in Block B recorded a mean survival rate of 16.78 + 2.0 % followed block C
(15.12 £ 2.05) and Block A (14.07 + 1.8%). Overall, the survival rates were not significantly different
between blocks (F=0.5, p=0.608) ((Figure 8).
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Figure 8. Variations in survival rates of mangroves grown in Blocks A, B, and C. Error bars represent
the standard error of the mean.

3.3.2. 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 this stage, there
were no significant statistical differences in vegetation attributes among seedlings grown in 3" and
4" PVC. At six months, seedlings had shoot length ranging from 11.8-28 cm (18.83+0.62); with 8-12
(10.31 £ 0.2) leaves and 3-5 (4.5 + 0.1) internodes. Still, there were no significant statistical differences
in vegetation attributes among seedling established within the different-sized PVC encasement
(p>0.05). By the eighth month, the seedlings’ shoot ranged from 15.5 - 37.2 cm (mean: 25.38 + 0.83);
with those encased in 4"PVC and 3"PVC attaining a mean of 2591+ 1.43 cm and 24.88 + 0.90 cm
respectively. Number of leaves and internodes ranged between 10-14 (12.36 + 0.2) and 4-6 (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 4-6 (4.94
+ 0.10) internodes (Figures 9-11). The differences recorded between the two treatments were not
statistically significant (p>0.05).

By the fourth month of growing, seedlings planted in Block B had attained shoot length ranging
from 4.9-24.3 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 between12.4-33 (21.58 + 0.71) while the number of leaves and
internodes ranged between 4-12 (8.36+ 0.21) and 1-5 (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 3-6 (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
9-11). At all the above stages, there were no significant differences in vegetation attributes among
seedlings grown in 3” and 4 PVC encasement.

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. After six months, seedlings

doi:10.20944/preprints202312.0099.v1


https://doi.org/10.20944/preprints202312.0099.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2023 doi:10.20944/preprints202312.0099.v1

12

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 8 to 14 leaves
(mean: 11.47 + 0.36) and 3 to 6 internodes (mean: 4.73 + 0.18) (Figures 9-11).
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Figure 9. Average shoot growth (in cm) in blocks per treatment. A, B and C represents the blocks.
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Figure 11. Average number of internodes in blocks per treatment. A, B and C represents the blocks.

The overall 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 47.20-149.29, 48.10-142.91, and 41.33-145.51 respectively. On average, when
considering all blocks together, the leaf area per plant was 100.48 + 2.05 (with a range of 41.33-149.29).
At the conclusion of the experiment, the growth performances of mangroves enclosed in 3" and 4"
PVC showed minor differences, but these variances were not statistically significant (p<0.05), as
indicated in Table 4.

Table 4. Overall growth performance of the replanted mangroves after eight months of growing.
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 +0.72 11.89 +£0.20 495 +0.10 2.45+0.18
Total 24.74 + 0.69 11.63 +0.13 4.82 +0.06 227 +0.13

4. Discussion

The motivation of this study emanated from the past failed attempts to restore mangroves in a
degraded high energy shoreline of Gazi Bay [65] through conventional planting methods. The site
was designated for annual planting by communities involved in carbon offset scheme — Mikoko
Pamoja. Based on technical specifications, community is expected to replant 4000 new mangrove
seedlings each year in the degraded areas of Gazi bay. Previous planting experiments by [39]
recorded more than 90% mortality for mangrove installed in eroding high energy areas at Gazi. The
current study was, therefore, sought to address these challenges by developing innovative
approaches to enhance mangrove growth in high energy areas. Restored mangroves is expected to
protect the shoreline from further erosion at the same time contribute to the return of other ecosystem
services [38]. Managing mangroves for shoreline protection has been practiced elsewhere in the
world, including South East Asia and Latin America [66].
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4.1. Sediment Characteristics

Sediment particle size distribution is among the most critical physical properties that affects soil
properties in regards to erosion [67,68]. The very low amount of percentage silt-clay (3.03 + 0.17) in
sediment compared to those of forested sites (38.38 %) in Gazi [69] is an indication of a highly
degraded and low vegetation cover site. The proportions of fine sand (53.68 + 1.35%) are comparable
to those of non-reforested sites in Gazi (58.85+ 6.11%) [69] 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 Gazi forested sites (38.38, 31.04, 17.38 %) by [69] suggests near zero
sediment accretion. Mangrove vegetation enhances the build-up of SOM by of accreting sediments
[69]. Mangrove vegetation boosts sediment trapping and settlement by reducing the speed of water
movement [20,70]. 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 [71,72] 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 [73] as the weight
of the top layer sediments effect soil compaction [74]. However, the results of this study indicate an
exact opposite situation where bulk density significantly decreases with increase in soil depth (Figure
12). We would imagine of 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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Figure 12. The relationship between depth and bulky density. Error bars represent the standard error
of mean.

4.1. Vegetation Attributes of Mangrove in Gazi

The designated mangrove planting area in Gazi is dominated by Sonneratia alba. The species
naturally occur in the low lying intertidal areas, in the inundation Class 1 of [75]. The fringing forest
in Gazi is heavily fragmented due to mangrove harvesting for fuelwood in the 1970’s [51] that left
blank contiguous areas with no natural regeneration to date [41]. Other mangrove species in the zone
are Rhizophora mucronata and Avicennia marina that exist as both adults and juveniles [48,69]. The
presence of mature established species of Rhizophora mucronata in the study area prompted us use it
in the restoration experiment.
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Figure 13. A photo taken from the study site showing mature Rhizophora stand establishing in
combination with the native species.

Adult Rhizophora species have prop roots for anchorage and breathing [76]. The rooting systems
forms strong mesh system that enable them to create wave barriers [66]. As such Rhizophora have
high proficiency in wave attenuation compared to other mangroves species due to the complexity of
the roots’ system; creating greater friction to incoming waves thus a higher drag coefficient [66,77,78].
It has been reported that, 80 m width of Rhizophora mangroves can dissipate incoming wave energy
by 80% while a 100 m width Sonneratia stand can only reduce 50 % of the waves energy [79,80].

wave directiond —»
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Figure 14. Wave dissipation by mangroves [66].

The rooting system also accretes sediments and facilitates natural recruitment of the indigenous
species. The genus Rhizophora is also known to be a land-builder through sediment accretion and
stabilizations [81] thus the ability to keeping pace with rising sea-levels [17,82,83]. We, therefore,
postulate that replanted mangroves through the current study will develop and accrete sediments
and facilitate natural recruitment of new mangrove seedlings.

Overall, conditions along the shoreline of Gazi Bay depict a picture of a highly degraded and
exposed mangrove site that is in daring need of restoration. The fact that this fringing mangrove belt
stands between land and the sea, validates the need for restoration to ensure that communities are
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protected. In the face of changing climate and sea-level rise, shoreline protection has become a major
concern [84] since shorelines safeguard coastal communities as well as coastal ecosystems.

4.3. Survival and Mortality of the Planted Mangroves

Major losses occurred during the first and second months after planting through washing by
tides. One month after planting, the highest mortality (94%) was recorded in direct planted
propagules, which is expected. These propagules were exposed to strong wave energy with no
protection [65]. Similar results were observed in high energy mangrove planting areas of Florida
[85]. Results also align with a study by [39] 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 small diameter tube that could not hold enough soils.
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 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. In comparison to the control
(no encasement), there is potential in the use of PVC encasement for mangrove restoration in high
energy areas. Modifications to prevent sediment loss 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 [86,87]. These defenses have the ability of attenuating incoming waves [88] thus reduced
energy reaching the planted mangroves.

4.4. Growth Performance of the Planted Mangroves

There were no significance differences (p>0.05) in sapling’s shoot length, numbers 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 [49] 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 number of internodes were relatively high under field
conditions (35.11+3.86; 7.29+3.78) by [49] compared to 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 [49] at the age of 12 months
(893.1+ 71.3 cm? (195.2-1615.5 cm?) under field conditions. This necessitates for optimization of
environmental conditions within the PVC pipes may be through better nutrient management. This is
so as washing away of sediments from PVC pipes was evident over time in the current experiment,
which could have led to nutrient scarcity thus slowed growth and reduced leaf area.

5. Conclusions

Over the eight months of observation, seedlings encased in 3” and 4” PVC pipes recorded similar
survival and growth rates. 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 be suitable for bamboo
pipes due to ease installation. Established mangroves are likely to return the ecosystem functions by
facilitating soil accretion, minimizing wave energy and encouraging biodiversity thus return on
investment [89,90]. However, successful restoration demands obligation from the communities that
utilize and are associated with mangroves to ensure long term monitoring and maintenance of the
restored areas [91,92]. This study offers future research opportunities on ecological restoration of
mangroves under the changing climate. The results of the study have direct application in areas
mangrove restoration is needed for shoreline protection and disaster risk reductions; under the UN’s
Decade on Ecosystem Restoration [93].
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