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Abstract

Mangroves are salt-tolerable trees that grow on zones parallel to the coastline
along the creeks. They follow the mud flat accretions which are unvegetated
areas consisting of sand or gravel that are either exposed or flooded by tides.
They provide 70% of the wood requirement along the Kenyan Coast. Cur-
rently, there are no harvest plans of the mangroves and there is selective re-
moval of suitable poles and most of the quality poles have been wiped out.
This not only leaves the inferior species unsuitable for the market but also af-
fects the quality of the forest. Moreover, areas that are suitable for mangroves
growth have been occupied by human settlement and infrastructure, hence,
there is a need of sustainable use of the mangroves so as to protect them from
degradating and eventually extinction. To achieve this, geospatial techniques
need to be employed in order to determine the spatial extent of the vegetation
and devise methods and plans of managing them. The Kilifi Mangrove Forest
creek is home to major six species: Avicennia marina, Ceriops tagal, Sonneratia
alba J., Rhizophora mucronata, Lumnitzera racemosa and Bruguiera gymnorr-
hiza. This study showed that the most dominant species in the forest is Avi-
cenna Marina which had a percentage stand of 25.6%. The less dominant spe-
cies Lumnitzera racemosa and Heritiera littoralis had a stand of 0.10% which
were restricted for harvesting in the analysis, they need to be protected so as
to prevent its extinction in the forest which will affect the biodiversity and
richness of the forest. Density and heights of the mangroves were considered
so as to decide on which areas to do reforestation in order to protect the for-
est and help in preventing soil erosion. The final suitable area for harvesting
after carrying out conditional and majority filter was 394 acres which are 9%
of the total forest area. The total area most suitable for reforestation is 1151
acres which are 27% of the total Kilifi Mangrove Forest. A recommendation
for proper harvesting plans should be made by identifying suitable sites for
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harvesting and areas which showed low mangrove stand density should be
identified and necessary measures should be taken to restore them.
Keywords

Environmental Protection, Natural Resource Management, Mangroves,
Suitability Analysis

1. Introduction
1.1. GIS and Forestry

The use of geospatial technologies is being embraced globally in monitoring and
managing of the various forest activities. The GIS software has been used to im-
prove the management of forests as compared to the old techniques. The geos-
patial technology is able to provide the information about the spatial distribution
of the forest inventory attributes, being able to query it, carry out various ana-
lyses, carry out various simulations and modelling and provide with the best
sites for various activities such as harvesting, reforestation, etc. Geospatial tech-
nology helps in ensuring that there is sustainable utilization of the forest re-
sources to prevent degradation of the forest ecology. Accessing the feasibility of
these multiple uses is greatly enhanced by the use of GIS techniques (Gupta et
al., 2012). In a research work that was carried out in Australia to study the vari-
ous applications of GIS in community-based forest management in Australia
(Baral, 2004), it showed that GIS can help foresters and community-based or-
ganizations to meet the challenges of integrating biophysical, socio-economic
and cultural information for community forest management. This will encour-
age the community to participate in the gathering of the forest data which will
assist in the forest management. GIS can also be a crucial tool for linking restric-
tions in timber management practices for the preservations of biodiversity and

practical sustainable forest management (Baral, 2004).

1.2. GIS and Forest Harvesting

Herrington and Koten (1988) assert that planning of the forest harvesting needs
information of the individual compartments and the geographic relationship
between the compartments. The harvest model used a raster GIS for creating a
map showing the market value of the standing timber. The costs were calculated
from the forest type, soil classification, roads, management compartments, streams
and topography. The model assumed there were no costs on the loading of logs
onto the trucks and the probation of skidding on the streams and lakes.

Moore and Lockwood (1990) developed a forest harvest planning system
known as Harvest Schedule Generator (HSG) Wood Supply Model which in-
corporates GIS to help in the designing and evaluation of the long-term timber

harvest schedules. The basic GIS layer is the forest inventory, each stand as-
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signed an attribute of the year of stand, productivity of the site, area, sylvicultur-
al treatment class and relative stocking factor. The HSG model shows the poten-
tial utility of the simulation model in GIS. GIS was used for the database manage-
ment and the spatial representation of the output after running the model.

Baskent and Jordan (1996) described a spatial wood supply simulations model
known as GISFORMAN. The model was connected to a GIS database. The mod-
el could forecast in selected interval of years. The management strategies were
very specific mapped schedules. This ensured that sustainable use of the forest
resources.

GIS can be utilized to optimize timber harvesting (Pecora et al., 2014). The
study concluded that preliminary spatial analysis could be utilized by forest
companies to improve the mechanization of forest harvesting. The forest com-
panies will be able to design suitable systems in relation to the different territori-
al conditions of the forest by using the GIS tools. This will lead to optimization
of the woodcutter work.

Decision support system called Optimal/was used in Czech Republic (Marusak
el al., 2015) in which GIS was used as a tool for spatial and temporal decision
making for harvest scheduling. Optimal allowed the editing of the harvest units,
which were a restriction of the forestry act and/or forest managers’ require-
ments. It allowed creating and checking strict spatial limits of harvest units. It
could show alternative harvest scheduling while taking into account the various
constraints. The forest manager could create various scenarios within a short

time to find the best solution.

1.3. Restored Mangroves Studies

In a review of functionality of restored mangroves (Bosire et al., 2008) showed
that reforested plots have a potential of yielding 4863 stems per hectare for Rhi-
zophora mucronata plantation which is much higher than the stem density in
natural stand of the same density at the same site which was found to have stem
density of 1796 stems per hectare. In a study carried in Gazi Bay (Bosire et al,,
2003) to assess the possibility of natural colonization within the restored man-
groves stands showed that mangrove reforestation facilitated natural coloniza-
tion of the sites. The study suggested that clear felling of mangroves greatly im-
paired the natural regeneration mainly due to the unfavorable site conditions.
The regeneration status of the mangrove forest in Mida creek was studied (Kairo
et al., 2002) showed that the standing densities of the forest were high consider-
ing that the mangroves of Mida were not pristine. The regeneration values got-
ten from Mida Creek, showed that if the objectives for the Mangroves in Mida
Creek to have a dense forest cover (260%) irrespective of species, then there is
no need of replanting degraded mangroves since the Mida’s mangroves can re-
cover itself. The major outcome of the study was that the exploited mangroves
do not necessarily disappear but change qualitatively. It leads to a shift in the

dominant species on the ecological function.
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1.4. Study Area

Kilifi Creek is located in Kilifi County, 55 km north of Mombasa City, Kenya
and approximately 35 km south of Malindi Town. The creek has an estimated
area of 600 ha, with a narrow opening towards the ocean and occupies 22.4 km?
(Sigana et al., 2009). It has a temperature range of 24°C to 28°C. The deepest
part of the creek is approximately 38m wide at the entrance and a distance of
about 4 km (500 m wide) separates the ocean from the open lagoon locally
known as the Bahari ya Wali. The Western side of the creek is extensively cov-
ered with mangrove trees of various species covering an area of approximately
360 ha. There are two main water channels Ndzovuni and Rare winding in be-
tween the mangrove forest to form the Konjora which leads into Bahari ya Wali.
The mangroves of Kilifi Creek are naturally separated into two main tidal creeks,
Kibokoni and Maya respectively. Kilifi Mangrove Forest was selected to be the
study area because it has not been getting much attention in terms of research

studies as compared to other Mangrove forests in Kenya (Figure 1).

2. Materials and Methods

The study was done using forest inventory and DEM. The data collected was
cleaned and necessary readjustments made. Suitability analysis was then carried

out. The various data used are summarized below in Table 1.

2.1. Data Pre-Processing

For the data to be used in the analysis, several data processing techniques were
used. The data processing techniques used included: clipping to extract datasets

that fall within the study area, reprojection to transform the different coordinate

Kilifi Creek Mangrove Forest
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Figure 1. Kilifi creek showing mangroves.
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Table 1. Data sets.

Data Source
1 Forest Inventory KMEFRI, Kenya
2 Satellite imagery USGS websites
3 DEM USGS websites
4 Roads ILRI, Kenya

systems to one common coordinate system, spatial adjustment of the data, con-

versions from polygon-raster and vice versa, reclassification, buffering and erase.

2.2. Weighting and Weighted Overlay Analysis

Questionnaires were distributed to the forestry experts and forest users in order
to determine the weights of the various factors. The weighting technique used
was pairwise comparison of Analytical Hierarchy Process (AHP). The different
group of people which was targeted had different opinions or preferences of the
factors to be considered. Four variables/factors were considered for the harvest
zones and three for the regeneration zones. The variables were used for pairwise
comparison and in turn the weights for the variables were calculated. Weighted
overlay analysis is the combination of different layers with different weights of
the same geographic location into one single layer which gives a suitability map.
The weighted overlay too works by multiplying the cell values of each raster va-
riable by its weight and adding the product together in order to give the result-
ing raster output.

Weighted overlay was carried out after assigning weights to the variables. The
weighted overlay analysis was carried out using the weighted overlay tool found
in ArcGIS in order to generate suitability map for the harvest zones and the re-

generation zone, each based on its variables (Figure 2).

2.3. Accessibility Routes Extension

Routes extension was carried out using the Cost Distance tool and the Cost Path
tool. The two tools assist in determining the least cost path from the source to

the destination (Figure 3).

3. Results and Discussion
3.1. Slope

The slope in Kilifi Creek ranges from 0% to 48.5%, areas with green have highest
slope value areas, and orange-yellow the moderate slope values and the red are
the relatively flat areas. Forest harvesting is preferred to be carried out in rela-
tively flat areas so as to prevent the occurrence of erosion. Planting of trees is
preferable on areas which are relatively flat. The slope generated from a 30 m
Aster DEM was reclassified into 10 classes of equal range. Figure 4 shows the

sloppiness of the area around the Kilifi creek.
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Figure 3. Accessibity routes model.
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Figure 4. Slope of the area.

3.2. Species Distribution

Figure 5 and Figure 6 show maps and graphical distribution of mangrove spe-

cies respectively. Avicennia is seen to be more dominant species in this area
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Figure 5. Species distribution map.
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Figure 6. Species distribution graph.

followed closely by Rhiophora mix compared to other few species which occupy

small areas.

3.3. Weighted Overlay Analysis

The weighted overlay carried out resulted into suitability maps which classified
the forest into various values of suitability for harvesting and reforestation re-
spectively. The areas with high values are the most suitable while areas, while
areas with low values are the least suitable for both harvesting and reforestation.
This is shown in the maps below.

Figure 7 shows suitable harvest zones whereas Figure 8 indicates suitable
areas for reforestation. In the legend, 2, 3 and 4 are more suitable areas and 7
and 8 are not suitable. Similarly, 1, 2 and 3 in Figure 8 are areas that need

re-forestation for better management of resource.

3.4. Final Suitable Sites

The map in Figure 9 shows the suitable areas to harvest the various species
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Figure 8. Suitable areas for reforestation.

within the Kilifi Creek. Each species is represented by its unique colour in the

map.

The map in Figure 10 shows the suitable sites for reforestation of the various

species of mangroves within the Kilifi creek.

3.5. Final Accessibility Routes Extension

Figure 11 shows the suitable extension of the roads within the Kilifi Creek in

order to expand on the road network within the mangrove forest.

3.6. Species Area Analysis

The suitable areas for harvesting of the various species are shown in Table 2 be-

low.

Avicenna Marina had the highest number since it is the most dominant species
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found in the forest. The total area for reforestation of the various species is
shown in the table below. The percentage is the sum of the suitable area for har-
vesting divided by the total area covered by the same species within the Kilifi
Mangrove Forest.

Again, Avicenna marina occupied the largest area as compare to other species
within the forest. The spatial distribution of the reforestation zones is shown on
Figure 10 above with suitable species for each of the zones. The percentage is the
sum of the suitable area for reforestation divided by the total area covered by the

same species within the Kilifi Mangrove Forest (Table 3).

3.7. Discussions

The objectives of this research study were successfully achieved as suitable areas
for harvesting and reforestation, together with route extensions were proposed
with the help of geospatial technologies. The distribution of the two species which
are on demand, that is Rhizophora mucronata and Ceriops tagal is 705 acres
which represents the 17% of the total Kilifi Creek Mangroves as shown in Figure
6. The most dominant species in the forest is Avicenna Marina which had a per-
centage stand of 25.6% (Figure 6). The less dominant species Lumnitzera race-
mosa and Heritiera littoralis had a stand of 0.10% which were restricted for har-
vesting in the analysis, they need to be protected so as to prevent its extinction in
the forest which will affect the biodiversity and richness of the forest. Density
and heights of the mangroves were also considered so as to prevent having bare
grounds and harvesting of immature trees and encourage reforestation on the
bare grounds so as to protect the forest and help in preventing soil erosion. The
final suitable area for harvesting after carrying out conditional and majority fil-
ter was 394 acres which is 9% of the total forest area as shown in Table 2. Avi-
cenna Marina had the highest number since it is the most dominant specie found in
the forest. The total most suitable area for reforestation is 1151 which is 27% of
the total Kilifi Mangrove Forest (Table 3).

Table 2. Area of suitable species for harvest.

Species Type Area (acreage) Percentage
Avicenna marina 368 8
Ceriops tagal 12 0.2
Rhizophora mucronata 14 0.3

Table 3. Area of suitable species for reforestation.

Species type Area (acreage) Percentage
Avicenna marina 492 11
Ceriops tagal 191 4
Rhizophora mucronata 269 7
Sonneratia 199 5
DOI: 10.4236/gep.2019.77001 10 Journal of Geoscience and Environment Protection
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The total area of the road extension was 6123 m long after carrying out the
cost surface and cost path analysis. The route consideration was where slope was
relatively flat and where forest density was low so as to reduce the cost of con-
struction of the route and also to ensure protection of the forest as minimum

number of trees is to be displaced to other suitable areas.

4. Conclusion and Recommendations

4.1. Conclusion

The geospatial technologies not only allow integration of the various factors but
also assist in protecting the environment, ensuring the environmental factors
which are considered by setting constraints in the analysis and excluding some
areas. From the research study, the most dominant species in the forest is Avi-
cenna marina covering 25.6% of the forest. The less dominant species were
Lumnitzera racemosa and Heritiera littoralis covered 0.10% of forest area which
was restricted for harvesting so as to prevent its extinction. Density and heights
of the mangroves were considered for reforestation and soil conservation. Suita-
ble area for harvesting after carrying out conditional and majority filter was 394
acres which are 9% of the total forest coverage. The total area most suitable for
reforestation was found to be 1151 acres which are 27% of the total Kilifi Man-
grove Forest. Buffering of 30 m of the shoreline was done to safeguard the shore-
line from erosion and to protect the breeding grounds of the aquatic animals.
The buffer zone was excluded from the analysis and the less dominant species
such as herring and Lumnitzera were restricted in the analysis. This can benefit
the forest managers by being aware of what area on the ground is suitable for
harvesting and raising alarm for necessary restoration where density is low. This
can benefit not only the forest managers but also the environmentalists as they
will be assured of sustainable utilization of the limited mangrove forest resources.
The forest users with harvesting licenses will also be able to identify suitable

zones fast and efficiently for their various needs and uses.

4.2. Recommendations

Geospatial technologies together with high resolution images and lidar data
could be acquired in order to facilitate in fast updating of the forest data. The
high-resolution images could be used to discriminate the various species distri-
bution. The lidar data can be used to facilitate determining the tree heights and
the forest densities. This could assist in also creating baseline data which could
be used for future monitoring and change detection processes. The ground data
can then be used for ground-truthing purposes. The on-going efforts to restore
the degraded mangroves should continue and the public should be encouraged
to participate so as to create awareness and reduce the number of illegal har-
vesting that takes place mainly by the local communities. This will also help in
achieving the Kenyan vision 2030 goal of having a 10% tree cover country-wide

and for environmental conservation which is derived from the Sustainable De-
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velopment Goals (SDGs)
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AHP (Analytical Hierarchy Process), DEM (Digital Elevation Model), KFS
(Kenya Forest Service), KMFRI (Kenya Marine & Fisheries Research Institute),
GIS (Geographical Information Systems), HSG (Harvest Schedule Generator)
and USGS (United States Geological Survey.

DOI: 10.4236/gep.2019.77001

13 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2019.77001

	Geospatial Assessment for Sustainable Management of Mangroves in Kilifi Creek, Kenya
	Abstract
	Keywords
	1. Introduction
	1.1. GIS and Forestry
	1.2. GIS and Forest Harvesting
	1.3. Restored Mangroves Studies
	1.4. Study Area

	2. Materials and Methods
	2.1. Data Pre-Processing
	2.2. Weighting and Weighted Overlay Analysis
	2.3. Accessibility Routes Extension

	3. Results and Discussion
	3.1. Slope 
	3.2. Species Distribution
	3.3. Weighted Overlay Analysis
	3.4. Final Suitable Sites
	3.5. Final Accessibility Routes Extension
	3.6. Species Area Analysis
	3.7. Discussions

	4. Conclusion and Recommendations
	4.1. Conclusion
	4.2. Recommendations

	Acknowledgements
	Conflicts of Interest
	References
	Nomenclature

