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Abstract: Kakamega National Forest Reserve is a tropical forest ecosystem at high risk of irreplaceable
biodiversity loss due to persistent human-induced pressures. The aim of this paper is to assess the
effect of fragmentation and forest cover loss on forest ecosystems in Kakamega National Forest
Reserve, with the objectives: (1) to quantify the forest cover loss and analyse fragmentation in the
Kakamega forest ecosystem and (2) to analyse the effect of forest cover loss on the spatial distribution
of the Kakamega forest ecosystem at different timescales. Hansen global forest change data was used
as an input training dataset on the Google Earth Engine platform (GEE) to estimate the area of forest
cover loss by aggregating the sum of pixel values, and to provide a time series visualization of forest
change by the extent of cover loss using Sentinel-2 and Landsat 7 false colour composites (RBG) in
QGIS software. Fragmentation analysis was performed using reclassified forest loss and distribution
data from the Hansen product as binary raster input in Guidos software. Total forest cover loss over
20 years was estimated at 826.60 ha. The first decade (2000-2010) accounted for 146.31 ha of forest
cover loss, and the second decade (2010-2020) accounted for 680.29 ha of forest cover loss. Forest
area density (FAD) analysis depicted an increase in the dominant layer by 8.5% and a 2.5% decrease
in the interior layer. Morphological spatial pattern analysis (MSPA) illustrated a change in the core
layer of 96% and a 14% increase in the openings class layer. Therefore, this study demonstrates
that forest cover loss and landscape pattern alteration changed the dynamics of species interaction
within ecological communities. Fragmented habitats adversely affected the ecosystem’s ability to
recover the loss of endemic species, which are at risk of extinction in the backdrop of climate change.
Anthropogenic drivers i.e., the clearing of natural forest and conversion of forest land for non-forest
use, have contributed significantly to the loss of forest cover in the study area.

Keywords: ecosystem services; remote sensing; forest cover loss; forest cover change; fragmentation;
Kakamega National Forest Reserve

1. Introduction

Tropical forest ecosystems are habitats for a diverse range of species that contribute
to the overall provisional functions and ecosystem services of the forest through their
interactions [1,2]. The interaction between biodiversity and forest ecosystem services has
been extensively explored in the literature, covering tropical ecosystems in South America,
Africa, and Southeast Asia. “Natural forests” provide better ecosystem services and are
more resilient to disturbance than “planted forests” [1]. Therefore, in natural forests,
increased tree stand growth in a certain mixture of species is explained as a functional
response to environmental niches and as a biodiversity-facilitating resistance to disturbance
(i.e., pests, diseases, fire) [1,3].

The assessment of global forest area dynamics through losses and gains identifies
deforestation within tropical forests as a major concern [4]. One of the tropical forest’s roles
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is in climate change mitigation through carbon sequestration [5,6]. Most studies reveal
that tropical forest ecosystems, if left intact, have a higher carbon accumulation rate than
temperate and boreal forests in all the carbon pool i.e., above-ground biomass (AGB) and
below-ground biomass because of their richness of plant communities [7,8].

Historical land-use change patterns such as the conversion of forest land to agricultural
cropland, shift grazing systems for livestock and the establishment of temporary settlement
structures within tropical forest ecosystems, particularly in Africa, contribute to the change
in quality of the ecosystem services [4,9]. Similarly, a case study of six tropical countries,
namely, Guyana, Brazil, the Republic of Congo, Belize, Bolivia and Indonesia identified
a causative link between high carbon emissions accounting for 3-15% of the biomass
carbon stocks and land-use change through the conversion of forest land to crop land and
infrastructure as opposed to logging activities [2,10].

Kakamega National Forest Reserve is the last remaining intact tropical forest in
Kenya [9]. The government formally established the reserve by proclamation no. 14
of the 13 February 1933. The habitat’s rainforest canopy cover hosts a wide range of species
listed as vulnerable by the International Union for Conservation of Nature (IUCN), such
as the grey-chested babbler (Kakamega poliothorax) and endangered primates i.e., the blue
monkey (Cercopithecus mitis) and the black-and-white colobus monkey (Colobus guereza).

Local communities derive multiple benefits from the ecosystem i.e., cultural benefits,
tourism, and wood and non-wood products [11]. The forest cover ensures the continuity
of quality in the ecosystem service provision and provides a suitable habitat for a wide
range of endemic species. The forest ecosystem is the source of the Yala and Isiukhu rivers,
which serve the Lake Victoria watershed, and is an important site for initiating carbon
offset activities [11,12]. Over the years, the ecosystem has mainly been threatened by
human-induced disturbances that jeopardize its ability to uninterruptedly provide quality
ecosystem services [13].

The forest reserve has also been documented as an important avifauna habitat as well
as a biodiversity hotspot, with existing tree species similar to those of the Guinean Congo
rainforest belt [14]. In the western part of Kenya, this forest reserve serves as an important
tourist attraction and is a key resource for nearby communities around the ecosystem [11].
Land-use change, however, is listed as a major threat to the forest ecosystem accounting
for approximately 70% of the cleared forest that was converted to hardwood plantations
through the “shamba system” [15].

The forest cover change in Kakamega National Forest Reserve has been linked by
several studies to threats such as deforestation and land-use change [12,16,17]. Pres-
sure from land-use change activities compromises the ability of the forest reserve to
provide ecosystem services i.e., carbon sequestration, biodiversity habitat and climate
regulation [4,16]. Researchers using artificial neural networks identified that land-use
change activities, such as agricultural farming, pose a major threat to old-growth forest
biodiversity in the Kakamega Forest Reserve [14]. Its current size of 19,792.4 ha is linked to
excisions, management practices and historical degradation resulting from high demand
for resource use from adjacent communities [17].

The interaction of disturbances with natural phenomena (i.e., climate change) affects
the resilience of forest ecosystems by temporal interactions with frequency, severity, and
the size of human-induced disturbances (i.e., deforestation and land-use change). Remote
sensing approaches in forest monitoring by use of earth observation satellites enable us to
improve mapping, estimate forest cover loss and carry out fragmentation analysis for large
and isolated forested areas [18]. Therefore, GIS-based software such as QGIS and Guidos
Toolbox used with satellite data are the optimal solution to characterize, identify and create
output indicators to provide insights into habitat fragmentation [19,20].

Forest cover change and habitat loss negatively affect an ecosystem’s ability to re-
cover the loss of endemic species [21]. Furthermore, landscape pattern alteration through
fragmentation changes the dynamics of species’ interactions within their ecological com-
munities, thus compromising the ability of ecosystems to regenerate and provide quality
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ecosystem services. Therefore, the aim of this study is to assess the effect of forest fragmen-
tation and canopy loss on forest ecosystems in Kakamega National Forest Reserve.

2. Materials and Methods
2.1. Study Area

Kakamega National Forest Reserve is situated in the western part of Kenya (Figure 1).
The ecosystem lies at longitudes 34°40'00” and 35°9/30” East and latitudes 0°29'30” and
0°3’00” North, and stretches across the two administrative regions of Kakamega county and
Vihiga county. The forest ecosystem was officially gazetted in 1933 by proclamation no. 14
of the 13th of February, and the forest currently has 19,792.4 ha set as a protected area [11].
The study area consists of three national reserves (Kakamega Forest Reserve, Kakamega
National Reserve and Kisere National Reserve) and two nature reserves (Isecheno and Yala)
([22] Appendix A Table Al). The key stakeholders of the Kakamega forest ecosystem are
KFS, KWS and the surrounding community based organizations (CBOs).

KAKAMEGA NATIONAL FOREST RESERVE

KAKAMEGA NATIONAL FOREST
RESERVE ‘

Area: 19,792.4 ha

MAP LEGEND

National Parks in study area
I Study area

0 5 10 km

'\ KENYA
A

Figure 1. Map of Kakamega National Forest Reserve Ecosystem.

2.2. Data and Processing

Mosaics used to create a region of interest (ROI) for Kakamega National Forest Reserve
were sourced from the Hansen product [23]. The Hansen product is a free database,
available online, that quantifies global forest change from 2000 to 2020. The data availability
on Hansen is limited to the period of 2000 to 2020. i.e., Global Forest Change 2000-2020
Data Download: Hansen/UMD/Google/USGS/NASA. The repository link for the data
used in this study is the following: https:/ /storage.googleapis.com/earthenginepartners-
hansen/GFC-2020-v1.8/download.html (accessed on 16 March 2022).

2.2.1. Image Composite Analysis Using Google Earth Engine and QGIS

Image composites were sourced from Sentinel-2, spatial resolution (10-60 m), and
Landsat 7, spatial resolution 30 m, to cover the study timeline of 20 years. Landsat data was
available on the GEE platform from 1999 to 2015 and was used to obtain image composites
for the years 2000 and 2010. Sentinel-2 data was available on the Google Earth Engine
platform from 2015 to 2020 and was used to obtain high-resolution multispectral imagery
for the year 2020. The multispectral band images were analysed using the rendering tools in
QGIS- 3.16 Hannover platform was used to produce false colour composites (RBG) for the
years 2000, 2010 and 2020, respectively. For the Sentinel-2 composites, bands SWIR-1(B11),
near-infrared (B08) and blue (B02) were used in the rendering process, and for the Landsat
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7 composites, near infrared (red), green (blue), red (green) were used in the rendering
process (SR_B3, SR_B4, SR_B5) (Tables 1 and 2).

Table 1. Band combinations for monitoring plant density using Landsat 7 data.

Band Wavelength Description

SR_B2 0.52-0.60 um Band 2 (green) surface reflectance

SR_B3 0.63-0.69 um Band 3 (red) surface reflectance

SR_B4 0.77-0.90 pm Band 4 (near infrared) surface reflectance
SR_B5 1.55-1.75 um Band 5 (shortwave infrared 1) surface reflectance

Table 2. Band combinations for monitoring crop health using Sentinel-2 data.

Band Wavelength Description
B11 1613.7 nm (S2A)/1610.4 nm (S2B) SWIR 1
B8 835.1 nm (52A)/833 nm (S2B) NIR
B2 496.6 nm (S2A)/492.1 nm (52B) Blue

2.2.2. Quantifying Forest Cover Loss

To quantify the forest cover loss, the Hansen dataset was used as input data on the
GEE platform for the ROI (Kakamega National Forest Reserve) [23]. Machine learning
algorithms calculated pixels in bands as ” loss” and “gain”. A band with pixels equal to
or below 0 (px < 0) was categorised as “loss” and a band with pixels that were equal to or
above 0 (px > 0) was categorised as “gain.” The algorithm used vector data to reduce all
the pixels in the ROI using the command function [ee. Reducer package] in GEE and to derive
a statistic representation of the pixel data in the ROI [24]. Using the command function
[ee. Image.pixelArea()] in GEE, the value of each pixel in the image of the area of interest
was calculated in square meters. Therefore, the area of forest cover loss over the study
period (2000-2020) was derived by multiplying the loss image within the area of interest
and getting the sum.

2.3. Image Reclassification and Creation of Binary Raster Map

Forest loss and distribution data from the Hansen product was used as a raster input to
perform forest area density (FAD) and morphological spatial pattern analysis (MSPA) using
the Guidos Toolbox 3.0 (Graphical User Interface for the Description of image Objects and
their Shapes-GTB) software [25]. The raster input data was reclassified into a binary raster
map format in QGIS- 3.16 Hannover was used to create the values of 1 byte for background
(non-forest) and 2 bytes for foreground (forest) i.e.,

i For the “forest2000” raster, the threshold for reclassification used pixels over 50% as
forest and under 50% as non-forest.
ii. For the “forest2020” raster, the threshold for reclassification used in the forest loss

was [0] to reference no loss and [1] to reference the other losses from [1 to 20] and
a reclass of “forest2000” devoid of forest loss. Therefore, a reclassification of the
results was obtained in the form of [0] for non-forest and [1] for forest.

2.3.1. Forest Area Density (FAD) Analysis

The FAD analysis used a per-pixel moving window assessment scheme to quantify
the variable density distribution of forest cover (Table 3). This was achieved by assigning
low density values to pixels along the patches to differentiate intact areas from less intact
areas inside the study area. The reporting scheme used five colour-coded FAD class values
within a range from 0 to 100% [25].
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Table 3. Fragmentation classes (FAD-APP 5-class).

FAD-APP 5-Class Color Range
1-Rare I FAD < 10%
2-Patchy 10% < FAD < 40%
3-Transitional 40% < FAD < 60%
4-Dominant 60% < FAD < 90%

S-Interior D 50% < FAD < 100%

2.3.2. Morphological Spatial Pattern Analysis (MSPA)

MSPA analysis was performed using mathematical morphological sequences in the
processing stage to describe the geometry and connectivity of the image components in
the input binary raster map (Table 4). The output was a foreground MSPA segmentation
class interpreted to match the nature of the input binary map. The distinguishable classes
include: Core, Islet, Perforation, Edge, Loop, Bridge and Branch [20,26].

Table 4. Foreground classes for morphological spatial pattern analysis.

(MSPA) Foreground Classes = Description Color

Core: interior area excluding
perimeter

Islet: disjoint and too small to have
core

Loop: connected to the same core
area

Bridge: connected to different core
areas

Perforation: internal area perimeter

Edge: external area perimeter

Branch: connected at one end to Edge,

‘ Perforation. Bridge or Loop

border-opening/along

Background: edge/core opening with
perforation

3. Results

3.1. Visualizing Forest Cover Change and Loss

The forest cover change and loss were visualized over the 20 years using false colour
composites at different timeframes for comparison. In Figure 2, forest cover decreased
in composite (c) for the year 2020, when compared to composite (a) for the year 2000.
Fragments, patches, and gaps were visible in the interior and edge of the forest ecosystem
composite and became visibly distinct as the timescale moved from the year 2000 to
the year 2020. The true colour composite and satellite imagery in Figure 3 also showed
clear-fell patches and roads transecting between the fragments, indicating an increase in
the magnitude and intensity of clearings from 2000 to 2020. Change in forest cover was
distinctly visible in the forest edge layer.
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False color image composites

(a) Landsat 7, resolution 30m (b) Landsat 7, resolution 30m (c) Sentinel-2 MSI corpenicus

Year 2010 Year 2020

Year 2000
Figure 2. False colour image composites showing forest change at different timescales (a) 2000, (b)
2010 and (c) 2020 of Kakamega Forest National Reserve.

Kakamega National Forest Reserve landscape pattern
(b) Forest patch/ Clearfell patch

(a) Sentinel-2 image data

(c) Fragmented transect

Figure 3. True colour composite (a) showing forest patch (b) and fragments (c) in Kakamega Forest.

3.2. Forest Cover Loss

A gradual rising trend of forest cover loss was observed over the 20 years, as sum-
marised in Table 5, with an increase in total forest cover loss from the first decade (2000-
2010) accounting for 146.31 ha, compared to the second decade (2010-2020), which recorded
a total forest cover loss of 698.41 ha. The estimated total area of forest cover loss observed
for the study timeline (i.e., 2000-2020) was 826.60 ha. Table 6 shows a conversion matrix
from previous studies on carbon storage in African tropical forests with a similar ecosystem
type as our study area and summarises the carbon equivalent lost to the atmosphere [27,28].

Table 5. Summary of forest cover loss estimate from Hansen Global Forest Change.

Timescale 1st Decade 2nd Decade Total Cover Loss

Year 2000-2010 2010-2020 2000-2020
Area (ha) 146.31 680.29 826.60
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Table 6. Summary of carbon equivalent lost to the atmosphere through forest cover loss.

Mean Aboveground Biomass Carbon (AGC) (MgC)

2000-2010 2010-2020 2000-2020
95% confidence interval } _ )
(137.1-164.2 MgC/ha)
149.4 MgC/ha [27,28] 21,858.71 101,633.8 123,494

Figure 4 details the rising trend of forest cover loss summarised in Table 5. The first
decade under study (2000-2010) showed a gradual rise in forest cover loss from early
2002 (8.75 ha) to 2009 (44.31 ha). The second decade under study (2010-2020) exhibited a
sharp increase in loss of forest cover observed from 2011 (5.28 ha) to 2017 (153.10 ha). A
subsequent drop was observed from 2017 and onwards to 2018 and 2020.

Kakamega National Forest Reserve cover loss (2000-2020)

180.00
160.00
140.00
120.00
100.00 P
80.00 o
60.00
40.00 3 <
20.00 %
0.00 <><><><><><><> °°°

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Area(ha)

Year

Figure 4. Trend of forest cover loss using Hansen Global Forest Change 2000-2020.

3.3. Forest Area Density (FAD)
3.3.1. FAD Fragmentation Classes for the Year 2000

The FAD analysis output depicts Kakamega Forest’s ecosystem to have 47% dominant
layer, 40% interior, 7% transitional, 4% patchy, 2% rare and 0% intact layer for the year
2000, as shown in Figure 5 and Table 7. The dominant and interior layers, which have

the highest percentages, respectively, correspond to the intactness of the interior part of
the old-growth forest.

Forest Area Density class percentage

B Rare

O Pachy

47 B Dominent
O Interior

W Transitional

B intact

40

Figure 5. Forest Area Density (FAD) showing percentage of fragmentation class (2000).
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Table 7. Summary of observable scale for fragmentation analysis in the year 2000.

Fragmentation

Class\Observable 1 2 3 4 5 Summary
Scale:

Rare: 1.23 2.30 2.94 2.94 3.79 1.90
Patchy: 2.98 2.79 3.20 6.81 14.09 3.73
Transitional: 3.65 4.57 6.83 12.89 26.43 6.62
Dominant: 11.08 17.67 26.35 40.92 52.20 47.50
Interior: 8.97 17.52 28.75 32.96 3.47 40.22
Intact: 72.06 55.12 3191 3.45 0 0

3.3.2. FAD Fragmentation Classes for the Year 2020

For the year 2020, the FAD analysis of the study area depicts a 51% dominant layer,
39% interior, 6% transitional, 3% patchy layer, 1% rare and 0% intact layer as seen in
Figure 6 and summarised in Table 8. In comparison with the year 2000, there was an 8.5%
increase in the dominant layer, a 2.5% decrease in the interior layer, a 14.3% decrease in the
transitional layer, a 25% decrease in the patchy layer, a 50% decrease in the rare layer and
no observable change in the intact layer 0%.

Forest Area Density class percentage

B Rare

O Pachy

51 O Dominant
O Interior

B Trsnsitional

B intsct

39

Figure 6. Forest area density (FAD) showing percentage of fragmentation class (2020).

Table 8. Summary of observable scale for fragmentation analysis in the year 2020.

Fragmentation

Class\Observable 1 2 3 4 5 Summary
Scale:

Rare: 0.74 1.37 1.70 1.74 3.07 1.15
Patchy: 2.37 2.65 3.51 6.30 11.84 3.47
Transitional: 3.68 4.64 6.51 12.86 28.52 5.76
Dominant: 11.92 18.82 27.89 43.16 53.38 50.79
Interior: 11.95 22.69 32.07 32.66 3.17 38.81
Intact: 69.30 49.80 28.29 3.25 0 0

3.4. Morphological Spatial Pattern (MSPA) Changes

The MSPA analysis showed a change in the spatial pattern of landscape for Kakamega
National Forest Reserve from the year 2000 to 2020. Observable change during the analysis
was expressed as percentages of MSPA-class layers, as summarised in Table 9. The results
depicted a 96% decrease in core layer, 25% decrease in islet layer, 19% increase in perforation
layer, 13% increase in edge layer, 25% increase in loop layer, 33% increase in bridge layer,
4% decrease in branch layer and 14% increase in the openings layer. The decrease in core
layer indicates a loss of intactness in the old-growth forest over time and is facilitated by
the increase in perforation layer, which corresponds to the internal area perimeter between
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fragments. An increase in the edge and bridge layers suggests a loss of forest cover on the
external perimeter of the ecosystem.

Table 9. Change in MSPA-class layers (2000-2020) for Kakamega Forest Ecosystem.

. o FG/Data
FG/Data Pixels [l py, 15 1o, MSPA [%]
MSPA-Class Colour forest2000 Binary
Raster forest2020 Change
Binary Raster

Core(m): 78.91 77.36 96
Islet: 4.08 3.05 25
Perforation: 5.6 6.69 19
Edge: 8.06 9.15 13
Loop: 0.92 1.15 25
Bridge: 0.78 1.04 33
Branch: 1.65 1.57 4
Opening: 527 6.01 14

4. Discussion

Tropical forest cover loss accounts for more than 90% of the overall global forest
loss estimated at 420 million hectares between 1990 and 2020 [29]. In a study of global
forest cover change, the forest cover loss within tropical forest ecosystems in Africa and
South America was majorly attributed to anthropogenic pressures [23]. Other studies
have highlighted factors such as climate domains, ecosystem zones and tree cover density,
indicating a correlation with loss and gains; however, land-use change practices and
deforestation had a higher correlation with forest cover loss [4,21]. Deforestation dynamics
and land-use change within tropical forests in Africa have negatively affected the forest
edges and regeneration potential of species [30,31]. This rising trend of forest cover loss
was also observed in our study area over the 20-year timeline and cumulatively accounted
for an estimate of 826.60 hectares, equivalent to 123,494 megagrams of carbon emitted.

Carbon offset projections within the tropics are significant because of climate change
and the potential of tropical forests to mitigate the effects of climate change [8]. A study by
Glendai et al. highlights the potential for carbon sequestration in Kakamega National Forest
Reserve to have an economically and ecologically significant impact on the environment at
a national and regional scale, therefore making it relevant to climate mitigation programs
in Kenya [28]. The rate of carbon storage and sequestration in tropical forests is linked to
the state of indigenous forest areas within the core and intact layers [9]. Furthermore, other
studies have concluded that tropical forests in Africa sequester large amounts of carbon,
with increasing storage in old-growth forests transects [32,33].

The comparative FAD analysis at different time periods (i.e., 2000 and 2020) showed
a 2.5% decrease in the interior layer, a 14.3% decrease in the transitional layer and a 25%
decrease in the patchy layer. This is correlated with the observed spike in loss of forest
cover from 2011 (accounting for 5.28 ha area loss) to 2017 (accounting for 153.10 ha area
loss), because of the rise in demand for forest wood fuel in urban centres, which accounts
for 26.9% woodstoves and 52% charcoal stoves, as identified by the Ministry of Energy in a
national household survey [34]. In Kenya, 68% of households use wood fuel as their primary
energy source which exerts pressure on forest resources and leads to deforestation [35].
Other factors that contributed significantly to the spike include the excision of forest land
to small holder farmers, which negatively affected the natural succession and regeneration
of the forest at the edge layer [36].

The subsequent drop in 2018, as seen in Figure 4, occurred because of the logging
moratorium issued by the Kenyan government on the 24 February 2018 to limit timber
harvesting in a natural forest and reduce forest degradation [37,38]. A decrease in the
interior layer and the transitional layer, also displayed in Figure 6, was mainly attributed
to deforestation and the expansion of agricultural activities by small holder farmers at
the edge of the study area. This happened due to the immediate population pressure for
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resources for both subsistence and commercial reasons, attributed to factors such as an
increase in the population density of Kakamega county, as recorded by the 2019 Kenya
Population and Housing Census [39].

The MSPA analysis of the study area illustrated changes in the spatial pattern and
landscape at different timescales from the year 2000 to 2020, showing a 96% decrease in
the core layer, a 19% increase in the perforation layer, a 13% increase in the edge layer
and a 14% increase in the openings layer. The rising spike of 2017 (Figure 4) appeared
because of deforestation and land-use change corroborated with the observed increase in
the edge layer, openings layer and perforation layer. The forest edge layer and perforation
layer are more susceptible to anthropogenic disturbances compared to the interior and core
layers, because of their proximity to human settlements. Similar studies on tropical forest
ecosystems in Africa have identified land-use change patterns, specifically on the forest
edge layer and perforation layer because of the conversion of forest land to agricultural
cropland, shift grazing systems and illegal encroachments leading to a gradual decline of
tropical forest cover [4,40].

The decrease in the core layer has altered the dynamics of the forest ecosystem func-
tions and created fragmented landscape patterns such as isolated patches that separate
habitats. The patterns allude to the nature of disturbance, intensity, and the position of
disturbance relative to the protected forest area. These disturbances negatively impact the
abundance of species [2]. The highest diversity of species is normally found in the interior,
and the lowest diversity is present at the forest edge [41,42].

False colour composites in Figure 2 and true colour composite in Figure 3 illustrate the
changes in plant density and vegetation health. Fragments, patches, and clear fell gaps are
visible in the interior and at the edge of the forest ecosystem composite. The visualization
of vegetation health and changes in plant density for the study area used Hansen GLAD
map data because of the existing similarity of ecosystem types in the targeted study area to
the tropical rainforest ecosystem in Central Africa, specifically the Democratic Republic of
the Congo where similar probability-based statistical methods were leveraged in previous
studies by Zhuravleva et al. and Turubanova et al. [21,30].

In both the FAD analysis and the MSPA analysis of the Kakamega Forest ecosystem,
fragmentation has led to the loss and division of habitats, creating smaller isolated units
that limit the movements and interaction of species [43]. The changes in forest cover have
adversely influenced the survival of species and the ability of organisms to adapt because
of their specific response to ecological pressure. Organisms with a higher tolerance to
low canopy cover and direct sunlight are more likely to thrive at the forest edge, while
shade tolerant species are more likely to thrive under conditions of canopy cover and
shade [44,45]. Niche-specific species of birds i.e., grey parrot (Psittacus Erithacus) and
lanner falcon (Falco biarmicus), are negatively affected because of old-growth forest loss.
The blue monkey and black-and-white Colobus monkey endemic to the Kakamega Forest
ecosystem are negatively affected by the fragmented landscape because of their role as seed
dispersal species, which is crucial for natural forest regeneration. Moreover, fragmented
forest ecosystems support fewer species when compared to intact forest ecosystems [46,47].

5. Conclusions

The conversion of forest land to non-forest use through practices such as the clearing
of forest land for agricultural cropland, shift grazing systems for livestock and the estab-
lishment of temporary settlement structures, have significantly changed the landscape
pattern of Kakamega National Forest Reserve. A time series analysis over 20 years has
demonstrated a rising trend of forest cover loss in the study area despite its protected status.
Fragmentation analysis, using parameters such as rare, patchy, transitional, dominant, and
interior have allowed us to visualize the spatial patterns and quantify changes in the forest
landscape. A decrease in the interior layer and transitional layer leading to an increase in
forest patches alludes to the existing pressure on the intact layer, successive layer and the
forest edge layer.
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Habitat loss, as described by the fragmented landscape, has affected the forest biodi-
versity and the quality of forest ecosystem services by disrupting wildlife corridors and
preventing the migration of seed dispersal species that are essential for ecosystem health
and natural regeneration. Anthropogenic drivers were identified to contribute significantly
to changes in the study area, adversely affecting the ability of the ecosystem to recover
niche-specific endemic species of birds that thrive under conditions of canopy cover and
shade, which are at risk of extinction in the backdrop of climate change. Therefore, further
studies are recommended to provide quantitative data on forest ecosystem services to
establish integrated forest management in Kakamega National Forest Reserve.
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Appendix A

Table Al. Kakamega Forest Ecosystem (KFE) Management Zones.

Kfe Zone Description Management Size Source
[48]. Retrieved 16
Kakamega Main block in Kakamega KFS, Kakamega Forest March 2022,
. 19,792.4 ha http:/ /www.
Forest Reserve Forest Ecosystem Station .
kenyaforestservice.
org/
Isecheno Forest nature Reserve
Nature established by boundary KES, Kals?r:ileia Forest 138 ha [22]
Reserve Plan number 180/40-42 ato
[48]. Retrieved 16
Yala River Forest nature reserve via March 2022,
Nature boundary KES, Kaé( ; Igsia Forest 538 ha http:/ /www.
Reserve Plan number 180/40-42 kenyaforestservice.
org/
Kakamega Established under Legal
Nationagl Notice No. 95 of May 1985 KWS, Buyangu 3984.9 ha [11]
and boundary Plan No. 272 office ’
Reserve
of 1986
Kisere National Established under Legal KWS, Buyangu 471 ha [11]
Reserve Notice No. 95 office
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