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Abstract: Forest degradation occurs in natural World Heritage Sites (WHS) in the Global South despite
the implementation of various strategic policies and the World Heritage Convention (WHC) on forest
protections of the sites and this poses challenges to improve natural heritage sustainability. The current
study aims to investigate spatial determinants of forest degradation in the Kilimanjaro WHS, Tanzania, to
support strategic policies for forest landscape protection and natural heritage sustainability. Using
remotely sensed, Digital Elevation Model, and tourism location data, we performed the supervised
classification of satellite images, Digital Elevation, Euclidean distance, and linear regression modeling to
identify spatial determinants of forest degradation. Our key findings indicated that while spatial
determinants vary with different locations, human (tourism) activities e.g., developments of campsites,
picnics, tourist routes, the historical site, and attraction areas are associated with forest degradation in
the southern parts of the site. In addition to human activities, natural factors such as low levels of
elevation and degrees of slope are associated with forest degradation at the site. However, in the
northwest and southwest of the site, high degrees of slope are associated with the degradation. Our
findings showed that while bare land surface encroached the primary forest with about 2.88%, moorland
vegetation encroached the primary forest with about 16.95%, indicating a large degradation of the
primary forest with about 19.83% for the past four decades. The information provided in this study is
crucial to support site managers and decision-makers in strategic policies and WHC implementations on
forest protection for natural heritage sustainability.
Keywords: Forest degradation, montane primary forest, spatial determinants, natural heritage
sustainability, World Heritage Site, Kilimanjaro.
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1. INTRODUCTION
Forest degradation occurs in the Global South [1-3], including natural World Heritage Sites (WHS).
For example, in the eastern part of Tanzania, including the Kilimanjaro WHS, forest degradation occurred
over the years [4-7], despite various strategic policies and acts [8-10], as well as the World Heritage
Convention (WHC) of 1972 [11] that made provisions for forest protection of the sites. Forest degradation
in natural WHS was reported across the Global South, including Coast Atlantic Forest Reserves in Brazil,
Kinabalu Park in Malaysia, Mount Wuyi in China, Iguazu National Park in Argentina [12], and Sundarbans
WHS, India [13]. Such degradation poses challenges to improving heritage sustainability, which is a
condition that allows the utilization of the benefits (e.g., tourism destination and income) provided by the
natural WHS without compromising the current and future forest ecosystems. Also, the degradation may
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put the heritage sites in danger if strategic measures are not put in place to protect the sites from forest
degradation.
Generally, forest degradation is determined by natural and human factors [14-16]. While natural
determinants are attributed to physical geographical factors e.g., topographic elevation and slope [16,17],
human determinants are attributed to human factors e.g., tourism activities, transportation, agriculture,
charcoal production, settlement expansion [18-21,14,22,23,15,24,17] and can be used to explain spatial
patterns and determinants of forest landscape degradation. In this context, spatial determinants can,
therefore, be regarded as natural and human factors that are associate with or contribute to the
explanation of the location of forest landscape degradation.
Spatial determinants of forest landscape degradation vary with space and location [18]. According to
Bhattarai, et al. [19] distances to roads and settlements are positively associated with forest degradation
in southern Tanzania. While distances to transportation and settlement, as well as topographic elevation
(altitude) between 400 and 800m above sea level, are positively associated with forest loss in the
Piracicaba River basin of the States of Sao Paulo and Minas Gerais, Brazil [17], distance to settlement is
negatively associated with forest landscape degradation in the Democratic Republic of the Congo [18].
Previous studies e.g., Hamunyela, et al. [4]; Kilungu, et al. [5]; Rutten, et al. [6]; Soini [7]; Allan, et al.
[12]; Levin, et al. [25] on natural WHS majorly focus on impacts and human driving factors of forest
degradation with little or no emphasis on spatial determinants. In the Kilimanjaro WHS, no previous study
was conducted on spatial determinants of forest degradation and this makes it difficult to identify such
determinants to provide useful information for strategic policy decision-makers on the montane forest
landscape protection and natural heritage sustainability. The montane forest is the primary forest with
dense vegetation that provides habitats for wild animals in the Kilimanjaro WHS (Figure 4) (5).
The aim of this study, therefore, is to investigate spatial determinants of primary forest degradation
in the Kilimanjaro WHS, Tanzania, to support strategic policies for forest landscape protection and natural
heritage sustainability. Specifically, we seek to: analyze spatial patterns of land cover types for 1976,
2000, 2012, and 2020; compute the degraded primary forest, and analyze the association between various
human/natural features and the degraded primary forest to identify spatial determinants of forest
degradation.
2. STUDY AREA
The study area is the Kilimanjaro WHS (Kilimanjaro National Park), located in northeast Tanzania and it
covers 1686.72 km2 (Figure 1). The site is about 300 km south of the Equator [6]. We chose the
Kilimanjaro WHS because of the forest degradation over the years [5-7] and the forest landscape,
particularly the montane forest as one of the outstanding universal values of the natural heritage site [11].
The Kilimanjaro National Park was established in 1973 that initially composed of the whole mountain and
moorland vegetation above the montane forest and was inscribed as a natural WHS in 1987 under criteria
vii, with the mountain as an outstanding universal value, which is one of the largest volcanoes in the world
[11,26]. The topographic elevation of the mountain within the site ranges from 1,277 to 5,880 m above sea
level at Kibo peak, which is relatively located at the center of the mountain (Figure 1). Other peaks of the
mountain include Shira peak (3,952 m above sea level) and Mawenzi peak (5,130 m above sea level)
located in the northwest and southeast of the Kibo peak, respectively (Figure 1). In 2005, the site was
extended to include the montane forest (the natural or primary forests that serve as buffer zones and
habitats for wildlife) due to human pressure on forest degradation, which is also defined as the
outstanding universal value and integrity feature of the site [11,26]. As a WHS and a National Park, various
strategic actions, including the Forest Act of 2002 [9], National Environmental Policy of 1997 [10], and
WHC of 1972 [11] have been implemented to protect the site from forest degradation. Despite the
implementation of those strategic actions, forest degradation was reported by Hamunyela, et al. [4];
Kilungu, et al. [5]; Rutten, et al. [6]; Soini [7]. As a WHS and a National Park, Mount Kilimanjaro serves as a
tourism destination for national and international tourists as the site receives about 50,000 tourists
annually creating tourism pressure and associated problems, including vegetation trampling, water
pollution, and soil erosion [26]. Other threats associated with the WHS include yearly wildfires that
destroy natural forests that serve as buffer zones and habitats for wildlife, illegal logging of forest trees,
and climate change causing the melting of glaciers that may lead to the disappearance of the snow cap
[26].
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Figure 1. Maps showing the location of the Kilimanjaro World Heritage Site.
Source: Produced by authors

3. METHODS AND DATA
3.1. Data collection
We collected satellite images captured by Landsat 2 Multispectral Scanner System (MSS) in 1976 and
Landsat 7 Enhanced Thematic Mapper Plus (ETM+) in 2000, 2012, and 2020 from the United States
Geological Survey (USGS) [27]. The reason for collecting this set of data is due to the openly accessible
platform and the coverage of the study area. Also, the set of data has been calibrated atmospherically with
free cloud cover [27]. Additionally, all images were captured during precipitation seasons with heavy
rainfall and snow on the Kilimanjaro Mountain and environs, which is from November to May, except that
of 1976 and 2000, which were captured in January and February, respectively with little precipitations on
the Kilimajaro Mountain and environs [28]. However, in January and February with little precipitations, all
7
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types of vegetation, especially tree canopies may retain the same or similar level of green growth
(chlorophyll contents) as in other months (e.g., December and March) with heavy rainfall. Furthermore,
Landsat data have been deployed successfully in mapping forests to support the management of forest
protections in various protected areas across the Global [29-31]. While the Landsat 2 data used for the
current study is 60 m spatial resolution, that of Landsat 7 is 30 m. Table 1 summarizes the characteristics
of all satellite images. An additional set of data used for the current study are tourist routes, campsites,
picnics, the historical site, and the attraction area and were collected from ArcGIS online [32].
Furthermore, we collected the Digital Elevation Model (DEM) of 90 m spatial resolution from the Shuttle
Radar Topography Mission (SRTM) [33].
Table 1. Summary of the remotely sensed data description.
Landsat
series
Landsat 2
Landsat 7
Landsat 7
Landsat 7

Sensor
MSS
ETM+
ETM+
ETM+

Spatial
No: of
Date of
resolution bands
acquisition
60 m
7
21/01/1976
30 m
9
21/02/2000
30 m
9
09/03/2012
30 m
9
28/12/2020
Source: Prepared by authors.

Sources
USGS
USGS
USGS
USGS

3.2. Data analysis
To analyze spatial patterns of land cover types for 1976, 2000, 2012, and 2020, we used ArcGIS
10.8.1 to perform supervised classification of satellite images using a maximum likelihood algorithm [3437]. The supervised classification uses training samples of the known pixels to assign pixels to different
classes and the maximum likelihood algorithm uses the highest probability to assign pixels to such classes
[34,38-40]. While generating training samples, we computed the Normalize Difference Vegetation Index
(NDVI) [41-43] expressed as:

,
where NIR and R are the near-infrared band and red band, respectively that are used for the spectral
reflectance measurements acquired in the near-infrared and visible (red) regions [43]. For Landsat 7
ETM+, band 4 is the near-infrared band with 0.772 - 0.898 μm and band 3 is the red band with 0.631 0.692 μm. For Landsat 2 MSS, band 6 is the near-infrared band with 0.7 - 0.8 µm and band 5 is the red
band with 0.6 - 0.7 µm. While the healthy vegetation (e.g., primary forest) is reflected more in the nearinfrared region due to high chlorophyll contents of the vegetation, unhealthy vegetation (e.g., moorland
vegetation) and bare land surface are reflected more in the visible region due to low chlorophyll contents
for moorland vegetation and lack of chlorophyll for bare land surfaces, including snow. The NDVI was
grouped into three categories and based on their pixels’ values for each category, 0.5 and above, 0.2 to 0.4,
and 0.1 and below pixels’ values were used to guide the selection of pixels’ values on the composite
multispectral images for healthy vegetation, unhealthy vegetation, and bare land surface, respectively. The
selected pixels’ values on the composite multispectral images were used to create training samples for the
supervised classification, where the maximum likelihood algorithm was deployed [34-37]. We classified
the land cover types into primary forest, moorland vegetation, and bare land surface as described in Table
2.
Table 2. Categories of land cover classes.
Land cover classes
Primary forest
Moorland vegetation
Bare land surface

8

Description of land cover
Healthy vegetation with montane and tropical rain forests
Secondary forest, unhealthy vegetation, grasslands, shrubs, and cultivated fields
Open space with alpine desert, volcanic soil, snow, wetlands, streems/rivers,
rocks, and charcoal kilns
Source: Prepared by authors.
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We performed accuracy assessments of the classified land cover types using simple random sampling
[44] to generate 300 points and the composite images as based data for the assessments. We assessed the
user accuracy (UA), producer accuracy (PA), and overall accuracy (OA) for land cover types, following
Enoguanbhor, et al. [40]. The accuracy assessments are presented in Table 3.
Table 3. Accuracy assessments of land cover maps.
Land cover types
Primary forest
Moorland vegetation
Bare land surface
Land cover types
Primary forest
Moorland vegetation
Bare land surface

2020
UA
93.88%
87.25%
88.00%

PA
88.46%
89.00%
91.67%
2000

2012
OA
89.67%

UA
PA
OA
91.75% 85.58%
89.00% 89.00%
88.67%
85.44% 91.67%
Source: Prepared by authors.

UA
87.13%
86.87%
85.00%

PA
86.27%
87.76%
85.00%
1976

UA
80.77%
84.62%
81.48%

PA
84.00%
82.88%
75.86%

OA
86.33%

OA
82.67%

To compute the forest landscape degradation of the primary forest, we performed the transition
change detection between 1976 and 2020 land cover types. We applied the pixel-based method and
crosscheck or validated using the polygon-based method. Regarding the pixel-based method, which is the
analysis based on the raster land cover maps, we first resampled the 60 m spatial resolution of the 1976
land cover map to 30 m to obtain and maintain the same pixels’ sizes for both land cover maps. We
applied the Land Change Modeler, an ArcGIS extension Toolbox from TerrSet (Geospatial Monitoring and
Modeling Systems) to implement the transition change detection using the Multi-Layer Perceptron (MLP)
Neural Network algorithm. The MLP Neural Network algorithm computes the weights of multiple input
layers e.g., the 1976 and 2020 land cover maps to produce a single output layer e.g., the transitioned
change detection map with the attribute information based on the number of pixels transitioned from
different land cover types to others using a non-linear activation function (e.g., sigmoid) [39]. Regarding
the polygon-based method to crosscheck the pixel-based method, we converted raster maps of both land
cover types to vector maps and used Geoprocessing Tools, including Intersect and Union to run the
transition change detection. The validation showed that both methods produced the same results with
little difference. Finally, we extracted the transition from primary forest to moorland vegetation and bare
land surface and used cartographic GIS overlays [45] to visualize and calculate the area of the degraded
primary forest.
To analyze the association between various human/natural features and the degraded primary forest
to identify spatial determinants of forest landscape degradation, we digitized locations of human features,
including tourist routes, campsites, picnics, the historical site, and the attraction area. Also, we performed
DEM analysis to generate parameters for the degrees of slope and levels of elevation. Additionally, we
performed the Euclidean distance modeling on the digitized and extracted (degraded primary forest)
maps to generate other parameters. We used all parameters to build simple and multiple linear regression
models [46]. The simple and multiple linear regression modeling can be expressed as:
Y = β0 + β1 X1 + ε
Y = β0 + β1 X1 + β2 X2 + β3 X3 + … + β k X k + ε ,
where Y is the dependent variable (degraded primary forest), X is the independent variable (human and
natural features), β0 and β1 are intercept and coefficient, respectively and ε represents the random error
terms. The independent variables were selected based on the availability of data on both human and
natural features. To ensure the reduction of bias in the model, we used the Variance Inflation Factor (VIF)
to calculate the multicollinearity problem and eliminated variables with 10 and above VIF values to make
sure all independent variables have independent effects on the dependent variable [38,46,39,47]. After
the analysis of the entire site, the site was divided into four areas, northwest, northeast, southwest, and
southeast. The same analysis was performed for each of the four areas to understand the spatial
determinants at the local scale and for comparative purposes between the four areas of the site.
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Figure 2. Materials and methods for spatial determinants of forest landscape degradation.
Source: Developed by authors.

4. RESULTS
4.1. Spatial patterns of land cover types
We analyzed the spatial patterns of land cover types for 1976, 2000, 2012, and 2020 in the
Kilimanjaro WHS. Our results (Table 4 and Figure 3) showed that the primary forest are spatially
distributed in the lower parts of the mountain and decreased from 1,290.64 km 2 (76.52%) in 1976 to
833.49 km2 (49.42%) in 2020. Contrarily, the moorland vegetation is spatially distributed from the middle
to upper parts of the mountain and increased from 360.08 km2 (21.35%) to 453.04 km2 (26.86%) in 2020.
The bare land surface is mostly distributed at the mountain top, covering about 35.91 km 2 (2.13%) in
1976, 431.14 km2 (25.56%) in 2000, 401.30 km² (23.79%) in 2012, and 400.12 km2 (23.73%) in 2020.
The observation in Figure 4 shows that while the bare land surface encroached on the moorland
vegetation, the moorland vegetation encroached on the primary forest in the past four decades.
Table 4. Calculated areas of land cover types in km²
1976
2000
2012
Land cover classes
Area km2
Area km2
Area km2
Bare land surface
35.91
431.14
401.30
Moorland vegetation
478.08
393.99
437.10
Primary forest
1172.64
861.45
848.20
Total
1,686.63
1,686.58
1,686.62
Source: Prepared by authors.
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2020
Area km2
402.12
441.04
843.49
1,686.65
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Figure 3. Calculated area of land cover types in percentage.
Source: Produced by authors.

Figure 4. Spatial patterns of land cover types.
Source: Produced by authors.

4.2. Degraded primary forest
We computed the degraded primary forest through a transition mapping process. The transition
mapping showed the highest transition that occurred between the primary forest and other land cover
types is the moorland vegetation (Figure 5a). While about 16.95% of the primary forest transitioned into
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the moorland vegetation, 2.88% transitioned into the bare land surface. Our result in Figure 5b shows that
the primary forest that was degraded from 1976 to 2020 is about 19.83% of the total area.

(a)

(b)

Figure 5. Spatial patterns of (a) land cover transitions and (b) the degraded primary forest.
Source: Produced by authors.

4.3. Associations between human/natural features and the degraded primary forest
Considering the entire scale of the site, we analyzed the association between various human/natural
features and the degraded primary forest to identify spatial determinants of forest degradation in the
Kilimanjaro WHS (Table 5 and Figure 6). Our results at the simple linear regression level of the whole site
(Table 5) showed that distances to the locations of human activities, including tourist routes, campsites,
picnic locations, the historical site, and the attraction area are negatively associated with the degraded
primary forest. The level of elevation and the degrees of slope as natural features are positively associated
with the degraded primary forest, with slope having the highest coefficient.

1
2
3
4
5
6
7

Table 5. Spatial determinants of the degraded primary forest of the Kilimanjaro WHS.
Independent
Simple linear regression
Multiple linear regression
variables
Std.
Std.
Initial
Coef.
P-value
Coef.
P-value
error
error
VIF
Dist. to tourist
-0.010
0.000***
0.003 0.007
0.151
0.005
6.818
route
Dist. to campsite
-0.010
0.000***
0.003 0.154 0.000***
0.005
6.171
Dist. to picnic
-0.018
0.000***
0.003
0.684
0.004
3.765
0.002
Dist. to the
-0.001
0.147
0.000
18.106
historical site
Dist. to attraction
-0.013
0.000***
0.001
22.116
area
Level of elevation
0.603
0.001***
0.011 1.109 0.000***
0.013
3.260
Degrees of slope
4.026
0.005 ***
1.434
0.000***
0.012
1.130
0.182
Residual standard error = 796.1 on 9994 degrees of freedom (multiple linear regression)
Multiple R-squared = 0.414, Adjusted R-squared = 0.4139 (multiple linear regression)
P-value = 0.000*** (multiple linear regression)
Source: Prepared by authors.
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Final
VIF
5.955
5.339
3.457
1.972
1.122
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The results at the multiple linear regression level (Table 5) showed that while the degrees of slope
and distance to picnic are negatively associated with the degraded primary forest, distances to tourist
routes, campsites, and the level of elevation are positively associated. Distances to the historical site and
the attraction area were eliminated from the model due to the problem of multicollinearity in the initial
VIF. The final VIF indicated that the final model eliminated the multicollinearity problem and the low
standard errors associated with all variables indicated good models’ fit.

(a)

(b)

(c)

(d)

(e)

(f)
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(g)

(h)

Figure 6. Maps showing Euclidean distances to (a) degraded primary forest, (b) tourist route, (c) campsite,
(d) picnic, (e) historical site, and (f) attraction area, (g) level of elevation, and (h) the degrees of slope.
Source: Produced by authors.

Our results at the simple linear regression level of the northwest Kilimanjaro WHS (Table 6) showed
that while distances to tourist routes, campsites, and picnic locations are positively associated with the
degraded primary forest, that of the historical site and attraction area are negatively associated. The level
of elevation and the degrees of slope as natural features are positively and negatively associated
respectively. The multiple linear regression level showed that the degrees of slope remains negative and
the distance to picnic remains positive. Other variables were excluded from the model due to problems of
multicollinearity indicated by VIF values above 10. Low standard errors associated with all variables
indicated good models’ fit.

1
2
3
4
5
6
7

Table 6. Spatial determinants of the degraded primary forest in northwest Kilimanjaro NWHS.
Independent
Simple linear regression
Multiple linear regression
variables
Std.
Std.
Initial
Coef.
P-value
Coef.
P-value
error
error
VIF
Dist. to tourist route
0.040
0.000*** 0.005
10.603
Dist. to campsite
0.065
0.000*** 0.006
10.256
Dist. to picnic
0.029
0.000*** 0.005
0.026
0.000***
0.005
5.467
Dist. to the
-0.045
0.000*** 0.003
1008.795
historical site
Dist. to attraction
-0.046
0.000*** 0.003
1056.567
area
Level of elevation
0.407
0.000*** 0.027
13.964
Degrees of slope
-15.844 0.000*** 3.374 -13.162 0.000***
3.404
1.202
Residual standard error = 948.5 on 2564 degrees of freedom (multiple linear regression)
Multiple R-squared = 0.018, Adjusted R-squared = 0.017 (multiple linear regression)
P-value = 0.000*** (multiple linear regression)
Source: Prepared by authors.

(a)
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(b)

Final
VIF
1.027
1.027
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(c)

(d)

Figure 7. Maps showing relationships between the degraded primary forest and Euclidean distances to (a)
tourist routes, (b) campsites, (c) picnics, and (d) degrees of slope in the northwest Kilimanjaro WHS.
Source: Produced by authors.

In the northeast Kilimanjaro WHS, the results (Table 7) showed that while distances to tourist routes
and campsites are positively associated with the degraded primary forest, that of the picnic, the historical
site, and attraction area are negatively associated. The natural features: level of elevation and the degrees
of the slope are positively associated, with slope having the highest coefficient. The multiple linear
regression showed that the degrees of slope remains positive and the distance to picnics remains negative.
Other variables were excluded from the model due to problems of multicollinearity indicated by VIF
values above 10. Low standard errors associated with all variables indicated good models’ fit.

1
2
3
4
5
6
7

Table 7. Spatial determinants of the degraded primary forest in northeast Kilimanjaro NWHS.
Independent
Simple linear regression
Multiple linear regression
variables
Std.
Std.
Initial
Final
Coef.
P-value
Coef.
P-value
error
error
VIF
VIF
Dist. to tourist route
0.011
0.362
0.012
15.557
Dist. to campsite
0.013
0.337
0.013
14.542
1.000
Dist. to picnic
-0.001
0.928
0.001
0.547
0.007
1.786
0.004
Dist. to the
-0.026
0.000*** 0.006
88.774
historical site
Dist. to attraction
-0.061
0.000*** 0.006
125.941
area
Level of elevation
1.096
0.000*** 0.029
11.305
Degrees of slope
152.800 0.000*** 4.730 0.015 0.000***
4.731
2.272
1.000
Residual standard error = 824.1 on 1523 degrees of freedom (multiple linear regression)
Multiple R-squared = 0.407, Adjusted R-squared = 0.406 (multiple linear regression)
P-value = 0.000*** (multiple linear regression)
Source: Prepared by authors.

1
2
3
4
5
6
7

Table 8. Spatial determinants of the degraded primary forest in southwest Kilimanjaro NWHS.
Independent
Simple linear regression
Multiple linear regression
variables
Std.
Std.
Initial
Coef.
P-value
Coef.
P-value
error
error
VIF
Dist. to tourist route
0.027
0.000*** 0.002
27.819
Dist. to campsite
0.028
0.000*** 0.002
35.903
Dist. to picnic
0.023
0.000*** 0.002
13.329
Dist. to the historical
0.013
0.000*** 0.001
674.671
site
Dist. to attraction area
0.012
0.000*** 0.001
850.934
Level of elevation
0.067
0.000*** 0.014
12.522
Degrees of slope
-18.210
0.000*** 1.201
1.333

Final
VIF
-

Source: Prepared by authors.

In the southwest Kilimanjaro NWHS, the results (Table 8) showed that distances to all the identified
human activities are positively associated with the degraded primary forest. The level of elevation and the
15
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degrees of slope as natural features indicated positive and negative associations respectively. The multiple
linear regression modeling was not performed due to problems of multicollinearity associated with all
independent variables, except the degrees of slope.

(a)

(b)

(c)

(d)

Figure 9. Map showing relationships between the degraded primary forest and (a) tourist routes, (b)
campsites, (c) picnics, and (d) the degrees of slope.
Source: Produced by authors.

In the southeast Kilimanjaro WHS, the results (Table 9) showed that while distances to tourist routes,
campsites, picnics, and the attraction area are negatively associated with the degraded primary forest,
that of historical site is positive. The level of elevation and the degrees of slope as natural features are
positively associated, with slope having the highest coefficient. The multiple linear regression showed that
distances to picnic and the historical site remain negatively and positively associated respectively. While
the initial VIF indicated the absence of multicollinearity problem, low standard errors associated with all
variables indicated good models’ fit.

1
2
3
4
5
6
7
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Table 9. Spatial determinants of the degraded primary forest in southeast Kilimanjaro NWHS.
Independent
Simple linear regression
Multiple linear regression
variables
Std.
Std.
Initial
Coef.
P-value
Coef.
P-value
error
error
VIF
Dist. to tourist route
-0.156
0.000***
0.009
0.048
0.000***
0.009 2.740
Dist. to campsite
-0.123
0.000***
0.009
0.066
0.000***
0.007 2.428
Dist. to picnic
-0.158
0.000***
0.008
-0.187
0.000***
0.009 3.765
Dist. to the historical
0.150 0.000***
0.005
0.135
0.000***
0.009 2.718
site
Dist. to attraction
-0.058
0.000***
0.005
0.138
0.000***
0.006 4.042
area
Level of elevation
0.826
0.000***
0.018
0.012
0.000***
0.033 6.604
Degrees of slope
21.969 0.000***
2.973
-0.318
0.000***
0.020 1.486
Residual standard error = 705.5 on 3397 degrees of freedom (multiple linear regression)
Multiple R-squared = 0.6992, Adjusted R-squared = 0.6986 (multiple linear regression)
P-value = 0.000*** (multiple linear regression)
Source: Prepared by authors.

Final
VIF
-
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(a)

(b)

Figure 10. Maps showing relationships between the degraded primary forest and Euclidean distances to
(a) the historical site and (b) the attraction area.
Source: Produced by authors.

5. DISCUSSION
Our study provides the first comprehensive investigation of spatial determinants of forest
degradation in the Kilimanjaro WHS, Tanzania to support strategic policies for forest landscape protection
and natural heritage sustainability.
5.1. Findings
Considering the scale of the site holistically, our findings (Table 5) show that the topographic
elevation and slope as natural features are positively associated with forest degradation, indicating the
lower the level of elevation and degrees of slope, the higher the likelihood of forest degradation. The
results are similar to the findings from Htun, et al. [48] and Freitas et al. [49] who reported forest
degradation at the low level of elevation and degrees of slope in the Popa Mountain Park, Central
Myanmar, and the Plateau of Ibiuna, near Sao Paulo, Brazil, respectively. Other human factors are
associated negatively, indicating the farther from those locations, the higher the likelihood of forest
degradation. This could be due to the scale of the entire study area. Comparison of spatial determinants at
the local scale, the degrees of the slope are negatively associated with forest degradation in the northwest
and southwest Kilimanjaro WHS, indicating the higher the degrees of slope, the higher the likelihood of
forest degradation in those areas. This can be visualized in Figures 7d and 9d. Considering previous
studies e.g., Htun et al. [48] and Freitas et al. [49] that report the degradation of the forest at the low
degrees of slope, other factors other than the degrees of slope may be responsible for forest degradation
in the northwest and southwest Kilimanjaro WHS. Distances to tourist routes, campsites, and picnics are
positively associated with forest degradation in the northwest area, indicating the closer the locations of
those tourist activities in the northwest, the higher the likelihood of forest degradation. These are
visualized in Figures 7a, b, and c). Contrarily, distances to the historical site and the attraction area are
negatively associated with forest degradation in the same northwest. In the northeast Kilimanjaro WHS,
our findings (Table 7) show the only human features that are positively associated with forest degradation
are tourist routes and campsites but in the southwest, all the identified human features are associated
with forest degradation positively, indicating the contribution of tourism activities on forest degradation.
These are visualized in e.g., Figures 9a, b, and c. These results support the findings from Pongpattananurak
[50] who reported the impact of tourism on forest degradation in the overlapping area between Thap Lan
National Park and the Thai Samakkhi subdistrict of Thailand. In the southeast, the only human feature that
is positively associated with forest degradation is the attraction area. However, picnic turned out to be the
only human feature that is negatively associated at the multiple linear regression level in the same
southeast area.
Our findings on spatial patterns of land cover types (Table 4 and Figures 3 and 4) show the primary
forest was about 69.52% in 1976 and decreased to 50.01% in 2020. This result is consistent with those of
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Hamunyela, et al. [4] and Kilungu, et al. [5], who reported a decrease in primary (montane) forest in the
Kilimanjaro WHS, Tanzania. Also, the result is similar to those of Adeyemi & Owolabi [51]; Sievers, et al.
[13]; Zeb [52], and Htun, et al. [48] who showed decreasing primary/mangrove/dense/closed forests in
Effan Forest Reserve in Nigeria, Sundarbans natural WHS in India, the District Chitral in Pakistan, and
Popa Mountain Park in Central Myanmar, respectively. Also, the result is similar to those of Morin, et al.
[29] and Ullah, et al. [53] who reported reductions in forest land cover in the Dilijan National Park of
Armenia and Teknaf Wildlife Sanctuary of Bangladesh, respectively. However, the result differs from the
report from Liu, et al. [54] who showed increasing forestland in the Jiuzhaigou natural WHS, China. The
study shows a little decrease in the forest between 2000, 2012, and 2020 and this may be associated with
the stronger implementation of strategic policies and WHC on forest protection as the primary forest was
included in the site in 2005 [11]. Our study showed that the moorland vegetation decreased from 1976 to
2000 and started increasing from 2000 to 2020. The moorland vegetation increase is similar to those of
Kilungu, et al. [5]. Our observation shows that while the bare land surface encroached into the moorland
vegetation, the moorland vegetation encroached into the primary forest over the years. This can be
visualized on spatial patterns of land cover types (Figure 3) and the transition mapping (Figure 4a). The
computation of the transition mapping shows that about 19.83% of the study area has been degraded
within the primary forest between 1976 and 2020 (Figure 4b).
5.1. Implications of the findings
One implication of our findings is the clarification that spatial determinants of forest degradation in
the Kilimanjaro WHS vary with different locations in the site, similar to the report from Shapiro et al. [18]
for the Democratic Republic of the Congo and Zeb [52] for the District Chitral, Pakistan. This would help
site managers to look beyond the reports deduced from the holistic viewpoint of the entire site in general
to specific areas of the site in particular when implementing the WHC and other strategic policies for
forest protection and natural heritage sustainability. For example, considering the site as a protected area
that allows tourism activities, tourist routes, development of campsites, and picnics pose threats to the
primary forest in the southwest area and the historical site and attraction areas pose threats in the
southeast area. This may be the case for other natural WHS that serve as tourism destinations in SubSaharan Africa and other parts of the Global South. Human activities such as the development of campsites
and picnics have the possibility of causing fire outbreaks that can degrade forest landscapes [26,55,56].
Tourism is one of the major activities posing a significant threat to forest protection [50,57,5,58,59].
An important implication of our findings is the decrease in primary forests that may be associated
with the loss of habitats for wildlife in those areas, which may lead to wildlife migration/extinction and a
decrease in tourism demand [11,60]. Also, the decrease in primary forest may put the site in danger,
considering the forest as one of the outstanding universal values of the natural heritage [11]. Additionally,
degradation of the primary forest may expose the site to denudation and increases soil erosion that may
later develop into gully erosions [26]. Gully erosions may affect existing tourist routes, which may lead to
the development of additional routes with additional negative impacts on forest protection and wildlife
disturbances.
The positive implication of our findings shows that various strategic policies and WHC
implementations on forest protection may have improved over the last two decades, considering a slight
decrease in the primary forest from 2000 to 2020. In 2005, the Kilimanjaro WHS was expanded from the
initial boundary of the moorland vegetation of the mountain to the primary (montane) forest of the
mountain [11,26] and that may have enhanced the protection of the primary forest. However, there is a
need to regenerate forest within lower parts of moorland vegetation for effective forest protection due to
the encroachment of moorland vegetation into the primary forest between 1976 and 2020. Regeneration
of forests in those areas would improve forest and natural heritage sustainability, as well as habitat
protection for wildlife on the site.
Such spatial information is crucial for site managers and decision-makers in strategic policies and
WHC implementations on forest protection in the Kilimanjaro WHS, Tanzania and other natural WHS
found in Sub-Saharan Africa, as well as other parts of the Global South. By integrating various methods to
derive new findings on, e.g., how human (various tourism activities) and natural (elevation and degrees of
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slope) factors determine spatial patterns of forest degradation at different scales in a WHS, our study,
therefore, contributes to Heritage Studies and Management for natural heritage sustainability.
5.3. Limitations and recommendations
One limitation of the current study is the non-availability of data related to other uses of the site. This
makes it impossible to identify additional human factors (e.g., illegal logging) [61,26] in the site as spatial
determinants of forest degradation. Also, the use of 30 m spatial resolution of remotely sensed data did
not allow the identification of the locations of such illegal logging. However, the openly accessible
remotely sensed data are useful for monitoring primary forest trends of the Kilimanjaro WHS at no cost.
Additionally, our inability to obtain 100% accuracies shows that there are some misclassifications of land
cover types despite the high accuracies obtained for the current study.
Based on the limitations of the current study and the findings, we recommend the following: First,
the information on spatial determinants of forest degradation provided in the current study should be
considered when implementing strategic policies and WHC on forest landscape protection of the site. For
example, tourism activities such as the development of campsites and picnics that are associated with
forest degradation should be monitored effectively to prevent further degradation (e.g., fire outbreaks).
Second, the strategic policies and WHC implementations on forest landscape protection can still be
improved to regenerate forest along the lower parts of the moorland vegetation to compensate for the loss
of primary forest over the years. This can be done by initiating forest regeneration programs within the
context of the strategic policies and WHC. Finally, future research should be conducted by integrating high
spatial resolution remotely sensed data and additional data on other uses of the site (including illegal
logging), as well as the qualitative survey-based data to investigate spatial determinants and other driving
factors of forest landscape degradation of the site.
6. CONCLUSIONS
Our study investigated spatial determinants of forest degradation in the Kilimanjaro WHS, Tanzania
to support strategic policies for forest landscape protection and natural heritage sustainability. The
analysis of spatial patterns of land cover types showed a decrease in primary forest and a decrease in
moorland vegetation over the years. The computation of transition mapping showed the encroachments
of bare land surface into moorland vegetation and that of moorland vegetation into the primary forest,
indicating a large area of primary forest degraded over the years. While spatial determinants of the
degraded primary forest vary with different locations in the site, human (tourism) activities, including
locations of tourist routes, campsites, picnics, the historical site, and the attraction area are mostly
associated with the degradation of forest in the southern parts of the site.
The study showed that spatial determinants of forest degradation in the Kilimanjaro WHS vary with
different locations in the site, similar to the report from previous studies in the Democratic Republic of the
Congo and the District Chitral, Pakistan. Additionally, while tourism activities such as tourist routes,
development of campsites, and picnics pose threats to the primary forest in the southwest area, the
historical site and the attraction area of tourism activities pose threats to the same forest category in the
southeast area of the site. For sustainable protection of the forest landscape in the Kilimanjaro WHS,
additional efforts are required to intervene the lost primary forest by regenerating the forest in the lower
parts of the moorland vegetation. By investigating the spatial patterns of primary forest of a protected
WHS and how distances to various tourist activities (e.g., the attraction area, picnic locations, campsites,
tourist routes, and the historical site), as well as other environmental factors (e.g., topography), are
associated with the degradation, this paper contributes to Heritage Studies and Management for natural
heritage sustainability.
Spatial information provided in the current study is crucial to support site managers and decisionmakers in strategic policies and WHC implementations on forest landscape protection for natural heritage
sustainability of the Kilimanjaro WHS, Tanzania and other sites located in the Global South. Future
research is required to integrate high spatial resolution satellite images and additional location data e.g.,
illegal logging, as well as qualitative survey-based data to investigate other driving factors along with
spatial determinants of forest landscape degradation.
19

Eveline Aggrey Enoguanbhor, Evidence Chinedu Enoguanbhor, Eike Albrecht

ACKNOWLEDGMENT
We acknowledge Paul and Maria Kremer Stiftung for the PhD scholarship awarded to the first author
that contributed financially to the success of this article. Also, we appreciate the United States Geological
Survey (USGS) for making the remotely sensed data used in this study freely available and accessible.
REFERENCES
1. Pinage, E. R., Bell, D. M., Longo, M., Gao, S., Keller, M., Silva, C. A., Ometto, J. P., Köhler, P., Frankenberg, C.,
& Huete, A. (2022). Forest structure and solar-induced fluorescence across intact and degraded
forests
in
the
Amazon.
Remote
Sensing
of
Environment,
274,
112998.
https://doi.org/10.1016/j.rse.2022.112998
2. Fitz, J., Adenle, A. A. & Speranza, C. I. (2022). Increasing signs of forest fragmentation in the Cross River
National Park in Nigeria: Underlying drivers and need for sustainable responses. Ecological
Indicators, 139, 108943. https://doi.org/10.1016/j.ecolind.2022.108943
3. Marzo, T. D., Gasparri, N. I., Lambin, E. F., & Kuemmerle, T. (2022). Agents of Forest Disturbance in the
Argentine Dry Chaco. Remote Sensing, 14(7), 1758. https://doi.org/10.3390/rs14071758
4. Hamunyela, E., Brandt, P., Shirima, D., Do, H. T. T., Herold, M., & Roman-Cuesta, R. M. (2020). Space-time
detection of deforestation, forest degradation and regeneration in montane forests of Eastern
Tanzania. International Journal of Applied Earth Observation and GeoinformationInt, 88, 102063.
https://doi.org/10.1016/j.jag.2020.102063
5. Kilungu, H., Leemans, R., Munishi, P. K.T., Nicholls, S., & Amelung, B. (2019). Forty Years of Climate and
Land-Cover Change and its Effects on Tourism Resources in Kilimanjaro National Park. Tourism
Planning & Development, 16, 235–253. https://doi.org/10.1080/21568316.2019.1569121
6. Rutten, G., Ensslin, A., Hemp, A., & Fischer, M. (2015). Forest structure and composition of previously
selectively logged and non-logged montane forests at Mt. Kilimanjaro. Forest Ecology and
Management, 337, 61–66. http://dx.doi.org/10.1016/j.foreco.2014.10.036
7. Soini, E. (2005). Land use change patterns and livelihood dynamics on the slopes of Mt. Kilimanjaro,
Tanzania. Agricultural Systems, 85, 306–323. https://doi.org/10.1016/j.agsy.2005.06.013
8. Magessa, K., Wynne-Jones, S., & Hockley, N. (2020). Does Tanzanian participatory forest management
policy achieve its governance objectives? Forest Policy and Economics, 111, 102077.
https://doi.org/10.1016/j.forpol.2019.102077
9. URT (United Republic of Tanzania), (2002). The Forest Act, 2002. Dar Es Salaam: URT.
10. URT (United Republic of Tanzania), (1997). National Environmental Policy. Dar Es Salaam: URT, Vice
president office.
11. UNESCO (United Nations Educational, Scientific and Cultural Organization) (2021). Convention
Concerning the Protection of the World Cultural and Natural Heritage. Retrieved from
https://whc.unesco.org/en/conventiontext/
12. Allan, J. R., Venter, O., Maxwell, S., Bertzky, B., Jones, K., Shi, Y., & Watson, J. E. M. (2017). Recent
increases in human pressure and forest loss threaten many Natural World Heritage Sites. Biological
Conservation, 206, 47–55. http://dx.doi.org/10.1016/j.biocon.2016.12.011
13. Sievers, M. Chowdhury, M. R., Adame, M. F., Bhadury, P., Bhargava, R., Buelow, C., Friess, D. A., Ghosh,
A., Hayes, M. A., McClure, E. C., Pearson, R. M., Turschwell, M. P., Worthington, T. A. & Connolly, R. M.
(2020). Indian Sundarbans mangrove forest considered endangered under Red List of Ecosystems,
but
there
is
cause
for
optimism.
Biological
Conservation,
251,
108751.
https://doi.org/10.1016/j.biocon.2020.108751
14. Tarazona, Y., & Miyasiro-Lopez, M. (2020). Monitoring tropical forest degradation using remote
sensing. Challenges and opportunities in the Madre de Dios region, Peru. Remote Sensing
Applications: Society and Environment, 19, 100337. https://doi.org/10.1016/j.rsase.2020.100337
15. Zimbres, B., Machado, R. B., & Peres, C. A. (2018). Anthropogenic drivers of headwater and riparian
forest loss and degradation in a highly fragmented southern Amazonian landscape. Land Use Policy,
72, 354–363. https://doi.org/10.1016/j.landusepol.2017.12.062
16. Kanade, R., & John, R. (2018). Topographical influence on recent deforestation and degradation in the
Sikkim Himalaya in India; Implications for conservation of East Himalayan broadleaf forest. Applied
Geography, 92, 85–93. https://doi.org/10.1016/j.apgeog.2018.02.004
17. Molin, P. G., Gergel, S. E., Soares-Filho, B. S., & Ferraz, S. F. B. (2017). Spatial determinants of Atlantic
Forest
loss
and
recovery
in
Brazil.
Landscape
Ecology,
32,
857–870.
https://doi.org/10.1007/s10980-017-0490-2

20

Spatial Determinants of Forest Landscape Degradation in the Kilimanjaro World Heritage Site, Tanzania

18. Shapiro, A. C., Bernhard, K. P., Zenobi, S., Müller, D., Aguilar-Amuchastegui, N., & Annunzio, R. (2021).
Proximate Causes of Forest Degradation in the Democratic Republic of the Congo Vary in Space and
Time. Frontiers in Conservation Science, 2, 690562. https://doi.org/10.3389/fcosc.2021.690562
19. Bhattarai, S., Dons, K., & Pant, B. (2020). Assessing spatial patterns of forest degradation in dry
Miombo woodland in Southern Tanzania. Cogent Environmental Science, 6, 1801218.
https://doi.org/10.1080/23311843.2020.1801218
20. Yahya, N., Bekele, T., Gardi, O., & Blaser, J. (2020). Forest cover dynamics and its drivers of the Arba
Gugu forest in the Eastern highlands of Ethiopia during 1986 – 2015. Remote Sensing Applications:
Society and Environment, 20, 100378. https://doi.org/10.1016/j.rsase.2020.100378
21. Sedano, F., Lisboa, S., Duncanson, L., Ribeiro, N., Sitoe, A., Sahajpal, R., Hurtt, G., & Tucker, C. (2020).
Monitoring intra and inter annual dynamics of forest degradation from charcoal production in
Southern Africa with Sentinel – 2 imagery. International Journal of Applied Earth Observation and
Geoinformation, 92, 102184. https://doi.org/10.1016/j.jag.2020.102184
22. Shigaeva, J., & Darr, D. (2020). On the socio-economic importance of natural and planted walnut
(Juglans regia L.) forests in the Silk Road countries: A systematic review. Forest Policy and
Economics, 118, 102233. https://doi.org/10.1016/j.forpol.2020.102233
23. Viccaro, M., Cozzi, M., Fanelli, L., & Romano, S. (2019). Spatial modelling approach to evaluate the
economic impacts of climate change on forests at a local scale. Ecological Indicators, 106, 105523.
https://doi.org/10.1016/j.ecolind.2019.105523
24. Sulaiman, C., Abdul-Rahim, A. S., Mohd-Shahwahid, H. O., & Chin, L. (2017). Wood fuel consumption,
institutional quality, and forest degradation in sub-Saharan Africa: Evidence from a dynamic panel
framework. Ecological Indicators, 74, 414–419. http://dx.doi.org/10.1016/j.ecolind.2016.11.045
25. Levin, N., Ali, S., Crandall, D., & Kark, S. (2019). World Heritage in danger: Big data and remote sensing
can help protect sites in conflict zones. Global Environmental Change, 55, 97–104.
https://doi.org/10.1016/j.gloenvcha.2019.02.001
26. IUCN (International Union for Conservation of Nature), (2020). Kilimanjaro National Park - 2020
Conservation
Outlook
Assessment.
https://worldheritageoutlook.iucn.org/exploresites/wdpaid/17761
27. USGS (United States Geological Survey) (2021). USGS Science for a changing world.
https://glovis.usgs.gov/app
28. Weather & Climate. Climate in Mount Kilimanjaro: monthly precipitation (2022). https://weather-andclimate.com/average-monthly-Rainfall-Temperature Sunshine, Mount+Kilimanjaro-tz,Tanzania
29. Morin, N., Masse, A., Sannier, C., Siklar, M., Kiesslich, N., Sayadyan, H., Faucqueur, L., & Seewald, M.
(2021). Development and Application of Earth Observation Based Machine Learning Methods for
Characterizing Forest and Land Cover Change in Dilijan National Park of Armenia between 1991
and 2019. Remote Sensing, 13, 2942. https://doi.org/10.3390/rs13152942
30. Valožić, L., & Cvitanović, M. (2011). Mapping the Forest Change: Using Landsat Imagery in Forest
Transition Analysis within the Medvednica Protected Area. Hrvatski Geografski Glasnik, 73, 245–
255. https://doi.org/10.21861/hgg.2011.73.01.16
31. Shaharum, N. S. N., Shafria, H. Z. M., Gambo, J., & Abidin, F. A. Z. (2018). Mapping of Krau Wildlife
Reserve (KWR) protected area using Landsat 8 and supervised classification algorithms. Remote
Sensing
Applications:
Society
and
Environment,
10,
24–35.
https://doi.org/10.1016/j.rsase.2018.01.002
32. KINAPA (Kilimanjaro National Park). (2017). KINAPA tourism facilities. ArcGIS online inbuilt.
33. Jarvis, A., Reuter, H. I., Nelson, A. & Guevara, E. (2008). SRTM Tile Grabber. https://dwtkns.com/srtm/
34. Vijayalakshmi, S., Kumar, M., & Arun, M. (2021). A study of various classification techniques used for
very high-resolution remote sensing [VHRRS] images. Materials Today: Proceedings, 37, 2947–
2951. https://doi.org/10.1016/j.matpr.2020.08.703
35. Campbell, J. B., & Wynne, R. H. (Eds.) (2011). Introduction to Remote Sensing. New York: The Guilford
Press.
36. Lu, D., Weng, Q., Moran, E., Li, G., & Hetrick, S. (2011). Remote Sensing Image Classification. In: Q. Weng,
(Ed.), Advances in Environmental Remote Sensing: Sensors, Algorithms, and Applications (219–240).
Boca Raton: Tailor & Francis Group.
37. Tso, B., & Mather, P. M. (2009). Classification methods for remotely sensed data. Boca Raton: CRC Press.
38. Enoguanbhor, E. C. (2021). Urban land dynamics in the Abuja city-region, Nigeria: integrating GIS,
remotely sensed, and survey-based data to support land use planning. PhD Thesis, Berlin: HumboldtUniversität zu Berlin. https://doi.org/10.18452/23620
21

Eveline Aggrey Enoguanbhor, Evidence Chinedu Enoguanbhor, Eike Albrecht

39. Enoguanbhor, E. C., Gollnow, F., Walker, B. B., Nielsen, J. O., & Lakes, T. (2022). Simulating Urban Land
Expansion in the Context of Land Use Planning in the Abuja City-Region, Nigeria. GeoJournal. 87,
1479–1497. https://doi.org/10.1007/s10708-020-10317-x
40. Enoguanbhor, E. C., Gollnow, F., Nielsen, J. O., Lakes, T., & Walker, B. B. (2019). Land Cover Change in
the Abuja City-Region, Nigeria: Integrating GIS and Remotely Sensed Data to Support Land Use
Planning. Sustainability, 11(5), 1313. https://doi.org/10.3390/su11051313
41. Jiang, L., Liu, Y., Wu, S., & Yang, C. (2021). Analyzing ecological environment change and associated
driving factors in China based on NDVI time series data. Ecological Indicators, 129, 107933.
https://doi.org/10.1016/j.ecolind.2021.107933
42. Kwan, C., Gribben, D., Ayhan, B., Li, J., Bernabe, S., & Plaza, A. (2020). An Accurate Vegetation and NonVegetation Differentiation Approach Based on Land Cover Classification. Remote Sensing, 12(23),
3880. MDPI AG. https://doi.org/10.3390/rs12233880
43. Ezaidi, F., Aydda, A., Kabbachi, B., Althuwaynee, O. F., Ezaidi, A., Haddou, M. A., Idoumskine, I., Thorpe,
J., Park, H-J., & Kim, S-W. (2022). Multi-temporal Landsat-derived NDVI for vegetation cover
degradation for the period 1984-2018 in part of the Arganeraie Biosphere Reserve (Morocco).
Remote
Sensing
Applications:
Society
and
Environment,
27,
100800.
https://doi.org/10.1016/j.rsase.2022.100800
44. Olofsson, P., Foody, G. M., Herold, M., Stehman, S. V., Woodcock, C. E., & Wulder, M. A. (2014). Good
practices for estimating area and assessing accuracy of land change. Remote Sensing of Environment,
148, 42–57. https://doi.org/10.1016/j.rse.2014.02.015
45. Enoguanbhor, E. C., Gollnow, F., Walker, B. B., Nielsen, J. O., & Lakes, T. (2021). Key Challenges for Land
Use Planning and its Environmental Assessments in the Abuja City-Region, Nigeria. Land, 10(5),
443. https://doi.org/10.3390/land10050443
46. Fotang, C., Bröring, U., Roos, C., Enoguanbhor, E. C., Dutton, P., Tédonzong, L. R. D., Willie, J., Yuh, Y. G., &
Birkhofer, K. (2021). Environmental and anthropogenic effects on the nesting patterns of Nigeria–
Cameroon chimpanzees in North‐West Cameroon. American Journal of Primatology, 83, e23312.
http://doi.org/10.1002/ajp.23312
47. Visser, S., & Jones III, J. P. (2010). Descriptive Statistics. In B. Gomez, J. P. Jones III (Eds.) Research
Methods in Geography: A Critical Introduction (279–296). West Sussex: Blackwell Publishing Lt.
48. Htun, N. Z., Mizoue, N., & Yoshida, S. (2013). Changes in Determinants of Deforestation and Forest
Degradation in Popa Mountain Park, Central Myanmar. Environmental Management, 51, 423–434.
https://doi.org/10.1007/s00267-012-9968-5
49. Freitas, S. R., Hawbaker, T. J., & Metzger, J. P. (2010). Effects of roads, topography, and land use on
forest cover dynamics in the Brazilian Atlantic Forest. Forest Ecology and Management, 259, 410–
417. http://dx.doi.org/10.1016/j.foreco.2009.10.036
50. Pongpattananurak, N. (2018). Impacts from tourism development and agriculture on forest
degradation in Thap Lan National Park and adjacent areas. Agriculture and Natural Resources, 52,
290–297. https://doi.org/10.1016/j.anres.2018.09.013
51. Adeyemi, A. A., & Owolabi, F. M. (2021). Land-use/Land-cover Changes and Deforestation in Effan
Forest
Reserve,
Kwara
State,
Nigeria.
Preprints,
2021080356.
https://doi.org/10.20944/preprints202108.0356.v1
52. Zeb, A. (2019). Spatial and temporal trends of forest cover as a response to policy interventions in the
district
Chitral,
Pakistan.
Applied
Geography,
102,
39–46.
https://doi.org/10.1016/j.apgeog.2018.12.002
53. Ullah, S. M. A., Tani, M., Tsuchiya, J., Rahman, M. A., & Moriyama, M. (2022). Impact of protected areas
and co-management on forest cover: A case study from Teknaf Wildlife Sanctuary, Bangladesh.
Land Use Policy, 113, 105932. https://doi.org/10.1016/j.landusepol.2021.105932
54. Liu, J., Wang, J., Wang, S., Wang, J., & Deng, G. (2018). Analysis and simulation of the spatiotemporal
evolution pattern of tourism lands at the Natural World Heritage Site Jiuzhaigou, China. Habitat
International, 79, 74–88. https://doi.org/10.1016/j.habitatint.2018.07.005
55. Riva, M. J., Daliakopoulos, I. N., Eckert, S., Hodel, E., & Liniger, H. (2017). Assessment of land
degradation in Mediterranean forests and grazing lands using a landscape unit approach and the
normalized
difference
vegetation
index.
Applied
Geography,
86,
8–21.
http://dx.doi.org/10.1016/j.apgeog.2017.06.017
56. Minja, G. (2014). Vulnerability of Tourism in Kilimanjaro National Park and the livelihoods of adjacent
communities to the impacts of climate change and variability. European Scientific Journal, 1010,
1857–7881. https://eujournal.org/index.php/esj/article/view/4428

22

Spatial Determinants of Forest Landscape Degradation in the Kilimanjaro World Heritage Site, Tanzania

57. Li, J., Bai, Y., & Alatalo, J. M. (2020). Impacts of rural tourism-driven land use change on ecosystems
services provision in Erhai Lake Basin, China. Ecosystem Services, 42, 101081.
https://doi.org/10.1016/j.ecoser.2020.101081
58. Delgado-Aguilar, M. J., Hinojosa, L., & Schmitt, C. B. (2019). Combining remote sensing techniques and
participatory mapping to understand the relations between forest degradation and ecosystem
services
in
a
tropical
rainforest.
Applied
Geography,
104,
65–74.
https://doi.org/10.1016/j.apgeog.2019.02.003
59. Brandt, J. S., Radeloff, V., Allendorf, T., Butsic, V., & Roopsind, A. (2019). Effects of ecotourism on forest
loss in the Himalayan biodiversity hotspot based on counterfactual analyses. Conservation Biology,
33, 1318–1328. https://doi.org/10.1111/cobi.13341
60. Larsen, F., Hopcraft, J. G. C., Hanley, N., Hongoa, J. R, Hynes, S., Loibooki, M., Mafuru, G., Needham, K.,
Shirima, F., & Morrison, T. A. (2020). Wildebeest migration drives tourism demand in the Serengeti.
Biological Conservation, 248, 108688. https://doi.org/10.1016/j.biocon.2020.108688
61. Sullivan, M. K., Biessiemou, P. A. M., Niangadouma, R., Abernethy, K., Queenborough, S. A., & Comita, L.
(2022). A decade of diversity and forest structure: Post-logging patterns across life stages in an
Afrotropical
forest.
Forest
Ecology
and
Management,
513,
120169.
https://doi.org/10.1016/j.foreco.2022.120169

© 2022 by the authors. This article is an open access article distributed under the terms and conditions of the Creative
Commons Attribution-NonComercial (CC-BY-NC) license (http://creativecommons.org/licenses/by/4.0/).

23

