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Abstract: The Bale Mountains National Park (BMNP) in Ethiopia comprises the largest fraction of
the Afro-Alpine ecosystem in Africa, which provides vital mountain ecosystem services at local,
regional, and global levels. However, the BMNP has been severely threatened by natural and
anthropogenic disturbances in recent decades. In particular, landscape alteration due to human
activities such as red ash quarrying has become a common practice in the BMNP, which poses a
major environmental challenge by severely degrading the Afro-Alpine ecosystem. This study aims to
quantify the long-term volumetric changes of two red ash quarry sites in the BMNP using historical
aerial photographs and in situ data, and to assess their impact on the Afro-Alpine ecosystem. The
Structure-from-Motion multi-view stereo photogrammetry algorithm was used to reconstruct the
three-dimensional landscape for the year 1967 and 1984 while spatial interpolation techniques were
applied to generate the current digital elevation models for 2023. To quantify the volumetric changes
and landscape alteration of the quarry sites, differences in digital elevation models were computed.
The result showed that the volume of resources extracted from the BMNP quarry sites increased
significantly over the study period from 1984 to 2023 compared with the period from 1967 to 1984.
In general, between 1967 and 2023, the total net surface volume of the quarry sites decreased by
503,721 + 27,970 m? and 368,523 + 30,003 m3, respectively. The extent of the excavated area increased
by 53,147 m? and 45,297 m? for Site 1 and 2, respectively. In terms of habitat loss, major gravel road
construction inside the BMNP resulted in the reduction of Afro-Alpine vegetation by 476,860 m?2,
ericaceous vegetation by 403,806 m? and Afromontane forest by 493,222 m? with associated decline
in species diversity and density. The excavation and gravel road construction have contributed to
the degradation of the Afro-Alpine ecosystem, especially the endemic Lobelia rhynchopetalum on the
quarry sites and roads. If excavation continues at the same rate as in the last half century, it can
threaten the whole mountain ecosystem of the National Park and beyond, highlighting the importance
of preventing these anthropogenic changes and conserving the remaining Afro-Alpine ecosystem.

Keywords: Afro-Alpine ecosystem; Bale Mountains; digital elevation models; Ethiopia; historical
aerial photographs; landscape change
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1. Introduction

Mountainous ecosystems, except Antarctica, cover nearly 12.3% of the Earth’s surface,
of which the Alpine zone constitutes about 21.5% or 3.56 million km? [1,2]. Among the
Alpine ecosystem, the Afro-Alpine zone occurs in tropical Africa above 3200 m elevation
and covers 4525 km? [3]. The Afro-Alpine ecosystem provides essential ecosystem services
at local, regional, and global scales. [4,5]. The Afro-Alpine ecosystem occurs in the scattered
high mountains of the East African countries mainly in Ethiopia, Kenya, Tanzania, and
Uganda [6,7]. Of these, the Ethiopian Bale Mountains National Park (BMNP), which is
registered as one of the United Nations Educational, Scientific and Cultural Organization
(UNESCO) World Heritage Sites, is the largest single contiguous Afro-Alpine area in
Africa [3]. The BMNP provides a natural habitat to endemic wildlife, and supplies critical
water resources to millions of people in the downstream areas [4]. In recent decades,
however, the Afro-Alpine ecosystems in BMNP have been severely threatened by climate
change and anthropogenic disturbances (e.g., overgrazing, recurrent fires, deforestation,
agricultural expansion) mainly driven by rapid population growth [5,8-12]. Of these
disturbances, human-induced habitat degradation is the dominant cause [13,14].

Several studies were conducted to assess the degree of land use land cover change
in the Afro-Alpine ecosystem [4,5,8,11,15-17]. These studies have reported substantial
degradation of forests, grasslands, and shrublands related to agricultural expansion and
increased urbanization. However, landscape changes caused by activities such as quarry-
ing and extraction of red ash, which provides much of the key material for paving, road
building and related purposes, were not studied in previous studies. Despite the eco-
nomic benefits of providing building materials and employment opportunities for quarry
operators, quarrying affects the natural habitats and ecosystems [18-20].

Quarrying poses a serious environmental threat to the Afro-Alpine ecosystem. It
degrades the landscape, affects the physico-chemical properties of the soils, changes
groundwater or surface water availability, and negatively affects water quality and salin-
ity [18,21-24]. Moreover, air pollution from quarry dust, blasting, and noise from vehicles
and machinery negatively impact animal species and their success in reproduction [23,25].

In BMNP, nearby montane forest and ericaceous belts have been cleared for creating
road-access to quarry sites. Such deforestation activity induces warming and affects
ecosystem service provision in montane forest [26-29]. Furthermore, deforestation can
affect species richness and species diversity in the Afro-Alpine ecosystem like in BMNP,
which is one of the East African biodiversity hot spots [4].

For detailed assessment of the historical landscape alterations, such as volumetric
change of Afro-Alpine landscape due to quarrying and human-induced land cover change
(e.g., from rich and diverse species landscape to bare land) in the BMNP, reliable historical
very high spatial resolution orthomosaic aerial images, a Digital Elevation Model (DEM),
and efficient mapping methods are required. Such information is important to make
evidence-based decisions and for implementing mitigation measures for maintaining
sustainability of ecosystem service in the Afro-Alpine ecosystem [10,12,15].

A longer temporal scale of observations is vital to better understand and quantify
long-term volumetric changes of landscape alteration in the BMNP and for assessing the
effect of quarrying on ecosystem services [30,31]. Historical changes of the landscape can be
assessed using geospatial processing of empirical data from Historical Aerial Photographs
(HAPs) and maps, satellite imagery, or in situ surveys. Particularly, when historical airborne
data are available, time-discrete elevation surfaces can be reconstructed and registered to
topographic data for quantitative comparisons [32,33]. HAPs provide valuable information
on past landscape conditions, which are useful for mapping, management purpose, and
monitoring changes over time [34-36].

The process of reconstructing digital landscape surfaces from HAPs and in situ surveys
evolved over time. The traditional aerial triangulations in the early 19th century consumes
more time, since manual determination of the optimal initial values for camera poses
and 3D points was mandatory [37]. Then, automatic aerial triangulation came later in
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1997 to speed up the process [37]. The state of the art for reconstruction of DEM from
overlapping HAP images and digital camera images is Structure from Motion Multi-View
Stereo photogrammetry, which combines both the photogrammetry and computer vision
algorithms [38]. This recent algorithm is user-friendly and particularly well-suited to
generating very high-resolution topographic reconstructions [30,39]. However, when
reconstructing DEM from in situ field data, different interpolation algorithms could be
used, each having its own advantages and disadvantages [40]. The most commonly used
methods are inverse distance weighting (IDW), kriging, spline, trend, natural neighbor,
generative adversarial networks, and topo-to-raster [41-44].

Quantifying the volumetric change in landscape over a longer time period is essential
to assess landform change and evolution [33,45]. Calculating DEMs of Difference (DoD) is
the most commonly used technique for quantifying landscape alteration and volumetric
changes over time using multi-temporal DEMs [30,33,46—48]. This technique mainly uses
cell-by-cell elevation differencing between successive DEMs to produce DoD maps for
estimating the net volumetric changes of the topography over a period of time [32,49].

This study aims to estimate, for the first time, the long-term (i.e., >50 years) volumetric
landscape changes due to red ash quarrying in the BMNP Afro-Alpine ecosystem and
analyze its impact on the mountain ecosystem using HAPs (in 1967 and 1984) and in situ
data from 2023. The specific objectives of our study are to: (1) reconstruct DEMs and
orthomosaics from the HAPs in 1967 and 1984; (2) generate DEMs for the current year
by evaluating interpolation methods based on up-to-date field survey data; (3) estimate
the volumetric change of the quarry sites between the years 1967, 1984, and 2023; and
(4) discuss their impacts on the Afro-Alpine ecosystem.

2. Materials
2.1. Study Area

BMNP is located in the southern Highlands of Ethiopia in the Oromia National
Regional State (Figure 1). It lies between 6°2027" to 7°51'17N and 39°16/58" to 40°04'40"E,
covering an area of approximately 2200 km?. The BMNP was officially established in 1970
and encompasses one of the most extensive high-altitude plateaus (up to 4377 m.a.s.l.),
the largest contiguous mountain massif (the area above 3000 m.a.s.l.), and the largest area
of Afro-Alpine habitat on the African continent [11,16]. It is a major center of faunal and
floral endemicity, generates numerous natural processes vital to human existence, and
supports an important reservoir of genetic resources. The park can be classified into five
vegetation zones: Gaysay valley grasslands in the northern part, dry evergreen montane
forest, Afro-Alpine located in the central part of the park, the ericaceous belt that spans
most of the escarpment areas, and the Harenna moist montane forest in southern slope
of the mountains [22,29,50] (Figure 1). The park has been registered by UNESCO as one
of the world’s heritage sites in 2023 on the 45th session of the World Heritage Committee,
increasing Ethiopia’s World Heritage list to 11.

The highlands include Ethiopia’s second highest peak, which is Mt. Tullu Dimtu
at 4377 m.a.s.l. Three dominant landforms can be observed: the northern slopes from
3000 to 3800 m, the central plateau and peaks at 3800 to 4400 m, and the southern escarp-
ment from 1400 to 3800 m. In this study, two quarry sites located in the central part of the
Sanneti Plateau of BMNP were used as research sites to assess and quantify their long-term
volumetric changes. The two sites (hereafter, “Site 1”7 and “Site 2”) are used as a major
source of red ash with an area of 53,788.91 m? and 63,835.68 m? as of 2023, respectively
(Figure 1).
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Figure 1. Study area in the southern Ethiopian highlands in East Africa with (a) the Bale Mountains
National Park (b) and the Sanneti Plateau quarry sites (c). Data: Shuttle Radar Thematic Mapper
(United States Geological Survey, Reston, Virginia, USA), Ethio-GIS (Central Statistics Agency, Addis
Ababa, Ethiopia), and Georeferenced toposheet (Geospatial Information Institute of Ethiopia, Addis
Ababa, Ethiopia) (© Google Earth imagery source: Esri, Maxar, GeoEye, Earthstar Geographics,
CNES/ Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User Community).

2.2. Data

In this study, we used HAPs collected on 10 December 1967 and 15-17 January 1984,
with approximately 60% and 30% forward and side overlaps, respectively (Figure 2, and
Tables 1 and 2). The 1967 HAPs were acquired by the United States Air Force under project
number AF 58-3, using a four-engine RC-130A aircraft flying at an altitude of 31,000 feet
above terrain equipped with a KC-1(B) PLANIGON camera [51]. This project began in
October 1963 to collect visual photography, High Frequency Ranging and Navigation
(HIRAN) controlled photography, terrain profile recorder data, HIRAN trilateration, and
astronomical and gravimetric survey observations to establish a common geodetic datum
of the Ethiopian Empire during the Haile Selassie regime [51]. Similarly, the 1984 HAPs
were obtained by the SWEDSURVEY company under project number ET 1:5 using a Wild
RC 10 camera (Wild Universal Aviogon Il lens type, camera serial number 3045) with an
average altitude of 7600 m above terrain [52] (Figure 3, and Tables 3 and 4). The aerial
photographs in both projects were taken with a 23 x 23 cm film aerial frame camera and
scanned at a resolution of 1200 dots per inch. The quality of all scanned HAPs was checked
using Agisoft Metashape professional and found to be well suited for processing with an
image quality value above 0.5 pixels.
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Figure 2. Block diagram (flight index) showing camera exposure stations (ground principal points),
areal extent and forward overlap of individual aerial photographs for the year 1967 (source: Ethiopian
Geospatial Information Institute, and background © Google Earth imagery sources: Esri, Maxar,
GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS User
Community).

Table 1. Flight parameters of historical aerial photographs (HAPs) for the year 1967.

. . . Overlaps
Exposure Date Calibrated Focal Flight Height (Forward/Side) Photo Number
Length (mm) (m) (%)
10 December 150.996 9448 60/30 37,736-37,739
1967
Table 2. Camera exposure position for the year 1967.

Photo Number Xo (m) Yo (m) Zo (m)
37,736 599,103 752,350 13,437
37,737 595,075 752,119 13,494
37,738 591,208 751,896 13,479
37,739 587,718 751,696 13,373

Table 3. Flight parameters of historical aerial photographs (HAPs) for the year 1984.

. . . Overlaps
Exposure Date Calibrated Focal Flight Height (Forward/Side) Photo Number
Length (mm) (m) (%)
17 January 1984 152.822 7600 60/30 1657-1658
17 January 1984 152.822 7600 60/30 1618-1622
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Table 4. Camera exposure positions for the year 1984.
Photo Number Xo (m) Yo (m) Zo (m)
1618 586,452.4576 749,164.9667 10,513.8
1619 590,163.3025 749,468.6249 10,515.7
1620 593,924.6311 749,856.5179 10,516.5
1621 597,799.8222 750,264.2541 10,515.8
1622 602,366.8219 750,870.0517 10,515.1
1657 596,838.6056 758,210.4355 10,526.3
1658 600,708.0729 757,949.1201 10,527.7
Strip 25 —
1657 1658
o
Strip 24 — -
© Google Earth
575,000 580,000 585,000 590,000 595,000 600,000 605,000 610,000
0 25 5 10 Y Exposure Station (Principal Point)
I Vi
km Individual photo area

Figure 3. Block diagram (flight index) showing camera exposure stations (ground principal points),
areal extent, forward overlap, and side overlap of individual aerial photographs for the year 1984
(source: Ethiopian Geospatial Information Institute, and background © Google Earth imagery sources:
Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and
the GIS User Community).

In situ positioning primary data collected using a SOKKIA CX-105 total station were
used to generate the current year 2023 DEMs of the study area. A local Geodetic network
based on Adindan datum as established by the Ethiopian National geodetic network was
used for both historical aerial photograph and in situ survey. In situ surveys are the
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most accurate and cost-effective data acquisition method for small project areas and are
common for mining projects [53-55]. In most cases, topographic surveying using total
stations devices is the most advantageous approach where few high-precision points are
required in a relatively enclosed natural topography with breaklines [56]. A total of 308
and 449 topographic points were collected between 25 and 31 May 2023 for Site 1 and Site 2,
respectively. From these points, 52 and 90 evenly distributed check points were used for Site
1 and Site 2, respectively, to assess the accuracy of the reconstructed DEMs through spatially
interpolated topo points for each quarry site (Figure 4). For data collection, processing,
mapping, and related activities, all spatial data were transformed into the Adindan UTM
Zone 37 (EPSG: 20137) coordinate system using ArcGIS Desktop version 10.8.2 [57], and
all further analyses were performed using the geomorphic change detection software
GCDAddIn 7.5.0 [58].

590,700

590,750 590,800 590,850 590,900 597.000
0 15 30 60 A Check points 0 15 30 60
N ®  Point data BN EE— T

Figure 4. Spatial distribution of the in situ primary data collected in the study area for Site 1
(a) and Site 2 (b). The check points (triangle) included in the map were used to assess the accuracy
of DEMs generated from point data (Background © Google Earth imagery sources: Esri, Maxar,
GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AeroGRID, IGN, and the GIS
User Community).

3. Methods
3.1. DEMs Generation from HAPs

The Structure-from-Motion Multi View Stereo (SEIM-MVS) photogrammetry pipeline
was used to reconstruct the three-dimensional structure of the DEM and the orthomosaic
from a series of overlapping historical photographs instead of conventional photogram-
metry techniques [37]. SIM-MVS photogrammetry is a combination of computer vision
and digital photogrammetry, which is preferable because it reduces the working time and
resolves the reconstruction of the scene without camera calibration parameters [59]. It is
used in a wide range of applications, including archaeology, landscape change assessment,
reconstruction of DEMs, and orthomosaic generation [12,60].
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We processed 4 and 7 HAPs acquired in 1967 and 1984, respectively, to reconstruct
the DEMs for both quarry sites. The processing was performed by assigning appropriate
values and settings in the main steps of importing the scanned aerial photographs, aligning
the cameras, sparse point cloud generation, optimization, building a dense point cloud
and generating the DEMs and orthomosaics for the two quarry sites and for the years 1967
and 1984 using Agisoft Metashape Professional [61] (Figure 5). The quality of the scanned
images was checked using Agisoft Metashape professional using the estimate image quality
command which all were above 0.5 pixels. After importing the scanned aerial photographs,
fiducials, principal points, exposure station coordinates, and inputting fiducial marks, and
ground control points (GCPs) (see Supplementary Figures S1 and S2, and Tables S3 and
54), the first step in the process of DEM reconstruction process is alignment which includes
aerial triangulation and bundle block adjustment [12]; see Tables 1-4 and Figures 2, 3 and 5.
The alignment process started using the Scale Invariant Feature Transform algorithm to
generate sparse (tie) point clouds [62]. Then, optimization and camera calibration were
done for adjustment of interior and exterior orientation parameters. The depth maps and
dense point clouds were generated using sparse (tied) points as input. We used 22 and
30 ground control points for the years of 1967 and 1984, respectively; see Supplementary
Tables S1 and S2 for more detail. The final DEMs were generated using dense point clouds
as a source of input together with orthomosaics. The accuracy of the DEMs generated for
the years 1967 and 1984 were validated by using some of the GCPs as a check point and
RMSE value was calculated using Equation (1).

Elevation Error = \/T% KZ —Z; i )2} (1)
Ni:1 1, est 1, 1n

where i is the identification number of each check point ranging from 1 to N, Z; . is the
estimated value, Z; ;, is the observed input (known) value, and N is the total number of
checkpoints.

Import Optimization
[ 3
Alignment Dense £
point cloud =
28
Accuracy - E :5'1)
assessment DEM Orthomosaic ¢S
=
(1967&1984) =
n
) Import data IDW
In-situ survey
i | =
data collection Rl g
Accuracy - 3
assessment || Interpolation |¢ Spline E.
| | g
=
\Il Topo to Raster

/ DEM (2023) /

Figure 5. Cont.
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Figure 5. Methodological workflow applied for landscape volumetric change calculating Digital
Elevation Models (DEMs) of Differences (DEMs). SfM MVS = Structure-from-Motion Multi View
Stereo photogrammetry, HAPs = Historical Aerial Photographs, IDW = Inverse Distance Weighting,
FGD = Focus Group Discussion, DoD = DEM of Difference.

3.2. DEMs Interpolation from the In Situ Data for the Year 2023

DEM interpolation was applied to predict the elevation values and to reconstruct
the 3D landscape of unobserved locations by providing a series of collected point eleva-
tions [41]. Different interpolation methods can produce different results, and each has
its own advantages and disadvantages depending on the type of data and topography,
despite using the same data source [40,63-65]. Therefore, we examined the most commonly
used DEM interpolation methods and assessed their suitability for our study sites and in
situ data. In particular, IDW, kriging, spline, and topo-to-raster interpolation techniques
were evaluated in this study (Figure 5). The working principles and mathematical issues
associated with these interpolation techniques have been described in several previous
studies, e.g., [41-44,55,60].

The performance of each interpolation technique was assessed by comparing the
RMSE values calculated by determining the difference between the extracted elevations
from the estimated surface and the actual values of the in situ point data [67] (Figure 4). In
order to compare the DEM interpolation methods and to identify an appropriate one, we
evaluated the difference between the known in situ data and the predicted data using the
Root Mean Squared Error (RMSE), which indicates the goodness of fit between the actual
elevations and the interpolated surface [10,47]. The formula used to calculate the RMSE is
Equation (2):

N
RMSE = \/E.Z];\,{Z(xi) —2(x;)} (2)

where i is the identification number of each check point ranging from 1 to N, 2(x;) is the pre-
dicted value, z(x;) is the observed (known) value, and N is the total number of checkpoints.

3.3. Volumetric Change Estimation and Uncertainties

The DEM of Difference (DoD) mathematical algorithm was applied to the DEMs
created from the HAPs and in situ data in order to assess the long-term landscape change
and volumetric changes of the quarry sites in the BMNP. The Geomorphic Change Detection
7.5.0 AddIn for ArcMap 10.8.2 was used to create the DoDs and to calculate volumetric
changes [68] (Figure 5). It was used to compare the two DEMs, to quantify the net long-term
volumetric changes of the two quarry sites in the BMNP due to human-nature interaction,
and to produce DoD maps. The DoD maps reveal the areas of sediment loss or accumulation
with positive values indicating deposition and negative values indicating areas of loss [10].
Once the two DEMs have been developed and registered to the same grid tessellation, a
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DoD was produced by subtracting the earlier DEM from the later DEM on a pixel-by-pixel
basis [47] using Equation (3):

AEjj = Zyij - Zyjf ®3)
where AE;j; is the i, j grid value of the change in elevation model, Z;; is the i, j value of the
early DEM (1967 and 1984), and Zy;; is the i, j value of the later DEM (2023). The resulting

DoD represents reductions in elevation as negative values and increases in elevation as
positive values. This can also reveal the spatial patterns of change based on clusters of

cells [68].
The formula below was used for volume difference calculation:
Vdiff = Za%hi — Za%Hi = a%Zhi — a%~ZHi (4)
i j
WVaigr 5 WVaigg 5
- a7 and 3H;, ay ®)

where: h;—elevation from first DEM; H;—elevations from the second DEM; a;—resolution
of the first DEM; and a,—resolution of the second DEM.

The uncertainties in the DEMs were expected to be propagated to the DoD production,
and it was therefore essential to identify and minimize errors [33,47]. The total propagated
error in the produced DoD can be estimated from the root sum squared errors of the old
and new DEM Equations (6) and (7):

5(D0D) = 512\]“0 + 5éld (6)

where §(p,p) is the propagated error in the DoD, and e and dpyy are the individual
errors of the new and old DEMs, respectively.

E= ;(5D0D’ai) @)

where E is the uncertainty volume, ép,p) is the propagated elevation error, and 4; is
the area of the study area used for volumetric change analysis (extent of erosion and
deposition occurred).

3.4. Focus Group Discussion and Interviews

Focus group discussions and key informant interviews were conducted with represen-
tatives from the community that are living in the study area for a long time, governmental
and non-governmental organizations, experts and managers from the park management
office, and local administrators. A mixed questionnaire consisting of both closed and open-
ended questions was prepared and distributed to the selected participants. The discussions
were conducted using the checklists and discussion guides to get their historical views
and perspectives on the impact of red ash excavation on the Afro-Alpine ecosystem and
beyond. We integrated both the FGDs and the volumetric change analysis, to determine
the landscape change and its impact on the mountain ecosystem (Figure 5).

4. Results
4.1. DEMs from HAPs and In Situ Data

The 1967 and 1984 DEMs generated from the HAPs for Site 1 and 2 using the Structure-
from-Motion Multi View Stereo (SfM-MVS) photogrammetry algorithm are shown in
Figure 6. The number of tie points after filtration was 11,072 and 25,534 for the years 1967
and 1984, respectively. These resulted in the generation of dense point clouds of 193,132,444
and 235,285,419 points, respectively. The 1984 tie points and dense point clouds generated
were almost doubled compared to that of 1967 due to the number of photographs used.
The result showed that the generated DEMs had high accuracy with RMSE values of 0.4 m
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and 0.38 m a slightly impacted by flying height, and tie point RMS reprojection errors of
0.22 and 0.09 pixels for the years 1967 and 1984, respectively (Table 5).
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Figure 6. DEMs generated from HAPs for Site 1 in 1967 (a) and 1984 (b), and for Site 2 in 1967 (c) and
1984 (d); see also (Figure 1).

Table 5. Parameters, processing errors, and final product characteristics used and obtained in HAPs

processing.
Specification 1967 1984
Average flight height (m above terrain) 9448 7600
Number of images 4 7
Alignment parameters (accuracy) Highest Highest
Depth maps and dense point cloud generation parameters
Quality Ultra-high Ultra-high
Filtering mode Moderate Moderate

DEM reconstruction parameters

Source data Dense cloud Dense cloud

Interpolation Enabled Enabled
Orthomosaic reconstruction parameters

Blending mode Mosaic Mosaic
Surface DEM DEM
Ground sampling distance (m/pix) 0.5 0.5
Number of tie points after filtration 11,072 25,534
Number of dense point clouds 193,132,444 235,285,419
Tie point RMS reprojection error (pix) 0.22 0.09
Average tie point multiplicity 2.04 2.08
Mean key point size 4.00 6.1
Dense cloud point density (point m~—2) 1.7 1.3
Number of control points 22 30

Total (3D) RMSE (cm) on checkpoints 40.00

38.00
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In the 1967 DEM of Site 1, the maximum and minimum elevation of the site was
4006.03 m and 3976.17 m, respectively. However, in the 1984 DEM of the same site, the
maximum and minimum elevation was 4000.44 m and 3977.19 m, respectively. Similarly,
the 1967 DEM of Site 2 depicts that the highest and lowest elevations were 4169.03 m and
4127.06 m, respectively. However, 4164.53 m and 4126.64 m were also the maximum and
minimum elevation in the 1984 DEM of Site 2. The minimum elevation difference was
increased by 1 m from 1967 to 1984 for Site 1, in contrast to Site 2. In both quarry sites, there
was a noticeable reduction in the elevated topography over time, which in turn reveals a
change in the landscape of the area due to the quarrying activities. The direction of red ash
extraction was, as expected, towards the uplifted sides. However, there was more change
on the central parts (Figures 7-9).

There were noticeable visual differences in elevation between the DEMs generated
using different interpolation techniques for both quarry sites. The resulting 2023 recon-
structed DEMs for both sites are shown in Figure 7. For Site 1, the maximum elevation
was 4000 m asl for both the 1984 and 2023 DEMs, and consequently the difference in the
maximum elevation was negligible. However, the difference in elevation minimum was
approximately 10 m. The DEM reconstructed using the spline interpolation method for
Site 1 had an elevation maximum of 4069 m asl, which is exaggerated by 69 m compared to
the actual field data and the resulting DEMs obtained by other interpolation techniques.
Similarly, at Site 2, the DEM produced by the spline interpolation method had a maximum
elevation difference of 50 m compared to other interpolation methods.
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Figure 7. DEMs generated from in situ data with different interpolation techniques. Site 1: Inverse
Distance Weight (a), kriging (b), spline (c), and topo-to-raster (d). Site 2: Inverse Distance Weight (e),
kriging (f), spline (g), and topo-to-raster (h).

The accuracy of the evaluation results of the tested interpolation techniques for both
quarry sites are summarized in Table 6. IDW had the best performance for both quarry sites
with an RMSE value of 0.360 m and 0.276 m for Site 1 and Site 2, respectively. Following
IDW for Site 1 and 2, kriging, topo-to-raster, and spline performed better in chronology.
Therefore, the current DEMs for both quarry sites that used to estimate volumetric and
landscape changes in this study were generated using the IDW technique, as shown in
Figure 7 and Table 6.
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Table 6. DEM accuracy assessment results of different interpolation techniques for the two quarry
sites (in m).

Interpolation Method IDW Kriging Spline Topo-to-Raster
Site 1 0.360 0.751 0.885 0.634
RMSE .
Site 2 0.276 0.311 0.385 0.381

In the 2023 DEM of Site 1, the maximum and minimum elevations were 4000.18 m
and 3967.50 m, respectively. Similarly, 4159.81 m and 4133.39 m were the maximum and
minimum elevations of Site 2 (Figure 7). This result shows that the maximum and minimum
elevations of the sites were decreasing over the years when compared with the previous
DEMs. In addition, there are many large depressions, stockpiles, and quarry wastes that
can be visually identified, especially in the quarry of Site 1. Intensive excavation of the red
ash material was also observed in the south-western part of Site 2 (Figure 8).
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Figure 8. Historical aerial images of the two study quarry sites. Historical view of Site 1 in 1967 (a),
1984 (b), 2011 (c), and 2023 (d); and Site 2 in 1967 (e), 1984 (f), 2011 (g), and 2023 (h). (Source: [69];
© Google Earth imagery; Esri, Maxar, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA,
USGS, AeroGRID, IGN, and the GIS User Community).
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Figure 9. DEM of Difference (DoD) in meter showing maps of Site 1 from 1967 to 1984 (a), from 1984
to 2023 (b), and from 1967 to 2023 as a whole (c); and of Site 2 from 1967 to 1984 (d), from 1984 to
2023 (e), and from 1967 to 2023 as a whole (f).

4.2. Volumetric and Landscape Changes

The resulting volumetric and landscape changes show the total volume of surface
lowering and rising and the total net volume differences of the quarry sites plus the
uncertainty value of each volumetric change (Table 7). Accordingly, the volume of erosion
and deposition of the quarry Site 1 were estimated to be 68,020 m3 and 1077 m?, respectively
for the period December 1967 to January 1984, indicating that the total net volume change of
excavation was —66,943 m> with an uncertainty volume of £10,526 m3. From January 1984
to May 2023 the volume of erosion and deposition was 439,399 m3 and 2622 m? resulting
in a total net volume change of excavation of —436,777 m?® with an uncertainty volume of
426,894 m3. The total net volume change of Site 1 from December 1967 to May 2023 for the
last 56 years was 503,721 (£27,970 m3). Similarly, 104,892 m?3 and 1033 m3 were recorded
as the volume of erosion and deposition of Site 2 from December 1967 to January 1984,
respectively, indicated that the total net volume change of excavation was —103,859 m?
with an uncertainty volume of 12,784 m3. From January 1984 to May 2023, 267,507 m3
and 2842 m3 were the volume of erosion and deposition, respectively, and —264,664 m® was
the total estimated net volume change of Site 2 with an uncertainty volume of +28,726 m3.
Thus, significant volumes of excavation were recorded at both quarry sites, although more
at Site 1 than at Site 2. A total of 872,244 m3 has been extracted from both quarry sites in
the Afro-Alpine ecosystem of the Sanetti plateau over the last 56 years.

In addition to calculating the amount of landscape volumetric change, the physical 2D
change of the two sites in four years is shown in Figure 8.

The obtained DoD from 1967 to 1984, 1984 to 2023, and from 1967 to 2023 of excavation
and deposition ranges from —23.63 m to 1.75 m. Specifically, the excavated DoD values
were —8.7 and —13.3 from 1967 to 1984 for Site 1 and Site 2, respectively. However, from
1984 to 2023, the excavated height value almost doubled for Site 1 (—19.3 m) and Site 2
(—22.88 m), respectively (Figure 9).
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Table 7. Total volume of surface lowering, total volume of surface raising, and total net volumetric
(m?) changes with uncertainty volume of the quarry sites.

Total Volume of Surface  Total Volume of

Site Change Period Lowering Surface Raising Total Net Volume Change
December 1967-January 1984 68,020 1077 —66,943 (£10,526)

1 January 1984-May 2023 439,399 2622 —436,777 (£26,894)
December 1967-May 2023 507,420 3699 —503,721 (£27,970)
December 1967-January 1984 104,892 1033 —103,859 (£12,784)

2 January 1984-May 2023 267,507 2842 —264,664 (£28,726)
December 1967-May 2023 372,399 3876 —368,523 (£30,003)

5. Discussion
5.1. DEM Reconstruction and Interpolation

In recent decades, numerous studies were conducted to explore the potential link be-
tween the human-nature relationship and its impact on the environment. Longer temporal
scale observations are an essential approach to better understand and quantify these com-
plex interactions and their impacts using HAPs and current in situ data [12,47]. Therefore,
the DEMs of the historic landscape were reconstructed using SfM-MVS photogrammetry
and interpolation algorithms. However, the accuracy of DEMs generated from historical
aerial photography is affected by flight height. Thus, we have improved the accuracy
by incorporating input parameters (focal length, principal point coordinates, affinity and
skew transformation coefficients, radial distortion coefficients, and tangential distortion
coefficients) and using very high accuracy and more GCPs following similar approaches in
previous studies [30,70-72]. The accuracy of the DEMs generated for the years 1967 and
1984 is 0.4 m and 0.38 m, respectively. A previous study elsewhere [72] also achieved an
accuracy of 0.4 m and 0.22 m using 25 and 50 GCPs, respectively, for the reconstruction of
historical DEMs flown at extremely high altitudes.

We also investigated the four most commonly used interpolation techniques (IDW,
kriging, spline, and topo-to-raster) to generate DEMs from the in situ point data. Various
factors such as the nature of the terrain, the distribution of the sampling points, and the
surveying methods used with the interpolation techniques have a great influence on the
accuracy of DEMs [40,64,65]. For example, spline [65], kriging [40], topo-to-raster [64],
and IDW [44,64,73] all gave good results as reported in these studies. However, when
compared to other methods in our context and supplemented by [64,65], the results of our
study showed that the IDW interpolation method produced the best fitting DEMs for both
quarry sites. Kriging was only the second best interpolation method for both quarry sites,
which stands in contrast to other comparative assessment studies carried out so far, in
which kriging was the best performing interpolation method [40,74].

5.2. Landscape Volumetric Change and Uncertainties

The volume of extracted resources in the quarry sites of the BMNP in the Sanneti
plateau mountain ecosystem significantly increased over the study period (Table 7; Figures 8
and 9). The amount of red ash excavated during the period from 1984 to 2023 was three to
six times higher than the amount of red ash excavated during the period from 1967 to 1984.
This was likely due to the excavation that started during the construction of the gravel
road that crosses the Sanneti plateau from the towns of Goba to Harena Bulluk through
Rira and Delo Mena. This road was constructed in the 1970’s during the Ethio-Somali
war and the establishment of the Shawe military camp base and its maintenance continu-
ously needs building material. In general, from 1967 to 2023, —503,721 (& 27,970) m? and
—368,523 (£30,003) m> were recorded as the total net surface volume changes of quarry
Site 1 and Site 2, respectively. In both sites, the values of volumetric change were highly
negative, which illustrates that the landscape changes in these areas are extremely altered
by excavation and human interference. This result is in line with previous studies in
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BMNP [4,5,8,15-17], which have shown that anthropogenic factors played and still play a
major role in the degradation of the Afro-Alpine ecosystem.

5.3. Major Causes and Drivers of Red Ash Excavation and Its Environmental Impact

Potential triggers for red ash extraction from the Afro-Alpine ecosystem of BMNP,
identified through focus group discussions, include: (1) demand for cost-effective material,
(2) unavailability of alternative materials around, and (3) lax law enforcement. Among the
three most important factors, the demand for low-cost effective material is chosen as the
first reason for the excavation of the mountain, given priority by 75% of the respondents.
The selection of quarry sites was strategic, considering their proximity to areas requiring
construction materials, particularly neighboring Woredas like Goba, Delo Mena, and
Harena Bulluk. The primary beneficiary of excavated material is a governmental office,
notably the Ethiopian Rural Road Authority, impacting both the environment and local
communities. The excavated material likely contributes to road construction, such as the
Goba to Harenna Bulluk route through BMNP, altering the landscape significantly without
compensation (Figure 1).

Findings from discussions and interviews reveal two primary ways in which red
ash excavation affects vegetation. Firstly, the quarrying process itself removes vegetation,
expanding the excavated area up to 53,147 m? and 45,297 m? for Site 1 and 2, respectively.
Secondly, quarrying leads to the creation of secondary tracks or roads, damaging additional
vegetation. For example, Afro-Alpine vegetation of 476,860 m?, ericaceous vegetation of
403,806 m2, and Harenna forest of 493,222 m? were removed on the way from Goba to Delo
Mena due to a single major gravel road construction inside the BMNP. The use of heavy
machinery in excavation, transportation, and road construction contributes to significant
vegetation loss and soil erosion (Figure 8h, Site 2). Up to ten truckloads are transported
daily, leading to bare soil exposure, erosion, altered topography, and changes in drainage
patterns, making vulnerable areas susceptible to flooding (Figures 10 and 11).

Figure 10. Topographic data collection using a total station and documented landscape change due
to quarrying operations in the BMNP. (a) Collecting data using a total station, (b) newly formed
road entry to the site, (c,d) excavated surfaces vulnerable to flooding, and (e) cliff formation prone to
further erosion (Photo: B. Bekelle).
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Figure 11. Landscape change due to quarrying operations in the BMNP. (a,e) Newly formed drainage
pattern, (b) excavated surfaces, (c) stockpile, and (d) machine and vehicle footprint (Photo: B. Bekelle).

Quarrying activities likely impact the physical, chemical, and biological components
of soil resources, increasing the risk of erosion. Removal of protective layers exposes rocks
and lower layers, mirroring challenges reported in related studies [19]. Excavated areas,
stockpiles, and quarry waste negatively impact landscape form, affecting the visual appeal
of BMNP. Excavation leaves depressions forming potential hazardous ponds, particularly
in the summer season [75] (Figure 10).

Focus group discussions highlight residents’ observations regarding landscape change,
land degradation, and deforestation of Afro-Alpine vegetation. Afro-Alpine species that are
being degraded include for example, species of Helichrysum (H. splendidum, H. citrispinum,
H. cymosum, H. jormosissimum), species of Alchemilla, Festuca abyssinica, Erica trimera and
Erica Arboria, and especially the endemic Lobelia rhynchopetalum (see Supplementary Figure
53 and Table S5). They also observed a decrease in species diversity, air, water and noise
pollution, cave and sinkhole formation, damage to biodiversity, terrestrial ecosystem
degradation, water resource depletion, and improper quarry waste disposal. Continued
excavation poses threats to tree and vegetation species, with road maintenance impacting
biodiversity indirectly through noise, vibration, clearing for machinery access, material
and waste stockpiles, soil disturbance, runoff, wastewater disposal, artificial lighting, and
increased human activity. These cumulative impacts may disturb animal species within
the park, emphasizing the urgent need for mitigation measures to preserve the delicate
ecosystem of BMNP (Figures 10 and 11).

6. Conclusions

Although the Bale Mountains are home to a large number of fauna and flora en-
demisms, they have experienced changes over the last half century due to continued
excavation. The volumetric change analysis carried out and verified in the field clearly
shows that the Afro-Alpine landscape, one of the mountain ecosystems, which provides im-
portant ecological and ecosystem services in the tropics, is threatened by human activities
in the region. In this study, we used HAPs and in situ data in the Afro-Alpine ecosystem of
BMNP, the second-highest location in Ethiopia. Employing a recently developed Structure
from Motion-Multi View Stereo photogrammetry method, we reconstructed the landscapes
of 1967 and 1984, generating DEMs and orthomosaics. For the current landscape in 2023,
we tested four interpolation methods IDW, kriging, spline, and topo-to-raster, and selected
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the IDW method due to its superior accuracy compared to the other methods. The accuracy
of the generated DEMs was 0.40 m and 0.38 m for the year 1967 and 1984, respectively;
while 2023 DEMs achieved an accuracy of 0.360 m and 0.276 m for Site 1 and Site 2.

The reconstructed DEMs for 1967, 1984, and 2023 were used to conduct an in-depth
analysis of the long-term red ash excavation volumes from both sites by calculating DEMs
of differences and associated uncertainties. Our findings showed that approximately
872,244 m3 of red ash material has been excavated from the BMNP quarries since 1967,
with uncertainties up to + 30,003 m3. Since the 1970s, the excavation process in BMNP
has also adversely impacted the Afro-Alpine ecosystem by removing the vegetation cover
causing a reduction of ericaceous and Afromontane forest by 403,806 m? and by 493,222 m?,
respectively. Our result indicated that red ash excavation over the last half century has
considerably altered the vegetation cover of mountain ecosystems through reducing the
extent of ericaceous and Afromontane forest.

If quarrying continues at the current rate, it may pose a serious threat to the en-
tire mountain ecosystem of the BMNP. Our results provide valuable insights for the sci-
entific community and natural resource managers, facilitating an understanding of the
need for mitigation measures to reduce the adverse impacts of excavation on the Afro-
Alpine ecosystem.
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