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ARTICLE INFO ABSTRACT
Keywords: In recent years, armed conflicts are globally on the rise, causing drastic human and environmental harm. The
Desertification Tigray war in Ethiopia is one of the recent violent conflicts that has abruptly reversed decades of ecosystem

Land restoration
Environmental damage
Earth observation

restoration efforts. This paper analyzes changes in woody vegetation cover during the period of armed conflict
(2020-2022) using remote sensing techniques, supplemented by field testimony and secondary data. Extent of
Vegetatation change woody vegetation cover was analyzed using Normalized Difference Vegetation Index (NDVI) thresholding
Ecocide method from Sentinel 2 images in Google Earth Engine, and scale of de-electrification was qualitatively analyzed
Mass displacement from Black Marble HD nighttime lights dataset, acquired from NASA’s Black Marble team. The magnitude, di-
Tigray war rection as well as the mechanisms of change in woody vegetation cover varied across the region and over time.
Tigray’s woody vegetation cover fluctuated within 20% of the landmass. Mainly scattered to mountainous areas,
the dry Afromontane forest cover declined from about 17% in 2020 to 15% in 2021, and 12% in 2022. About
17% of the overall decline was observed between 500 m and 2000 m elevation, where there is higher anthro-
pogenic pressure. Land restoration practices meant to avert land degradation and desertification were inter-
rupted and the area turned warfare ground. In many areas, forests were burned, the trees cut and the area
became barren. The suspension of public services such as electricity for household or industrial use created heavy
reliance on firewood and charcoal, further threatening to compound weather and climate. The magnitude of
disturbance in a region that is already at a very high risk of desertification requires urgent national and inter-
national attention. Continued ecosystem disturbance could eventually make the domain part of a wider desert
connecting the Sahel to the Afar Triangle, a scenario which may render the area uninhabitable.

1. Introduction in heavily populated areas (Vucinic et al., 2012). Many of these conflicts
have drastic environmental consequences, including biodiversity loss,

Over the past century, there have been numerous civil and interstate and increased pressure on various natural resources, such as fish stocks
wars worldwide, some of which are still raging today. Wars typically (Chowdhury et al., 2023; CEOBS, 2022; Serhii et al., 2022; Pereira et al.,
break out over the distribution of scarce resources like fertile farmland 2022; Mahreen, 2022; Lawrence et al., 2015; Machlis and Hanson,
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2008). Predicting the precise environmental impact of any battle,
however, remains challenging.

Conflict induced environmental impacts can be direct or indirect
(Solokha et al., 2023; Zhang et al., 2023; Rawtani et al., 2022; Solomon
et al., 2018). Direct environmental impacts include habitat destruction
and deforestation to deny hiding places, and damage to fresh water
supplies, among others. As compared to the direct impacts, indirect
impacts are dozens and often take longer time to account (Reuveny
et al., 2010). They include land abandonment and degradation, over use
of woody vegetation for firewood or charcoal preparation, loss of
wildlife as animals are hunted for bushmeat, land use change degrading
agricultural land and vegetation; deterioration of norms in favor of
environmental protection, and in many cases war refugees dump waste
and damage ecosystems in pursuit of essentials such as food, land, and
firewood (Certini et al., 2013; Reuveny et al., 2010).

Sometimes war may have a short-term positive effect on the envi-
ronment as it reduces ordinary activities that harm the environment.
During WWIIL, a decrease in fishing activity in the Atlantic Ocean and
hunting in Norway and Guam resulted in increased fish stocks and wild
animal stocks. Similarly, global carbon emissions as well as growth rate
of the NOx emissions from the combustion of fossil fuels declined during
WWI and WWII (Reuveny et al., 2010; Houghton and Skole, 1990; Smil,
1990). Moreover, natural resource extraction, waste, and the release of
pollutants was reduced during the WWII in Finland (Laakkonen, 2004),
and explosives left in the Kuwait desert after the 1991 Gulf War kept
hunters and joyriders away, leading to increased vegetation and animal
stocks in the area (Reuveny et al., 2010).

However, empirically, most studies on the impacts of armed conflict
revealed the negative effect of war on the environment. Wars in
Myanmar, Cambodia, Liberia and the Democratic Republic of Congo, the
Soviet war in Afghanistan in the 1980s, the US war in Vietnam in the
1960s and 1970s, and the French war in Morocco in the 1920s intensi-
fied deforestation (Reuveny et al., 2010; James et al., 2003; Baker et al.,
2003). Dikes and dams were destroyed during the war between Japan
and China (1937-45), and arable lands were flooded during the Korean
War (McNeill, 2001; Biswas, 2000). Recently, the Kakhovka hydro-
electric power dam in Ukraine was destroyed unleashing downstream
flooding (BBC News, 2023). Similarly, the recent wars in Ethiopia,
Ukraine and Syria continue to cause harm to forests and other ecosystem
services (Solokha et al., 2023; Daiyoub et al., 2023; Weldegiargis et al.,
2023). Reports have it that Ukraine builds a case of ecocide against
Russia as dead dolphins wash ashore (Santora, 2023).

Moreover, it is not an uncommon phenomenon for armies to strate-
gically target ecosystem services including agriculture, forest, fresh-
water and other natural resources during wartime (Ghebreyohannes
et al., 2022; Nyssen et al., 2022; Weldegiargis et al., 2023; De Waal,
1991). Both in 20th century wars (e.g., WWII) and in more recent wars
(e.g., Syria) natural resources have often been weaponized even though
“attacking, destroying, removing or [the] rendering useless [of] objects
indispensable to the survival of the civilian population, such as food,
provisions, agricultural areas for production of foodstuffs, crops, live-
stock, supplies and drinking water installations and irrigation works”, is
prohibited by Article 54 of the 1977 Protocol of the 1949 Geneva Con-
ventions (ICRC, 1977a; ICRC, 1977b).

In African agrarian societies, there are several examples of the
interference of armies in agricultural production during wartime (Nys-
sen et al., 2022; Macrae and Zwi, 1994). In the Angolan civil war,
farmers were not allowed to cultivate their lands without military es-
corts to protect them from rebels (Carranza and Treakle, 2014; Bowen
and Steinberg, 2003). In Sudan and Somalia, both government and rebel
armies targeted storage facilities to demotivate the community to
re-establish the grain supplies (Macrae and Zwi, 1994). On top of the
destruction of crops in South Sudan during the Second Sudanese civil
war (Keen, 1991, 1994), the pastoralist communities were impoverished
by the confiscation and killing of their livestock. Also, in Somalia during
the rule of the military Barre regime (1969-1990), government troops
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attacked herders at wells and watering points, while additionally
poisoning wells and destroying water tankers (Macrae and Zwi, 1994).
Also, in garrison towns, blockades of food were often maintained for
complex commercial and private (economical) interests (Macrae and
Zwi, 1994; Kuol, 2014). In the previous civil war in Tigray (northern
Ethiopia) between the central Derg government and the Tigray People’s
Liberation Front (TPLF) between 1975 and 1991, ground and air of-
fensives by the Ethiopian army were rampant, targeting livestock,
croplands, houses and storage facilities with the aim of weakening
Tigray’s rural economy. This way, the government wanted to make sure
that the Tigrayan peasants would not be able to access food or sell their
labor (Hendrie, 1994). The intention was, the more people that fled, the
lesser the support for TPLF would be - “dry the sea to catch the fish”.

A deadly Ethio-Eritrean war, between 1998 and 2000, resulted in
serious habitat changes (Eniang et al., 2007; Solomon et al., 2018).
Nevertheless, yet again another devastating war raged between the
federal government of Ethiopia and the Tigray regional state from
November 2020 to November 2022 (Fiseha, 2023; Burki, 2022; Ibreck
and de Waal, 2022). The conflict has resulted in significant humani-
tarian concerns, including reports of civilian casualties, mass displace-
ment, ethnic cleansing, and allegations of war crimes and crimes against
humanity (UNHRC, 2023; HRW, 2022; ARTE, 2022; Associated Press
AP, 2022; Vanden Bempt et al., 2021; CNN, 2021). Despite a peace deal
signed in November 2022 (Wight, 2022), the humanitarian situation
barely improved and crimes against humanity such as ethnic cleansing
continued (HRW, 2023). Neither humans and their infrastructure nor
the natural environment were spared through the process.

Moreover, the war is feared to have caused drastic ramifications on
the ecosystem. Despite claims that the magnitude and character of the
environmental damage of the Tigray war may amount to ecocide, there
are barely any scientific studies detailing the environmental impacts.
Although field-based investigation to the level of damage inflicted on
the natural environment is complicated by access and safety issues
(Addis Standard, 2023; Aung, 2021), it is possible to examine the
environmental changes using advances in earth observation techniques
(Solokha et al., 2023; Marzolff et al., 2022; Serhii et al., 2022; Nyssen
et al., 2022; Garzon and Valanszki, 2020; Al-doski et al., 2013; Silleos
et al., 2006).

Remote sensing is a powerful tool for studying the impact of armed
conflict on the environment, especially in areas where access is limited
due to conflict (Bennett et al., 2022). Remote sensing data has proven to
be particularly helpful for tracking war-related damage and for identi-
fying a wide range of conflict events, from troop movement and the
building of new trenches to damaged and destroyed infrastructure, flows
of internally displaced populations, and changes in economic activities
(Sticher et al., 2023; Avtar et al., 2021; Zwijnenburg and Ballinger,
2023). Remote sensing has augmented environmental impact assess-
ment in conflict scenarios, which has greatly enhanced post-conflict
reconstruction (Avtar et al., 2021). Recent studies have used remote
sensing to monitor water resources and infrastructure in the
Russia-Ukraine conflict (Shumilova et al., 2023), and to track land
use/land cover changes due to armed conflict using machine learning
(Mhanna et al., 2023; Demissie et al., 2022). Remote sensing is a valu-
able tool for monitoring the environmental dimensions of armed con-
flicts and can provide valuable insights into the impact of armed conflict
on the environment (Conflict and Environment Observatory CEOBS,
2020). Hence, this study aims to assess changes in woody vegetation
cover and the potential mechanisms of change during the Tigray war
leveraging the available remote sensing and earth observation
techniques.

2. Study area
2.1. Overview of the study area

Although the study area has various names and sizes over time
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(Nyssen and Demissie, 2023), Tigray is currently a regional state situ-
ated in the northern Ethiopia, between 36° 26' 45" E — 39° 59’ 28" E
longitude and 12° 15’ 20" N — 14° 50’ 44” N latitude (Fig. 1). Bordering
Sudan in the west, Amhara region in the south, Afar region in the east
and Eritrea in the north, Tigray has a landmass size of 53,000 km2. The
Horn of Africa, especially the Red Sea region has a long history of
geopolitical turmoil and social unrest (Plaut and Vaughan, 2023; De
Waal, 2015; Plaut, 2013). The strategic geopolitical importance of the
Red Sea is among the major triggering factors. The study area found
within 50 km distance from the Red Sea has sustained frequent wars
causing harm to humans and the environment.

2.2. Tigray’s recent history of land restoration

Tigray is a desertification hotspot (USDA, 1998), encircled by the
Sahel desert in the west and northwest and Afar in the east, in which one
of the most hostile environments on earth is found. Natural resource
restoration was one of the main pillars in the success of Tigray’s
development policy intended to avert the risk of desertification and
recurrent droughts, ensure food security, and reduce poverty. The main
implementation strategies included community mobilization on free and
paid labor, with the lion’s share being free labor. Every farmer spends
20-40 days of free labor on natural resource rehabilitation mainly on
soil and water conservation in the dry season and tree planting during
the rainy season (Gebrekirstos and Birhane, 2023; Negash and Birhane,
2023; CEOBS, 2022; Hagazi et al., 2020). This award-winning con-
servation-based practice has been implemented for the last three de-
cades (Whiting, 2017; Munro et al., 2019). Local and international
partners were also involved in supporting these environmental resto-
ration activities.

The natural resource-based agricultural development policy in
Tigray for the last 30 years after the civil war in 1980s has brought the
regional landscapes to be greener than it has been known for its barren
and dry landscape (Munro et al., 2019; Nyssen et al, 2014) and
improved soil health (Gebremeskel et al., 2019). According to Hagazi
et al. (2020), Tigray’s woody vegetation cover improved from below
3%-17% in the last three decades. In line with this, Nyssen et al. (2014)
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investigating conditions of the woody vegetation, soil and water con-
servation and land management activities over 145 years noted
remarkable peak in woody vegetation cover in the 1930s, decline af-
terwards and then achievement of a second peak in the early 21st cen-
tury. The restoration process in the region was comprehensive and the
outcome was visible in improving the economy through increased
ecosystem services and the livelihood of the people in the region (Sol-
omon et al., 2018; Hadgu et al., 2019; Woolf et al., 2018).

The policy has also received international recognition and Tigray
was awarded with the UN-backed future policy award in 2017 (Whiting,
2017). These land restoration practices including soil and water con-
servation works and tree planting activities have been interrupted over
the last three years, since 2020. Labor mobilization was not possible in
2020 because of COVID19 pandemic and the latter two years (2021 and
2022) due to the Tigray war. The over three decade’s effort and vision of
the community was abruptly disrupted following the breakout of the
armed conflict in November 2020. While incidents are not sufficiently
communicated, war reverse development, largely destroying the envi-
ronment, regardless of existing legal mechanisms to prevent damage
(Sands et al., 2018; Handl, 2012; Schindler and Toman, 2004; Sohn,
1973).

3. Methods

This study analyzed changes in woody vegetation cover as well as
potential mechanisms of these changes over the period of armed conflict
(2020-2022) in Tigray (Fig. 1). Recent advances in earth observation
techniques and available satellite products were employed, and relevant
media reporting as well as field photos were consulted. Sections below
present illustrations of the methods and materials used in this study.

3.1. Changes in woody vegetation cover

The Normalized Difference Vegetation Index (NDVI) derived from
the multispectral Sentinel 2 satellite imagery was used as a proxy to
detect alterations in vegetation cover (e.g. Ardavan et al., 2012; Juszak
et al., 2014). This commonly used method describes the discrepancy

S

ERITREA

ulch

~ SUDAN

b 154
h "L

ERITREA

uolbal Jeyy

.l;lawzien

Wukro
..

Mekelle
Geba ' .

D
,/

£ Abiy Addi

13°N

L - &
(harteum % ig\ray e Main cities .
7 Dﬁépuﬁ \'\/ Main roads 2r Maichew
i it
| Addis Ababa N 4™ Main rivers 7 i
HLit // W Tekeze reservoir -
’"“YWA/?_I S Elevation (m) 8
\ p g
/5 ANDA) ‘ { Mogadiéhu o g
f Esri HERE, Garmin, USGS,
/‘j:)—(\l\\{ivol)w ’\f‘ e 30 15 <0 3(:( 7

36°30°E 37°F " 37030 38°F

" 38°30€ 39°E " 390808 40°E

Fig. 1. Location and topographic map of the study area (source: SRTM from USGS, and administrative maps from UNOCHA).
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between the amount of near-infrared and red light reflected by vegeta-
tion. Photosynthesizing vegetation absorbs red light and reflects
near-infrared light, resulting in areas with healthy vegetation having
NDVI values close to 1. On the other hand, areas with reduced photo-
synthetic activity absorb proportionally less red light, and so have lower
NDVI value. For the same reason, bare ground tends to reflect red and
near-infrared light evenly, and so has NDVI values close to 0. Water has
negative NDVI values because it absorbs near-infrared much more than
red light.

Median spectral reflectance value of images with less than 3 percent
cloud cover, over a period of 3 months between January and March were
used to calculate NDVI value of the respective years. Considering the dry
months helps in disentangling the effects of rainfall seasonality on
vegetation phenological stages and cloud cover. The median spectral
reflectance values of the Sentinel images were chosen in order to avoid
the influence of extreme values induced by clouds or their shadow
(Nyssen, et al., 2022).

NDVI values for the consecutive years were used as a baseline to filter
woody vegetation using the NDVI thresholding method (Feng and Fan,
2019) as a breakpoint to detect woody vegetation from lower vegeta-
tion. This method limits possible bias from minor changes in greenness
or the influence of soil color, among others. Although the dry season is
preferred over other months to avoid bias from seasonal vegetation
phenological stages, the dry forest, especially deciduous vegetation in
the lowlands on the other hand tend to shade their leaves to adapt to the
seasonal climate cycle. For this, considering different NDVI thresholds
for different agroecology coupled with an onscreen ground truthing
seemed reasonable.

3.2. NDVI thresholding method

To detect the best matching woody vegetation threshold, multiple
NDVI breakpoint values were tested over elevations with varying
vegetation types. An accuracy assessment of these thresholds was then
carried out by assigning 300 random points over three 5 km x 5 km grids
at various elevation zones: highland (>1500 m), lowland (<1000 m)
and the transitional zone (1000-1500 m). Our analysis found that
woody vegetation cover is best detected using different thresholds for
the different elevation zones (Fig. 2). The highest accuracies have been
achieved for threshold values of 0.3 in the highlands (87%), 0.25 in the
transitional zone (92%) and 0.2 in the lowland zone (83%), in which
evergreen and deciduous vegetation are found at reasonable mix. Hence,
these NDVI values have been applied in the respective elevation zone. To
further narrow down any possibility of bias from weeds, valley bottom
wetlands or irrigated crops with NDVI values above the threshold, other
land cover classes including farmlands were filtered out using the ESA
land cover classification (Zanaga et al., 2022).

Moreover, by overlaying the woody vegetation maps over the three
consecutive years, change matrix categories were developed to visualize
the magnitude and direction of change, such as the vegetation loss or
gain over the course of armed conflict. Although the woody vegetation
cover and change matrix maps were visualized at regional scale, specific
scenes in which sharp change in woody vegetation is observed were
further verified using high-resolution DigitalGlobe imagery.

About 500 stratified random validation points were scattered
throughout the study domain in which the change matrix revealed
decline in woody vegetation cover. With the idea to verify changes over
the most inhabited midland and highland regions (Gidey et al., 2023;
Negash et al., 2020b; Rettberg et al., 2017; Hurni et al., 2005), the
validation points were distributed over the elevation classes between
1000 m and 2500 m. To check whether or not there has been a decline in
woody vegetation cover, each of these 500 points were tested over
DigitalGlobe imagery on Google Earth for the period before and during
the period of armed conflict. This way, accuracy of the change assess-
ment could be quantitatively presented based on binary, “yes” or “no”
values.
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3.3. Rainfall seasonality

In tropical regions such as Tigray where moisture is the limiting
factor (Negash et al., 2020a), rainfall availability determines vegetation
conditions and phenological stages (Fensham et al., 2005). The hy-
pothesis is that an increase or decrease of the rains throughout the study
period might have contributed to changes in woody vegetation cover.
Hence, the Climate Hazards Group InfraRed Precipitation with Station
(CHIRPS) rainfall dataset (Funk et al., 2015) was analyzed and
compared over months and years. Based on the long-term rainfall
behavior, the greenness analysis was carried out over the dry months
between January and March, where rainfall has the lowest influence on
vegetation conditions. Rainfall patterns during the analysis years
(2020-2021-2022) have been compared to evaluate the level of bias
rainfall might have introduced to the vegetation analysis. Moreover,
studies such as Hawinkel et al. (2016) and Barbosa & Kumar (2016)
revealed a possible time lag of up to 3 months before the impact of more
or less rainfall is reflected on vegetation. Hence, rainfall behavior in the
study area was also analyzed for the three months preceding the period
in which vegetation conditions are examined, i.e., October, November,
and December.

3.4. Field testimonies

While field-based investigation remains challenging due to safety
and security issues (Addis Standard, 2023), pieces of evidence continue
to disseminate through conventional and social media’ (Gebrekirstos
and Birhane, 2023; Negash and Birhane, 2023; ICRC, 2022). Although
many of these testimonial sites are localized, depending on available
media reporting or presence of personal contact in the area, temporal
changes in woody vegetation over these sites were investigated using
available time series DigitalGlobe imagery. Needless to mention that
image quality and availability are among the challenges further
complicating the task (Gorsevski et al., 2012).

3.5. De-electrification and conflict incidents

The Black Marble high definition (HD) nighttime lights showing
electrification levels in Tigray’s three major cities namely Mekelle,
Aksum, and Shire were acquired from the Black Marble team of the
National Aeronautics and Space Administration (NASA). These are the
same images reported on the BBC World services (Byaruhanga, 2022),
highlighting how a war zone faded from space. Monthly average spectral
reflectance of these images for the period of September 2020 (pre-war),
August 2021 (wartime), September 2021 (wartime), and August 2022
(wartime) were compared and qualitatively evaluated. These Black
Marble HD images represent the spatiotemporal dynamism in the (de)
electrification between September 2020 and August 2022. Changes in
spectral reflectance indicate variability in electrification and thereby
determine households’ access to power facilities for domestic use, such
as baking, cooking, heating, and lighting or industrial uses. Absence of
electricity would then infer inhabitants having to use alternative energy
sources such as firewood and charcoal for survival.

On the other hand, reported conflict incidents of the Tigray war were
derived from an existing work (Annys et al., 2021). These included
battles, ambushes, air strikes, drone attacks and shelling in the first 14
months, reported up to December 21, 2021. Unfortunately, conflict in-
cidents dataset for the period after December 2021 was not available.
Spatial distribution of incidents was compared with occurrence of
changes in vegetation cover qualitatively.

! First hand twitter message by an official detailing how a landscape sur-
rounding a battlefield was burned. https://twitter.com/ProfKindeya/status/13
92170202301935630?s=20. Accessed on 07.05.2023.
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Fig. 2. NDVI thresholds to detect woody vegetation cover at different heights, where different vegetation types are found at various compositions. Best fitting
threshold values are highlighted in red based on their performance accuracy indicated in percent. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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cidents for the period between November 2020 and December 2021 (Annys et al., 2021) are overlaid to see their spatial distribution in contrast to landscapes covered
with woody vegetation.
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4. Results

4.1. Changes in woody vegetation cover during the period of armed
conflict

Woody vegetation cover analyzed using the NDVI thresholding
method for the dry months between 2020 and 2022 are presented in
Fig. 3. In addition to the varying spatial distribution (Fig. 4), Tigray’s
woody vegetation cover is observed to fluctuate over 20% of Tigray’s
landmass, with the highest coverage (17%) in 2020, while most of the
region’s landmass (80%) has no woody vegetation cover beyond scat-
tered remnant trees (Figs. 5 and 6). It is also observed that Tigray’s forest
cover is mainly localized to the mountain escarpments and less towards
lowlands. Nearly 70% of the woody vegetation cover is found above
1500 m elevation (Fig. S1). Geographically, most of Tigray’s woody
vegetation cover is in the mountain chains along the eastern escarpment
between Gira-Kahsu (near Alamata) and Asimba mountains (northeast
of Adigrat), along the east-west mountain chains elongated from Asimba
to the mountains surrounding Shire, along the Tekeze gorges, and in the
highlands of Tselemti-Tsegede-Welkait (Fig. 3).

Although magnitudes of change are varying geographically, Tigray’s
woody vegetation cover declined from 8889 km? (17%) in 2020 to 7777
km? (15%) in 2021 and 6574 km? (12%) in 2022 (Figs. 3, and Fig. 4).
The year 2020 has the highest woody vegetation cover for all elevation
categories, except for areas above 2500 m and below 500 m elevation,
where a slight increase is seen in 2021 before the decline in 2022. About
17% of the overall decline is found in the lowland and midlands between
500 m and 2000 m elevation.

Locally, western Tigray maintained the highest woody vegetation
cover, i.e., 38% of all the vegetation that stayed intact in all three years
throughout the region, followed by the northwestern (23%) and
southern highlands (16%). On the other hand, the highest decline in
woody vegetation cover was also localized to these administrative re-
gions, with about 70% of the overall decline being in western and
northwestern zones and 14% in southern Tigray (Figs. 5 and 6).

4.2. Field testimonies

Testimonial sites are localized, depending on available media
reporting or availability of personal contact. Most of Tigray’s landscapes
remain unsafe due to uncleared landmines or continued occupation by
hostile foreign and neighboring regional forces. Analytical report by
Addis Standard (2023), News24 (2023) and a communication issued by
ICRC Ethiopia”® highlight how explosive remnants of war continued to
threaten farming activities, adding a layer to the dire food crisis in
Tigray. Although field-based investigation remains challenging due to
safety and security issues, presented in Table 1 are some sample illus-
trative examples demonstrated using media reports and aerial images.
Many of these sites assert that Tigray’s ecosystem has sustained enor-
mous harm with slight regrowth in some areas.

4.3. De-electrification and the need for alternative energy sources

The Black Marble high definition nighttime lights product obtained
from NASA Black Marble team (Roman et al., 2019) starkly show the
major cities of Mekelle, Aksum, and Shire fading to black over a
25-month period as electricity supplies were effectively shut down
(Fig. 7). Electricity, especially in urban areas is the sole source of energy
for household and industrial use. Firewood and charcoal become the
only resort in its absence. For this, in addition to the alarms that Tigray’s
regreening efforts had been interrupted and reversed, the CEOBS (2022)
report also highlighted that forest areas closer to bigger settlements are

2 Twitter message by ICRC Ethiopia: https://twitter.com/ICRCEthiopia/stat
us/1629082523920736258?s=20. Accessed on 05.07.2023.
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at a greater risk due to the increased demand for firewood and charcoal.

For instance, satellite images for an area east of Adigrat called Koma
Siwiha show an entire hill, which before the war was green, that was
completely deforested in a few months (Fig. S6 and Table 1 [S8]).
Widespread disturbance of woody vegetation cover is also evident in the
vicinity of Shire (Fig. 8, Fig. S4, and Table 1 [S2-S6]). Moreover, in-
truders as well as locals striving for survival income are often seen
clearing the forest to make charcoal in many corners of the region
(Fig. 9). During traditional charcoal making, people dig pits and destroy
SWC structures, and the heat destroys the soil biota and structure while
the smoke pollutes the air.

4.4. Rainfall seasonality

According to the CHIRPS dataset (Funk et al., 2015), despite slight
variability, precipitation depth for all months of the year at all six lo-
cations did not show significant difference between 2020 and 2022
(Fig. 10). Summer was slightly higher in 2022 than in 2020 in all lo-
cations, except for Humera. On the other hand, 2020 has higher spring
rainfall. Fig. S7 also shows that the cumulative rain for the period be-
tween January and March varied between 107 mm, mainly in the
southern and eastern ends of the study domain, to almost no rain in the
western lowlands. Moreover, empirical studies such as Hawinkel et al.
(2016) and Barbosa & Kumar (2016) also highlighted up to 3 months
lag-time before the impact of higher (lower) rainfall is reflected on
vegetation conditions. Hence, rainfall conditions for the months of
October to December were also analyzed and found to have no signifi-
cant difference over the three years (Fig. 10). This indicates the vege-
tation condition is less likely to have been impacted by the rainfall
patterns during the armed conflict period.

4.5. Validating vegetation decline

Results from the systematic quantitative validation showed about
81% accuracy (Table 2). The validation task from DigitalGlobe imagery
is challenging due to insufficient images to make the comparison or
some of the available images also have bad image quality. Some images
do not allow clear display while others are partially or completely
covered with clouds.

Moreover, the validation result suggests the possibility to further
enhance the classification in a way that better detects spatially varying
vegetation behavior, especially the deciduous vegetation in the low-
lands. The results have been checked for possible artificial boundaries
between elevation categories, above or below 1000 m and 1500 m
elevation, that could arise from the NDVI thresholds. During our
investigation, thus far, no major artifacts have been detected apart from
sometimes the elevation class boundaries exactly fitting the vegetation
boundary. Yet, further research towards identifying more suitable
breakpoints to Dbetter detect spatial vegetation diversity is
recommended.

5. Discussion
5.1. Woody vegetation during the period of armed conflict

According to ESA land cover classification (Zanaga et al., 2022),
about 30% of Tigray’s landmass is covered with either tree cover or
shrubland, in other words woody vegetation. While our threshold-based
conservative estimates reveal that about 80% of Tigray’s landmass has
no woody vegetation cover throughout the study period, between 2020
and 2022. Whereas the remaining 20% of the landmass have had fluc-
tuating amounts of woody vegetation cover. Since the analysis period in
this paper was limited to the dry season, missing deciduous vegetation
throughout the lowlands, and that the model finding for woody vege-
tation cover were further spatially filtered to the woody vegetation
identified by ESA (Zanaga et al., 2022), estimates in this paper are


https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0218883
https://blackmarble.gsfc.nasa.gov/
https://www.google.com/maps/place/14%C2%B015'46.5%5C%22N+39%C2%B032'47.6%5C%22E/@14.2629219,39.5443669,796m/data=!3m1!1e3!4m4!3m3!8m2!3d14.2629167!4d39.5465556
https://www.google.com/maps/place/14%C2%B015'46.5%5C%22N+39%C2%B032'47.6%5C%22E/@14.2629219,39.5443669,796m/data=!3m1!1e3!4m4!3m3!8m2!3d14.2629167!4d39.5465556
https://twitter.com/ICRCEthiopia/status/1629082523920736258?s=20
https://twitter.com/ICRCEthiopia/status/1629082523920736258?s=20
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Fig. 5. Simplified map showing changes in woody vegetation cover between 2020 and 2022. Detailed original map on which the analysis is based can be consulted

in Fig. S2.

notably conservative.

The 5% loss in vegetation cover during the three-year period agrees
with the many pieces of images circulating on conventional or social
media (Gebrekirstos and Birhane, 2023; Negash and Birhane, 2023). The
highest decline in woody vegetation occurred over the lowlands and
midlands between 500 m and 2000 m. The decline over the highlands
can be associated with the fact that these elevation categories are known
to have higher anthropogenic pressure (Gidey et al., 2023). Hence, the
role of human intervention to the decline in woody vegetation cover and
the associated ecosystem services (Negash et al., 2020D).

On the other hand, about 70% of the overall decline was localized to
western and northwestern zones and 14% in southern Tigray (Figs. 5 and
6).The devastating humanitarian crisis including mass displacement,
ethnic cleansing and territorial occupation, especially in western Tigray
(HRW, 2022, 2023), destruction of irrigation facilities in southern
Tigray (Nyssen et al., 2022), and the enormous concentration of IDPs in
northwestern Tigray are explanations. While intruders into Western
Tigray caused harm to the vegetation that has economic importance and

wildlife in and around Kafta Sheraro National Park (VOA news, 2022),
excessive demand for energy sources from native inhabitants and IDPs
especially in northwestern Tigray exerted considerable pressure on the
woody vegetation cover. Moreover, firewood and charcoal were the only
energy alternatives for combatants with enormous numbers staying in
the wild for an extended period without having access to modern
infrastructure. In addition to the direct environmental damage the
combat armors and tanks inflict on the vegetation, trees also make an
essential component in constructing bunkers, bridges, or temporary
shelters. Although there are no clear estimates on the extent of harm
their reliance on woody vegetation might have caused, the areas where
combat and combatants have stayed for a longer period would have
sustained higher impact.

Moreover, proximity to conflict incidents is often a major determi-
nant of exposure to human or environmental harm. Over three years,
between November 2020 and November 2022, Tigray’s landscapes
sustained hundreds of dreadful conflict incidents scattered throughout
the region (Annys et al., 2021, Fig. 11). Warring parties often used heavy
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Fig. 6. Proportional areas of woody vegetation change matrix categories over elevation class and administrative zones. a) no woody vegetation in all three years; b)
woody vegetation in all three years; ¢) High in 2020, low in 2021 and 2022 (possible vegetation loss due to war context); d) high in 2020 and 2021, low in 2022
(possible vegetation loss due to war context); ) low in 2020, high in 2021, low in 2022; f) low in 2020, high in 2021 and 2022 (vegetation regrowth); g) only high in
2022 (vegetation regrowth after 2021); and h) high in 2020 and 2022 (possible vegetation loss in 2021 and regrowth in 2022).

artillery and other highly destructive weaponry, not only killing humans
and animals, but also destroying vegetation and other natural resources.
Whether or not they hit their targets, heavy armaments often destroyed
the surrounding ecosystem (Fig. 12; Fig. S3). Among the many pieces of
evidence on this account, images circulating on social media and geo-
located at “Hitsats”, a village west of Shire, show at least 225 ha of
burned landscape (Fig. S3 and Table 1 [S1]). Another 30 ha of forest is
seen burned around Qalamin village in Desa’a forest.

While some wartime damage may have been incidental (Fig. 12),
certain actions by the invading forces were clearly targeted to destroy
the built as well as natural environment. For instance, according to the
Tigray Bureau of Agriculture and Natural Resources, these include the
destruction of 237 seedling nurseries and the rendering of many more
inoperable to hamper landscape regeneration (Negash and Birhane,
2023). Similarly, De Waal (2021) and Nyssen et al. (2022) revealed how
fruit trees in many irrigated lands were destroyed.

According to VOA news (2022), Kafta-Sheraro National Park, the
only park for Elephant sanctuary was devastated and Elephants left the
park, while many were displaced and killed for their ivory. Frankincense
trees and other species of economic importance were disturbed and
burned, the park management system and infrastructures were dis-
rupted, and wildlife poached and slaughtered. Moreover, it was reported
that armed intruders opened a bush meat restaurant in Adebay, a town
at the edge of the park [R1].

Not even sacred land was spared. The forest reserves in and around
Waldiba monastery [R3] were exploited after the monks who guarded
them were killed or displaced (Abrha, 2022). The satellite-based anal-
ysis from Conflict and Environment Observatory (CEOBS, 2022) also
revealed that church forests, traditionally considered to be under God’s
protection and thus off limits for resource extraction (Bongers et al.,
2006), were ravaged by intruders from neighboring Amhara and Eritrea,
as well as by locals desperate for an income. Episodes like these are
likely numbered in the hundreds and spread throughout Tigray, but
unfortunately no comprehensive assessment of this type of damage has
been done so far.

Even when not explicitly targeted, nature was always a silent victim.
For example, because the dry Afromontane forest landscapes charac-
terizing the region were favored both as offensive and defensive posi-
tions, many ditches, bunkers, and temporary roads were built there [S7].
This type of preparations and the movements of troops—disregarding
the protected status of conservation areas—had a terrible impact on the
natural environment and on biodiversity (Fig. 13 and Table 1 [S7]).

Part of the long sustained regular land restoration activities, seed-
lings planted in June 2020 that were at their early stage of establishment
are highly likely to be easily trampled and die by the movement of troops

and heavy machinery. Troop movement not only tramples seedlings and
saplings, but their enormous number also leaves as much pressure on the
forest for building bunkers, bridges as well as cooking their daily meals.
In that way, conflict incidents as well as military movement are feared to
have had considerable damage on the natural environment. This is
happening in a degraded dry Afromontane forest where researchers
argue, “the recruitment credit cannot compensate for extinction debt”
(Hishe et al., 2022).

5.2. De-electrification and siege: a drastic turnout

A medieval-like siege including de-electrification made a terrific
characterization of the Tigray war. As can be seen from Fig. For the
better part of the war, Tigray’s population has been denied access to
essential public services, including to the national electricity grid (Burki,
2022; Byaruhanga, 2022; Abay et al., 2022; Annys et al., 2021). The
substitute power supply from the Tekeze dam, the only hydroelectric
power source in the region, was not only insufficient but also was
damaged by aerial bombardments (Byaruhanga, 2022). Since it was not
possible to import spare parts to repair it, access to electricity in Tigray
went from bad to worse. Even before destruction, the operation and
management of the dam depended on who controlled the dam.

In the absence of the national electricity grid, people heavily relied
on natural resources including the remnant natural forests, to sustain
themselves. This is especially alarming in towns and cities hosting an
overwhelming population of internally displaced persons. The city of
Shire in northwestern Tigray received up to seven times its prewar
population in which the humanitarian situation was persistently re-
ported to have been grave (Annys et al., 2021). Similarly, IMO (2021)
household survey revealed over 39% of all IDPs destined in Shire. In the
absence of means to prepare food or heating it becomes obvious that
residents including the IDPs would reconsider using the unhealthy
firewood and charcoal, which comes from the surrounding forest. A rare
video footage® by the International Committee of the Red Cross from the
same spot shows a line of women carrying firewood from the field,
which is a testament to the extensive pressure on forests. Images on
Fig. 8 and Fig. S4 also reveal striking evidence of forest disturbance in
Shire’s surroundings. Fuel wood-based pity trade has now become a
widespread practice (Fig. 9).

3 International Committee of the Red Cross (ICRC). (2022). Ethiopia: rare
footage from Tigray Shows health crisis. https://www.icrenewsroom.org/previ
ew/en/2045/ethiopia-rare-footage-from-tigray-shows-health-crisis/2924.
Accessed on 05.07.2023.


https://www.bbc.com/news/world-africa-63315388
https://www.bbc.com/news/world-africa-63315388
https://www.icrcnewsroom.org/preview/en/2045/ethiopia-rare-footage-from-tigray-shows-health-crisis/2924
https://www.icrcnewsroom.org/preview/en/2045/ethiopia-rare-footage-from-tigray-shows-health-crisis/2924
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Table 1
Sample sites spontaneously illustrated throughout the paper. S1-S9 are sites in
which observations are made based on satellite images, whereas R1-R8 are in-

cidents learned from media reporting. See also associated figures.

No.

Location

Lat

Lon

Observations

S1

S2

S3

S4

S5

S6

S7

S8

S9

S10

R1

R2

Hitsats

Asgede

Tahtay Koraro

Tahtay Koraro

Tahtay Koraro

Seyemti
Adyabo

Zalambesa

Koma Siwiha

Mekelle

Welkait

Adebay

Kafta Sheraro
National Park

14.101

14.070

14.073

14.154

14.124

14.396

14.458

14.262

13.481

13.655

14.203

14.194

37.977

38.121

38.205

38.262

38.355

38.137

39.349

39.547

39.491

37.502

36.759

37.061

Clear signs of burning can be seen in
the surroundings of Hitsats refugee
camp. The damage was first spotted
from images circulating on social
media account of an official®, and
geolocated to the landscape
surrounding Hitsats refugee camp
west of Shire. Assessment show at
least 225 ha burned during fighting
in late 2020. Also see Fig. S3.
Located within 15 km west of Shire,
extensive disturbance is seen
throughout 2020 and 2022.

Found within 7 km west of Shire,
the area experienced continuous
clearance of its forest cover
throughout 2020 and 2022.

Found within 3 km north of Shire,
this part of Hirmi forest is found to
have faced excessive pressure
throughout 2020 and 2022.
Located 5 km east of shire, another
incident of continuous forest
clearance is seen.

Clear signs of forest clearance are
present throughout the study
period, with slight regreening in
2022. The incident is remarkable
like observations on S2-S5. Note
that Shire hosted additional +698%
IDPs on top of its native inhabitants
(Annys et al., 2021). See Fig. 8 and
Fig. S4.

Widespread presence of trenches on
the farmlands as well as hills partly
covered with woody vegetation.
Ecosystem disturbance is clearly
seen, especially in areas where
bunkers are constructed, diverting
the natural drainage system. See
Fig. 13.

A hill covered with forest in
October 2020 is half empty in
December 2020 and cleared in April
2020 (CEOBS, 2022; Negash and
Birhane, 2023). Afterwards slight
regrowth is seen after 2022. See
Fig. S5.

A pile of crop harvest ready for
threshing burned by a drone attack
near Mekelle University Main
campus in late October 2021." See
Fig. 12. Nearby vegetation is
burned and destroyed

Widespread forest disturbance
including clear signs of burning are
seen throughout the hilly
escarpment of Tsegede and Welkait,
potentially due to agricultural
expansion. More extensive forest
disturbance is seen around 13.428,
37.536. See also Fig. S6.

Armed groups from neighboring
Amhara operate a bush meat
restaurant in Adebay, a town
located at the edge of the Kafta
Sheraro National Park.

According to VOA news’, the park
was disturbed, many elephants
were displaced and killed for their
ivory, and wildlife was poached.
Elephant tusk (Ivory) is a common
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Table 1 (continued)

No. Location Lat Lon Observations
commodity being smuggled from
the area

R3 Waldiba 13.711  37.766  According to Abay et al. (2022) and

Negash and Birhane (2023), forest
reserves in and around Waldiba
monastery were exploited after the
monks who guarded them were
killed or displaced.

Almeda Textile Factory in Adwa is
seen largely burned down, possibly
leaking chemicals into the
environment. Note that the power
plant of the factory is situated next
to a wetland.

Sheba Leather Factory in Wukro
was shelled, possibly leaking
chemicals to the environment.
Rare video footage released by the
International Committee of the Red
Cross shows a long line of women
carrying firewood from the field (
ICRC, 2022), which is a testament
to the extensive pressure on forests.
According to Nyssen et al. (2022), a
large area of irrigation farms in
which fruit trees are grown were
damaged and the irrigation
infrastructure destroyed.
According to BBC News, a flood
incident on June 26, 2022 claimed
lives of at least ten inhabitants and
many more people were injured,
and settlements inundated in
Selekleka.®

R4 Almeda Textile 14.157  38.865

R5 Sheba Leather 13.765  39.572

R6 Shire 14.100  38.281

R7 Mekhoni 12.696  39.774

R8 Selekleka 14.116  38.475

# First hand twitter message by an official detailing how a landscape sur-
rounding a battlefield was burned. https://twitter.com/ProfKindeya/status/13
92170202301935630?s=20. Accessed on May 07, 2023.

Y Twitter post highlighting burning of harvest piles. https://twitter.com/em
net_negash/status/1451513059718144004?s=20. Accessed on July 05, 2023.

¢ VOA news Amharic detailing the level of damage Kafta Sheraro National
park has sustained. P$&F ALC Nbd-® TCH N&HT T8F RILLZANT +1AB.
https://amharic.voanews.com/a/6697911.html. Accessed on July 05, 2022.

4 VOA news Amharic detailing the level of damage Kafta Sheraro National
park has sustained. P& Ac-C Ndvs-® TCH N&EHE T8+ KTLLLANT +HIAB. https
://amharic.voanews.com/a/6697911.html. Accessed on July 05, 2022.

¢ BBC News (2022). Search on for Tigray flood victims as 10 buried. Jul 6,
2022. https://www.bbc.com/news/live/world-africa-61754474?ns_mchan-
nel=social&ns_source=twitter&ns_campaign=bbc_live&ns_linkname=62c54-
e47¢5f5¢122c9fc1d2d%26Search%200n%20for%20Tigray%20flood%20vic-
tims%20as%2010%20buried%262022-07-06T14%3A15%3A11%2B00%
3A00&ns_fee=0&pinned_post_locator=urn:asset:33cadc29-39e6-4edd-b3a4-b-
d31ad59bf-
ba&pinned_post_asset_id=62c54e47c5f5¢122c9fc1d2d&pinned_post_type=-
share. Accessed on July 09, 2023.

Moreover, even if the multilayer blockade forced people to rely on
firewood and charcoal, an unknown number of bombs that have been
planted in many of the forests sometimes make areas inaccessible.
However, this creates additional pressure on the forest in areas where
they are believed to be safe. A society that has been awarded for its
success in land restoration is now forced to take part in reversing their
past achievements as they deforest for firewood and charcoal for do-
mestic use or generate survival income.

Furthermore, although little attention is given, women and girls are
exposed to heavy workload in the collection and transport of firewood.
Smoke-based health problems are also becoming prevalent among the
women who take the burden of household care. In addition, consuming
half-cooked or raw food becomes increasingly a common practice to
save firewood, which could also contribute to the worsening health
crisis.


https://www.icrcnewsroom.org/preview/en/2045/ethiopia-rare-footage-from-tigray-shows-health-crisis/2924
https://twitter.com/ProfKindeya/status/1392170202301935630?s=20
https://twitter.com/ProfKindeya/status/1392170202301935630?s=20
https://twitter.com/emnet_negash/status/1451513059718144004?s=20
https://twitter.com/emnet_negash/status/1451513059718144004?s=20
https://amharic.voanews.com/a/6697911.html
https://amharic.voanews.com/a/6697911.html

E. Negash et al. Science of Remote Sensing 8 (2023) 100108

September 2020 August 2021 September 2021 February 2022 August 2022

Fig. 7. Electricity in Tigray’s three major cities seen fading to black on NASA Black Marble HD nighttime lights. Slight attempts of re-electrification can be seen in
late 2021, but are not anywhere close to pre-war conditions.
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Fig. 8. Testimonial sites around Shire, where woody vegetation has been continuously cleared likely due to the overpopulation exacerbated by enormous internally
displaced persons (IDPs) from western Tigray. See also Fig. S4 for additional images, Table 1 [S2-S6] and their locations on Fig. 5.
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Fig. 9. Fresh wood prepared for charcoaling in Adyabo (a) and Negash (b) areas, multiple sacks of charcoal prepared for shipping in Negash (c), and multiple heaps
of eucalyptus tree cleared in Atsbi (d). These areas are near major protected forest areas and big cities. Charred soil in pictures ‘a-c’ indicates the area has previously
been used for the same purpose at least once. Photos were taken in June 2023 by Goyteom Gebreeziabher (SLMP staff at Tigray Bureau of Agriculture and Natu-

ral Resources).

5.3. Ecosystem services disrupted

The war disrupted the ecosystem and the services that humans could
get from the environment. A good example of this is the time when the
war was launched. The war started towards the end of the rainy season,
by the time farmers prepared to harvest their produce. However, about
90% of the harvest from that season was either devastated by locusts,
destroyed and burned over many of the hundreds of conflict incidents,
left on the field or looted in the 2020 harvest season (FAO, 2021), which
coupled with the siege lead to a staggering human suffering including
man-made famine (Weldegiargis et al., 2023; BBC News Africa, 2022).
Ngussie and Hailu (2023) also reveal how the Tigray war put honeybees
in peril. In line with these, an extensive legal analysis by the Allard K.
Lowenstien International Human Rights Clinic finds Ethiopia and allies
responsible for mass starvation in Tigray (Yale Law School, 2023).

During this time of the year, transhumance, i.e., keeping livestock
from many highland households together in the lowlands, is a customary
practice in many parts of Tigray, especially in the northwestern, western
and southern zones. This created comfortable conditions to loot the
livestock concentrated in one place (Negash and Birhane, 2023). Ethi-
opian and Eritrean forces widely engaged in looting, slaughtering and
killing of livestock in these lowlands, which was often witnessed in other
parts of Tigray too (Nyssen et al., 2022). It was also not possible to
collect animal feed that would have been used for the rest of the dry
season.

Farming households who lost their essential means of living during
this season were left with nothing but to exchange their belongings or
the trees around them for food. On many occasions people eat tree leaves
and branches (Nyssen, 2021). Contrary, Ethiopia announced its plans to
export food grain (The Reporter, 2022). This is not an exception, rather a
continuation of its striking move sending seedlings to neighboring states
under its green legacy initiative (Ethiopian Monitor, 2021), while Tigray

11

in Ethiopia continues to endure environmental damage. Tigray’s painful
experience, among others, shows that mounting international demands
(Stop Ecocide Foundation, 2021; Yeo, 2020; Higgins, 2015; Falk, 1989)
to make mass destruction of ecosystems punishable necessitate mean-
ingful support (Santora, 2023; Fleming, 2021; NPR, 2021).

5.4. Long-term impacts of ecosystem disturbances

5.4.1. Freshwater ecosystem

Water resources are an integral part of the watershed ecosystem that
is also impacted by the war. The conflict-driven degradation of the
catchment affects directly and indirectly the quality and quantity of the
water resources. Several studies (e.g; Ouyang et al., 2019; Springgay
et al., 2019; Mapulanga and Naito, 2019; Sun et al., 2017; Ilstedt et al.,
2016) suggested that forest cover increases water infiltration and im-
proves the availability of groundwater source and thus maintains
healthy ecosystems. Ilstedt et al. (2016) further demonstrated that
moderate tree cover on degraded lands result in increased infiltration
ranging from 1.6 to 9 times more highlighting that forest cover plays an
important role in improving groundwater resources in dry tropics. In the
past 30 years, large-scale mass mobilization efforts in environmental
conservation and rehabilitation have greatly contributed to increasing
groundwater recharge and water level in the region (Gebregziabher
et al., 2016).

In addition, water pollution from the use of weaponry and leak of
toxic substances from industrial and other facilities remain major con-
cerns. During the war, industrial facilities were particularly targeted by
military operations and hazardous chemicals from these facilities are
feared to have leaked into the environment [R4-R5]. Unfortunately, it
will take years for the ecosystem to recover, and thus freshwater re-
sources will continue to be depleted.
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Fig. 10. Long-term average monthly rainfall distribution, as derived from the Climate Hazards Group InfraRed Precipitation with Station CHIRPS 2.0 dataset (Funk
et al., 2015), comparing 2020, 2021 and 2022 over contrasting regions, with corresponding climate type based on the Koppen classification.

Table 2

Validation results based on 500 stratified random points. Sample points were
assigned a binary “1” and “0” labels to confirm or reject decline in woody

vegetation cover.

Labels

Count Percent
Observed decline (‘1) 406 81.20
Commission error (‘0°) 94 18.80
Predicted decline 500 100.00

5.4.2. Weather and climate

The dry Afromontane forest, along the eastern escarpment including
Desaa are rich in Juniperus and Olea trees as well as Erica arborea; it is
often known as a fog forest since it mainly receives moisture from the
clouds (Teferi, 2021). The first two species are the cloud and climax
species, longer in height and evergreen. The physiognomy of the two
species increases the capacity of the forest to intercept moisture and
serve as a windbreak to the warm air and dust blowing from the
Afar-Triangle. However, the continued disturbance of the forest along
this escarpment could contribute negatively to the long-term ability of
the forest to buffer and receive moisture from the clouds, modifying
weather and climate of the region.

The effects of large-scale destruction of natural resources are likely to
impact atmospheric conditions in the region. Although the long-term
impacts on the climate system are yet to be seen, a few outcomes have
already become apparent. The damage to conservation structures and
the cutting of trees resulted in flooding in many watersheds, cities and
towns. Unable to cope due to the devastation inflicted on sewage sys-
tems, several such episodes ended with loss of human life. In fact, even
though rainfall levels were not any different from previous years, the
towns of Selekleka, Adigudom, and Maichew faced destructive flash

12

floods that would otherwise have been easily controlled. At least ten
inhabitants were killed and many more injured in Selekleka on June 26,
2022 (BBC News, 2022).

To summarize, the Tigray has seen several direct and indirect
mechanisms of environmental harm during the period of armed conflict
(Fig. 14). Among the direct mechanisms include warfare and troop
movement. Vegetation and crops were burned, wildlife caught on
crossfire, saplings trampled, and cutting of trees for bunker construction
during the period of armed conflict. Local and invading armed forces, in
their hundreds of thousands, who lived on wild temporary shelters for an
extended period also caused direct environmental harm as firewood and
charcoal were the primary means of cooking. On the other hand, among
the multiple indirect, perhaps even more important mechanism of
ecosystem disturbance include the overpopulated cities due to large
scale displacement and ethnic cleansing, especially from Western
Tigray. Over 2 million IDPs were left to live helplessly without basic
income, hygiene or cooking facilities. Other indirect mechanisms
include suspension of the power grid forcing residents resort to firewood
and charcoal, state collapse leading to interruption of the longstanding
ecosystem restoration efforts, lack of living income making youth and
farmers to reconsider trees as means of earning, and territorial annex-
ation in which trees and wildlife were endangered. Altogether, these
incidents created a condition in which the environment became a silent
victim facing multipronged threats, which unless reversed will have
further compounding effect exacerbating lives and livelihoods.

5.5. Limitations and future research

Due to safety and security issues, this study relied on remote sensing
techniques. A follow-up study with a field-based assessment dis-
aggregated by biome type would enhance our understanding of the level
of environmental disturbance. We also note that the conflict largely
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Fig. 11. Reported conflict incidents between November 2020 and December 2021 (Annys et al., 2021).
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Fig. 12. Harvest piles ready for threshing burned by a drone strike near Mekelle University Main campus in October 2021. At the time, besieged farming households

had nothing but counting on these produce.

disrupted the ecosystem service values that humans could benefit from,
which we have not addressed in sufficient detail. Further research
involving economic valuation of the induced changes in various
ecosystem service categories and functions (Berihun et al., 2021; Negash
et al., 2020b; Costanza et al., 2014) would also be extremely valuable.

6. Conclusion

Results obtained from earth observation reveal that the Tigray sus-
tained drastic ecosystem disturbance during the armed conflict. Mainly
scattered to mountainous areas, Tigray’s dry Afromontane vegetation
was widely disturbed. Notably, the armed conflict interrupted and
reversed the long-sustained ecosystem restoration efforts that were
meant to avert land degradation and desertification. The lengthy siege
which included suspension of essential services such as electricity for
household or industrial use created a heavy reliance on natural
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resources such as firewood and charcoal. This was especially intense in
areas where there is higher concentration of IDPs, such as in north-
western Tigray.

On the other hand, western and southern Tigray, where evidence of
ethnic cleansing and land annexation is mounting, remain hotspots in
which the forest and wildlife are threatened. Although the long-term
climatic impacts are yet to be observed, troop movement, construction
of trenches, warfare and other military activities are already seen
compounding the impacts of extreme weather events such as flooding.
Unfortunately, as is the case with the even more drastic humanitarian
crisis, environmental harm of the Tigray war remains neglected. Unless
the damage is reversed soon, these ramifications will get worse by the
day. If time is wasted and there is a continuation of the ongoing
ecosystem damage, Tigray could become part of a wider desert con-
necting the Sahel to the Afar Triangle. In such a scenario, the ecosystem
would eventually become uninhabitable and force residents to migrate.
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December 2021

Fig. 13. New trenches are seen on the farmlands as well as hills near Zalambesa. There are clear signs of trenches construction in December 2021 in an area that was
partly covered with woody vegetation in June 2020. Similar activities exist on the hilly slopes to the east of this spot as presented in Table 1 [S7].

Armed Conflict (Tigray war)

People and the environment sustained direct and indirect harm during the period of armed conflict.
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Fig. 14. A diagram summarizing how armed conflict directly and indirectly threatened woody vegetation cover and ecosystem restoration efforts.

The growing number of armed conflicts along with their environ-
mental ramification in recent years, globally, highlights the need for
regional and international environmental laws and their enforcement.
Similarly, Tigray’s painful experience shows that the mounting inter-
national demands to make mass destruction of ecosystems punishable
necessitate meaningful support. Such a decision by the International
Criminal Court would make actors responsible for funding, permitting,
or causing severe environmental harm subject to criminal prosecution,
hopefully preventing its repetition in the same spot or elsewhere glob-
ally. Moreover, coordinated national and international efforts to prevent
further destruction and support post-war ecosystem reconstruction are
essential.
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