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Ethiopia is home to one of the richest and most unique
assemblages of fauna and flora on the African continent.
Contained within its borders are two major centers of
endemism, the mesic Roof of Africa (also known as the
Ethiopian Highlands) and the arid Horn of Africa, resulting
from the country's varied topography and consequent
geographic isolation. These centers of endemism are
crucial to global conservation as evidenced by their
classification within the Eastern Afromontane and Horn
of Africa biodiversity hotspots, respectively. Ethiopia’'s
diverse ecosystems and the biodiversity they contain are
increasingly threatened by climate change and the growing
impacts of Africa’s second largest human and largest
livestock populations. In this paper, we focus on several
key areas of recent and ongoing research on Ethiopian
biodiversity that have broadened our understanding of
nature and its conservation in Africa. Topics explored
include the behavioral ecology of Ethiopia’s large social
mammals, the ecology and conservation of its unique
coffee forests, and Ethiopian approaches to community
conservation, fortress conservation, and nature-based
solutions. We also highlight the increasing prominence of
Ethiopian scientists in studies of the country’s biodiversity
in recent decades. We suggest promising avenues
for future research in evolutionary biology, ecology,
systematics, and conservation in Ethiopia and discuss how
recent and ongoing work in Ethiopia is helping us better
understand and conserve nature in the human-dominated
landscapes of Africa and other tropical regions today.
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Sub-Saharan Africa possesses a spectacularly diverse array of
fauna and flora while also boasting a burgeoning human pop-
ulation that must find ways to effectively manage the finite
natural resources upon which all life on the continent depends
(1). Part of the answer lies in successfully addressing the ques-
tion—how can we best study and conserve nature in the
human-dominated landscapes of sub-Saharan Africa today?
The ancient nation of Ethiopia in northeastern Africa offers
some unexpected insights. Ethiopia is today more widely
known for its remarkable past cultural achievements (2, 3) and
fossils of extinct human relatives (4-6) than for its extraordi-
nary living biological riches. Situated at the crossroads
between two major centers of endemism and biodiversity
hotspots—the mesic Roof of Africa or Ethiopian Highlands
(Eastern Afromontane hotspot) and the arid zone of the Horn
of Africa (Horn of Africa hotspot)—Ethiopia possesses some
of Africa’s most unique yet least known biodiversity (7-9).
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The unusual geology and rugged topography of the
Ethiopian Highlands have isolated much of the country from
the rest of Africa, resulting in the evolution of many endemic
plants and animals (10). Despite having one of the oldest
written languages in Africa and a meticulously recorded his-
tory (11), until the 1970s, little was documented about
Ethiopia's faunal and floral diversity (12). Given the high
degree of species richness and endemism and the wide array
of habitatislands found within its borders, Ethiopia is a fruit-
ful testing ground for many questions in evolutionary biol-
ogy, behavioral ecology, and conservation biology. There is
also a particular urgency to biological research in Ethiopia
because many of its natural areas are threatened by its large,
rapidly increasing human and livestock populations and by
climate change (7, 13). To encourage and provide context for
more research on Ethiopia's globally unique biological
resources, here, we discuss several key themes of recent and
current research, assess the contributions of this work to our
understanding of science and conservation in Africa, and
explore promising future directions for research in Ethiopia.

Ethiopia's impressive biological diversity is due in large
part to a fortuitous mix of geography, topography, and geol-
ogy. The country lies entirely within the tropics and exhibits
unusually wide variation in altitude and climate, ranging
from one of Africa’s lowest and hottest locations (Dallol hot
springs in Danakil Depression, =125 m below sea level) to
one of its highest and coldest points (Ras Dashen in the
Simien Mountains National Park (SMNP), 4,533 m above sea
level) (Fig. 1) (14). Ethiopia also contains the source of the
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Fig. 1.
each protected area in the key provided in S/ Appendlix, Table S1.

Blue Nile, one of the two major tributaries of Africa’s longest
river, and possesses the largest contiguous area of high-
altitude land in Africa—the Ethiopian Highlands—accounting
for 80% of all land above 3,000 m on the continent (15)
(Fig. 1). Beginning as a single mountain massif that later split
into two by tectonic activity and the development of the
Great Rift Valley during the Miocene (14), today, both halves
(northern and southern) of the Ethiopian Highlands support
many endemics owing to their geographical isolation and
the unique climate of the region (10). In addition to its
extensive Highlands, Ethiopia possesses large expanses of
lower-elevation ecosystems, including forests, swamplands,
and the deserts and semidesert grasslands and scrublands
of the Horn of Africa, which also harbor their own unique
(and less studied) constellation of endemic plants and
animals (8, 16).
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Although inventories of its biodiversity are far from
complete for some taxonomic groups, Ethiopia has been pro-
visionally ranked as the 12th most biodiverse country in Africa
(17). Within its borders are known to exist ~6,000 species of
plants (600 endemic) (18-20), 863 species of birds (19 endemic)
(21), 271 species of mammals (45 endemic) (22, 23), 174 spe-
cies of fish (42 endemic) (24), 64 species of amphibians (26
endemic) (25), 242 species of reptiles (4 endemic) (22), and
1,225 species of arthropods (7 endemic) (26) (S/ Appendix, Fig.
S1). Much of this biodiversity is concentrated in the Ethiopian
Highlands, in the high-elevation heart of the country, which
stretch north into Eritrea. Flagship endemics of the Highlands
include the Ethiopian wolf (Mammalia: Canidae: Canis simen-
sis), gelada monkey (Mammalia: Cercopithecidae: Theropithecus
gelada), Bale monkey (Mammalia: Cercopithecidae: Chlorocebus
djamdjamensis), Walia ibex (Mammalia: Bovidae: Capra walie),
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blue-winged goose (Aves: Anatidae: Cyanochen cyanoptera),
giant lobelia (Eudicots: Campanulaceae: Lobelia rhynchopeta-
lum), and torch lily (Eudicots: Asphodelaceae: Kniphofia foliosa)
(S/ Appendix, Fig. S2). A second less species-rich center of ende-
mism, the arid zone of the Horn of Africa, is situated in the
lowlands of eastern Ethiopia and spreads south into Kenya
and east into Somalia (8). Flagship endemics of the Horn of
Africa that occur in Ethiopia include the desert warthog
(Mammalia: Suidae: Phacochoerus aethiopicus), naked mole-rat
(Mammalia: Heterocephalidae: Heterocephalus glaber), dibatag
(Mammalia: Bovidae: Ammodorcas clarkei), Degodi lark (Aves:
Alaudidae: Mirafra degodiensis), and scented frankincense
(Eudicots: Burseraceae: Boswellia ogadensis) and myrrh
(Eudicots: Burseraceae: Commiphora guidottii).

Ethiopia's biodiversity is today threatened by rapid human
population growth and land use change (7, 8). Ethiopia has
Africa’s second largest human population despite ranking
only 10th in total land area. Over the past 70 y, Ethiopia’s
population grew from ~18 million to ~123 million and is cur-
rently increasing by 2.4% per year (27). Ethiopians possess
Africa’s largest livestock population, and pressures for more
grazing and farmland have led to enormous changes in land
cover, especially in the Highlands, home to 85% of Ethiopia’s
people and 75% of its livestock (13). Between 1990 and 2020,
Ethiopia’s naturally regenerating forest cover declined by
16% (28). Over the past decade, its annual percentage of
forest wood removal (3%) was the highest in Africa (28). Most
of this forest clearance was carried out to facilitate agricul-
tural uses of the land (29), and soil degradation and drought
have become increasingly widespread problems (30). Areas
of high biodiversity occur on both government-owned and
collectively owned community lands, creating a complex
matrix for conservation planning and oversight. Multiple
efforts at land reform have also been undertaken over the
past half century following regime changes, but dissatisfac-
tion with land policies and ownership issues remains (31),
also complicating the conservation landscape.

Thus, with its large and growing human and livestock pop-
ulations, widespread poverty, civil strife, complex land policy
issues, and mounting pressure to exploit its natural resources
for economic development, there are few countries where
the conservation of biodiversity poses a greater challenge
than Ethiopia. Fortunately, an ongoing major effort to train
Ethiopian scientists at the PhD level has been successful both
within Ethiopia’s rapidly growing university systems and
abroad (32). This critical juncture in Ethiopia’s economic and
scientific development—marked both by a civil war and the
COVID-19 global pandemic—represents a vital time to reflect
on what has been done to study and conserve the country’s
biodiversity to both draw lessons from past experience and
suggest directions for future research. Below, we summarize
important recent and ongoing developments and provide
suggestions for fruitful avenues of research. In particular, we
highlight three areas of intensive research in Ethiopia that
have contributed unique insights to our understanding of
the biodiversity of Africa and its conservation. We also high-
light the increasing prominence of Ethiopian scientists in
studies of the country’s biodiversity in recent decades. Our
review is not meant to be exhaustive or encyclopedic but
seeks to highlight those areas in which research in Ethiopia
has made unique or important contributions to our growing
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knowledge of nature in the human-dominated landscapes
of sub-Saharan Africa and to encourage new researchers
(from Ethiopia and abroad) to consider focusing on the many
unexplored avenues for potential study in Ethiopia.

Behavioral Ecology of Ethiopia’s Large Social Mammals. Since
intensive research began on Ethiopia’s fauna in the 1960s,
the behavior and ecology of its large social mammals has
been a subject of particular interest (33-35). The nonhuman
primates have been especially well represented in past and
present research efforts, fitting given that so many fossils
of our earliest hominin ancestors have been discovered in
Ethiopia. Interest in Ethiopian primates stems not only from
their taxonomic uniqueness (they include an endemic genus,
two endemic species, and many endemic subspecies (36)),
but also the adaptation of several taxa to unusual habitats
for primates, including sweltering deserts (37), frigid alpine
grasslands (38), and cold montane bamboo forests (39).
Understanding how nonhuman primates have adapted to
these extreme environments can provide importantinsights
into human adaptations to these habitats as well (40). Here,
we briefly review notable research on Ethiopia’s primates and
on another well-studied large social mammal, the Ethiopian
wolf, endemic to Ethiopia’s alpine grasslands (41). We also
highlight new research on Ethiopia’s endemic ungulates
and the recently identified cryptic species, the African wolf
(Mammalia: Canidae: Canis lupaster).

Long-term studies of individually known animals over their
life span are critically important to understanding the ecology
and evolutionary biology of long-lived species, yet keeping
these projects running year after year without interruption
is extremely difficult (42). In early 2020, there were, notably,
three ongoing, long-term (>10y), individual-based studies of
wild primates in Ethiopia—two on geladas in the Highlands
(43, 44) and one on hamadryas baboons in the desert (45).
All three have been suspended or scaled back amid uncer-
tainty related to the COVID-19 pandemic and civil war, reflect-
ing logistical limitations inherent to long-term research
projects during times of instability. These three projects
share a common focus on longitudinal monitoring of indi-
vidually known animals to obtain insights into the extent and
causes of variation in fitness across individuals and popula-
tions adapted to life in unusually harsh environments. They
also share a focus on primates that form uncommonly com-
plex, multitiered societies consisting of many (often a dozen
or more) polygynous reproductive units that move around
together or share a common food supply. Studies of such
peculiar aggregations of animals can shed light on the evo-
lution of other multilevel societies, including those formed
by humans, elephants, and many cetaceans (46, 47).

One interesting theme to emerge from these studies is
the diverse strategies (or counterstrategies) that each sex
employs to pursue its own reproductive agenda, sometimes
at the expense of the other sex. Soon after assuming repro-
ductive control of a harem of females from another male,
male geladas and hamadryas baboons not only commit
infanticide (48, 49), but also feticide by inducing spontaneous
abortions among most of the pregnant females (44, 45). Both
tactics force females to terminate investment in offspring
sired by other males. Females, in turn, may adopt a variety
of counterstrategies, including producing sexual swellings
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and exhibiting estrus behaviors during lactation (50). The
value of longitudinal studies like these is that they may
uncover behavioral adaptations not seen in shorter-term
studies, including those spanning the reproductive careers
of individual males and females across the entire life span.

Disease ecology is another area in which long-term studies
of Ethiopia’s large social mammals have made important con-
tributions. Evidence of fitness impacts of tapeworm-associ-
ated disease has recently been documented in gelada
populations at both the Guassa Community Conservation
Area and SMNP (Fig. 1). Specifically, geladas with coenuri (cysts
or swellings) caused by Taenia serialis (Cestoda: Taeniidae)
experienced elevated mortality and reduced reproductive
rates relative to individuals without coenuri (43, 51). Moreover,
Ethiopia’s longest ongoing wildlife study—on endangered
Ethiopian wolves in the Bale Mountains National Park
(BMNP) (Fig. 1)—has documented the central role infectious
disease, particularly rabies and canine distemper, plays in
regulating the species’ population dynamics (52, 53). During
>30 y of monitoring, at least four outbreaks of these viruses
have occurred, each resulting in population declines of 43 to
75% (53, 54). The extinction threat these outbreaks pose to
Ethiopian wolves has led to the development of a remarkable
integrated disease management strategy involving rabies vac-
cinations of hundreds of wolves and tens of thousands of
domestic dogs (the likely reservoirs for the virus) in surround-
ing areas (55). This disease management strategy offers a
pioneering model for applied conservation of other endan-
gered canids globally.

Another exciting development during the past decade is
that Ethiopia’s long-neglected forest-dwelling primates are
finally being studied. These studies, led by Ethiopian scien-
tists, have provided the first detailed insights into the lives
of several of Ethiopia’s endemic primates, focusing especially
on the impacts of habitat fragmentation and disturbance on
their behavioral ecology. Recent research on typically bam-
boo-eating Bale monkeys (56, 57), folivorous Omo River
black-and-white colobus monkeys (Mammalia: Cerco-
pithecidae: Colobus guereza guereza) (58), and frugivorous
Boutourlini's blue monkeys (Mammalia: Cercopithecidae:
Cercopithecus mitis boutourlini) (59) suggests these Ethiopian
endemic forest primates can cope with some degree of hab-
itat degradation by altering their diets and activity patterns.
This flexibility is encouraging given the various anthropo-
genic threats Ethiopia’s forest primates face, but only con-
tinued study of these populations can reveal their long-term
potential to cope with the continuing degradation of their
habitats.

Interspecific competition involving Ethiopia’s large mam-
mals is another ongoing focus of Ethiopian scientists.
Recent work suggests that three of Ethiopia’s endangered
endemic ungulates, Walia ibex (60), mountain nyala
(Mammalia: Bovidae: Tragelaphus buxtoni) (61), and
Swayne's hartebeest (Mammalia: Bovidae: Alcelaphus buse-
laphus swaynei) (62), experience feeding competition from
domestic livestock. All three species have small remaining
populations and limited dispersal opportunities (62-65),
and continued increases in sympatric livestock populations
may put them at even greater risk through both resource
competition and disease transmission (62). Furthermore,
research on the newly described cryptic African wolf (66)

4 0of 10 https://doi.org/10.1073/pnas.2206635119

suggests that this relatively abundant species exhibits niche
overlap and dietary competition with endangered Ethiopian
wolves (67, 68).

Ecology and Conservation of Coffee Forests. Among African
nations, Ethiopia's plants and vegetation types are unusually
well described. Approximately 6,000 species have been
identified across 12 vegetation types, and exhaustive profiles
can be found in the Flora of Ethiopia and Eritrea (18) and the
Atlas of the Potential Vegetation of Ethiopia (9). The ecology
and conservation of these plants and vegetation types have
been studied to varying extents, with forests and woodlands
receiving the most research attention, while the desert and
semidesert scrublands and the Afroalpine and Ericaceous belts
have been relatively understudied (69). Rather than attempting
to systematically review this extensive literature, here, we
focus on the ecology and conservation of a subcategory of
vegetation (within the moist evergreen Afromontane forest
type) of great biodiversity and financial importance to Ethiopia
and the world—the coffee forests of southwest Ethiopia.

Interest in the ecology and conservation of the world'’s
coffee forests has increased in recent decades as worldwide
demand for coffee has risen, and biologists have begun to
explore the impacts human management practices have on
the native plants and animals in forests where coffee is
grown (70). Much of this research has taken place in Latin
America where studies have consistently demonstrated that
shade-grown coffee can contribute to the conservation of
biodiversity (71).

Ethiopia is the original and only natural reservoir of wild
Coffea arabica (Eudicots: Rubiaceae), widely recognized as
the source of the world’s most consumed and best coffee
(a second species, Coffea canephora [Eudicots: Rubiaceae],
native to central and west Africa is used in lower-grade cof-
fee blends) (72). Ethiopia is also the world's fifth largest
producer of coffee, which accounts for 34% of export reve-
nues and supports 15 million smallholder farmers (73).
Coffee has traditionally grown naturally in the forests of
southwest Ethiopia, although these forests are increasingly
being cleared or modified to boost coffee production (73).
Indeed, despite the long-recognized importance of coffee
forests as reservoirs for biodiversity (even in countries where
coffeeis anintroduced species), the decline in shade-grown
coffee cropland coupled with the rise in monoculture sun
farms globally over the last few decades has spelled disaster
for many species and peoples that rely on the forests for
their livelihoods (74). Given the increasing global demand
for coffee (75), it is critical to understand how coffee agro-
forestry impacts plant and animal populations everywhere
coffee is grown.

As the natural reservoir of C. arabica and its genetic diver-
sity, the montane forests of southwest Ethiopia provide a
unique laboratory within which to compare the ecology and
conservation biology of coffee forests under both natural
and human-modified conditions. Compared with natural
forests containing C. arabica, shade coffee farms in Ethiopia
support fewer species of trees (76) and other plants, includ-
ing orchids (77). These findings are not, in themselves, sur-
prising since some disturbance to the plant community is
inevitable when coffee is selectively increased (to boost yield)
at the expense of other plants in the same forest.
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How might changes in the plant community as a result of
shade coffee farming in Ethiopia affect ecosystem processes
and services? How might they affect animals in the forest?
Two recent studies in the region found that fewer species of
insects visited C. arabica flowers in more intensively managed
coffee forests than in natural or seminatural coffee forests
(78, 79). This apparent reduction in the insect community in
more managed settings may adversely impact coffee pollina-
tion and production over time (79). Shade coffee farms appear
to provide suitable habitat for many bird species in Ethiopia
(like elsewhere in the tropics). Indeed, shade coffee farms in
Ethiopia support more species of birds than nearby natural
forest, although the abundance of two at-risk groups of birds,
forest specialists, and understory insectivores, was higher in
natural forests (80). While intact forests undoubtedly provide
the best habitat for tropical birds, Ethiopian shade-grown cof-
fee may be the most bird-friendly coffee in the world, unsur-
prising given that coffee is native to the forests of southwest
Ethiopia (80, 81). In the case of large mammals, recent
research suggests that most species are as likely to occur in
managed shade coffee forest systems as in natural coffee
forest, an exception being the most intensively managed cof-
fee farms where canopy cover is reduced and many large
mammals are absent (82, 83). Large mammals in managed
coffee forest do shift their activity patterns toward crepuscu-
larity and nocturnality in contrast to the more diurnal tenden-
cies of these same mammals in natural forest (82). Intriguingly,
the berries of C. arabica are consumed by De Brazza's mon-
keys (Mammalia: Cercopithecidae: Cercopithecus neglectus) (84)
and African civets (Mammalia: Viverridae: Civettictis civetta)
(85), suggesting that these secretive species may play roles as
seed dispersers in natural coffee forests. In summary, while
most large mammals and birds studied appear capable of
adapting to lightly managed coffee forests, the trend toward
management intensification across Ethiopia’s coffee forest
region is concerning, given its potential for adversely impact-
ing biodiversity, pollination services, and coffee yields.

Because the cultivars of C. arabica grown worldwide orig-
inate from a very narrow genetic base stock originally from
southwest Ethiopia, the larger diversity growing naturally in
the region’s forests is of paramount conservation and eco-
nomic importance as climate change and biotic hazards
increasingly wreak havoc on existing cultivars (86). In recent
modeling studies, researchers found that climate change
could render most of Ethiopia’s current coffee-growing areas
unsuitable for coffee farming in the coming decades, unless
mitigating strategies like relocation and forest conservation
or reestablishment are undertaken soon (87, 88). The time
to act to further study and safeguard the wild progenitors of
the world’s favorite coffee species and Ethiopia’s coffee-grow-
ing tradition is now.

Community Conservation, Fortress Conservation, and Nature-
Based Solutions. A fundamental problem of both conser-
vation biology and sustainable development is how to best
protect nature (and natural processes) in perpetuity for the
mutual benefit of people and nature in a world that has
become increasingly human dominated (89). Researchers
have combed the world (and historical records) searching
for possible answers to this seemingly intractable problem,
while governments and international agencies have adopted
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a variety of measures to try to stem the loss or degradation
of the world's remaining wild places.

Fortress conservation initiatives, which strictly limit human
use of protected areas, are among the most common
approaches to protecting biodiversity (90). Although largely
successful in North America and Europe, fortress conservation
has met with more opposition and less success in developing
countries where funding to patrol reserves is often limited,
and local economies frequently rely directly on resources
from protected areas (91). In recent decades, interest in con-
servation approaches that involve the participation of local
communities has grown (92). Examples of long-held traditions
of nature conservation can be found today on all continents
except Antarctica (93). They are typically maintained through
traditional methods of community conservation that do not
require federal or regional government oversight. Although
often small in size, these sites are important for landscape
connectivity and collectively have important conservation
value (93).

With its rapidly growing population and shrinking natural
habitats, Ethiopia might seem an unlikely place to find suc-
cessful conservation traditions. Yet, Africa’s oldest recorded
example of official conservation efforts comes from Ethiopia.
Dismayed by forest loss on Wuchacha Mountain, Emperor
Zera Yacob (1434-1468) ordered the planting of young
African juniper (Pinophyta: Cupressaceae: Juniperus procera),
the species that once dominated the landscape of the
Ethiopian Highlands, creating Menagesha Forest, which con-
tinues to be conserved to this day as the Menagesha-Suba
National Forest Priority Area (7) (Fig. 1).

The church forests of the northern Ethiopian Highlands
provide a striking example of long-standing community con-
servation efforts that have helped to protect biodiversity in
a densely populated region. Only ~1,000 km? of high forest
remains in this region, much of it in the form of small frag-
ments surrounding 35,000 Ethiopian Orthodox Tewahedo
churches and monasteries. Each church manages its forest
autonomously and protection ranges from nonexistent to
walls and patrols by paid guards (94). While individual church
forests tend to have low species richness, and often include
some exotic species (95), collectively, they contain 2148 of
the 270 indigenous tree species found in tropical northeast
Africa (96). In comparison, even the largest continuous for-
ests remaining in the northern Highlands contain no more
than 43-66 species (95, 96).

Traditionally animist peoples of the southwestern
Ethiopian Highlands, including the Gamo, Gedeo, Gofa,
Konso, Sheka, and Sidama, have also long preserved sacred
forests amid agricultural landscapes. Their resilient agricul-
tural systems depend on the ecosystem services provided
by the sacred forests, important reservoirs of indigenous
tree species and other biodiversity in a densely populated
region (97, 98). In addition to the religious and spiritual
rationales for conserving the sacred forests of southwest
Ethiopia and the church forests of northern Ethiopia, people
value these forests for their ethnobotanical uses. Traditional
medicines are produced from many sacred and church forest
plants and are crucial to people who prefer traditional treat-
ments or lack access to western medicines (99, 100). Overall,
like other sacred forest sites worldwide, the church forests
of northern Ethiopia and sacred forests of southwest Ethiopia
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are collectively crucial not only to the conservation of biodi-
versity at the regional level but also to the daily lives of the
peoples conserving them (93).

Not all community conservation traditions are small in
scale. Aremarkably resilient community-based conservation
effort, the Qero system, in the northern Highlands of Ethiopia,
has successfully managed a large area of Afroalpine grass-
land at Guassa over the past 400y (101). Locals in the area
developed stringent rules for the grassland’s use and penal-
ties for violating them that have evolved to keep protections
in place over the centuries (101, 102). Without designation
as a national park and with limited outside aid, the grassland
at Guassa is among the largest, most ecologically intact grass-
lands in the Ethiopian Highlands (38, 102).

Contrary to conventional wisdom which argues that the
only effective means of sustainably regulating the use of com-
mon resources is through centralized government or private
control, the examples of successful community conservation
traditions in Ethiopia lasting centuries with little outside input
highlight the essential value of local initiative and participation
in the conservation of nature (102, 103). Unfortunately, tradi-
tional conservation systems in Ethiopia, like elsewhere (93),
today face growing threats—including unsustainable popula-
tion growth, development, political instability, and climate
change. For example, at Guassa, recent road construction
projects have resulted in wild animal collisions and soil ero-
sion. Furthermore, ~500 hectares of Guassa's alpine grassland
were recently burned during fighting associated with Ethiopia’s
civil war (S/ Appendix, Fig. S3). Continued study at Guassa and
other traditional conservation areas would reveal how
Ethiopia's long-standing community conservation systems
cope with the unprecedented array of threats they face.

Beginning with Emperor Zera Yacob's edict to create and
protect Menagesha Forest, fortress conservation has also long
played a role in Ethiopian conservation strategies (7). Emperor
Haile Selassie established Ethiopia’s first seven national parks
between 1958 and 1974, and the protected area system has
continued to expand since. Today, there are >135 protected
areas, collectively covering 14% of Ethiopia’s landmass and con-
taining much of its biodiversity (Fig. 1 and S/ Appendix, Table S1).
Funding and/or oversight for this system comes from collabo-
rations between the Ethiopian federal government, International
Union for the Conservation of Nature, United Nations
Educational, Scientific and Cultural Organization (UNESCO),
non-governmental organizations, and regional and local stake-
holders, although obtaining sufficient financing remains a per-
petual issue (104). Ethiopia’s two most venerated national parks,
the SMNP and the BMNP, hold some of its most iconic wildlife
and have attracted much international funding and research
by foreign and Ethiopian scientists alike. The SMNP is a UNESCO
World Heritage Site, and the Ethiopian government and stake-
holders have made it a priority to achieve this same designation
for the BMNP. Still, threats from village expansion, agricultural
encroachment, livestock overgrazing, deforestation, and fire
plague these high-profile, legally protected key biodiversity
areas (105, 106), problems shared by many other protected
areas in Ethiopia. Encouragingly, most Ethiopians surveyed liv-
ing near protected areas regard them positively (107).
Furthermore, households near national parks have higher aver-
age incomes than those further away (108). Still, only continued
long-term monitoring and study of biodiversity in Ethiopia's
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protected areas will establish the extent to which fortress con-
servation can succeed there.

Given the increasing pressures on Ethiopia's protected areas
and the long history of community-based conservation in some
regions, the increasingly popular conservation approach of
nature-based solutions may hold promise for tackling some of
Ethiopia's conservation challenges. In some ways an interme-
diate approach between fortress and community conservation,
nature-based solutions involve solving challenges facing
human society by working with and conserving nature (109).
These solutions are usually most effective when implemented
through collaboration between governmental officials, scien-
tific experts, and local people (109). For example, in the south-
ern Ethiopian Highlands, bamboo is valued not only by local
people for constructing homes, household goods, and fences
but also by Bale monkeys and other bamboo forest-dwelling
animals as their primary food source or habitat (22). The unsus-
tainable harvesting of bamboo in this region thus threatens
both human livelihoods and wildlife. Mekonnen and colleagues
(22) recently advocated for a nature-based solution to this
problem through the restoration of declining montane bam-
boo forest habitat, simultaneously benefiting biodiversity and
contributing toward meeting several United Nations
Sustainable Development Goals. Moving forward, creative
nature-based solutions have the potential to be an important
component of conservation strategies in Ethiopia.

Perspectives for Future Research. The potential for
biological research—be it ecology, evolution, systematics,
or conservation biology—in Ethiopia is enormous. Few
countries containing such high levels of endemism have
received as little study as Ethiopia. With its university
systems expanding and the number of PhD-level scientists
trained at home and abroad growing rapidly (32), biological
research is occurring at an unprecedented pace in Ethiopia
today. Indeed, a transition from a research agenda
carried out by foreign scientists to primarily Ethiopian-led
research has occurred over the past half century (Fig. 2).
We conclude our overview of biodiversity research in
Ethiopia by suggesting directions for future research that
are especially promising.

Climate Change and Evolution. Ethiopia’s extensive elevation
gradients generate incredible climatic diversity (110),
conditions well suited to studies of local adaptation, dispersal,
and the evolutionary constraints on trait expression in widely
distributed plants, although these research opportunities
remain underutilized (111, 112). In Ethiopia, populations of
the widely studied model plant species, Arabidopsis thaliana
(Eudicots: Brassicaceae), occupy a climatically unique niche
in its global distribution. These populations are genetically
distinct from other global populations, and strong signals
of local adaptation within mountain ranges could be
valuable to understanding general plant adaptations across
elevation gradients that ultimately could be used for crop
improvements (111).

As the continent most reliant on rain-fed agriculture by
small-scale subsistence farmers for its food production, Africa
is regarded as especially susceptible to the impacts of climate
change (113). Ethiopia is considered to be one of the African
countries most at risk to climate change because of its large
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Fig. 2. Proportion of peer-reviewed journal articles (Web of Science search,
September 15, 2022) on extant Ethiopian biodiversity (n=745) first-authored by
Ethiopian scientists by decade between the 1970s and 2020s. Title or author
keywords search terms: “Ethiopia* AND ecology OR mammal* OR bird* OR
plant* OR insect* OR reptile* OR fish* OR forest* OR invertebrate* OR new
species OR amphibian* OR biodiversity”. Articles concerning extinct Ethiopian
species and solely on crop plants or domestic animals were excluded from
the analysis. Data from which this graph was generated are available in the
accompanying data file “Data for Fig 2.xIsx".

population and devastating history of food insecurity (114).
Computer modeling studies suggest that the areas over which
a) the four major cereal crops (teff, maize, sorghum, and bar-
ley) on which Ethiopians are most dependent and b) coffee,
Ethiopia’s most important agricultural commodity, occur will
be significantly reduced by climate change (87, 88, 114).
Furthermore, the shift toward increasingly managed coffee
forests which are more reliant on honeybees than natural
pollinators will likely lead to reduced coffee production in
Ethiopia given that global pollination services by managed
honeybees are anticipated to decline with climate change (78).
These empirically based predictions are consistent with con-
cerns raised by the World Bank that the economic and social
impacts of climate change on Ethiopia will be immense (115).

Little research has been carried out on the impacts of
climate change on Ethiopia’s biodiversity. A simulation model
of the projected impacts of climate change on geladas
concluded that the minimum altitude they can occupy will
increase by 500 meters for every 2°C rise in mean tempera-
ture (116). Another study reported high rates of dieback in
the two most dominant tree species in the northern Ethiopian
Highlands - the African juniper and the olive (Eudicots:
Oleaceae: Olea europaea subsp. cuspidata) - concluding that
the climate change mitigation (i.e., carbon sequestration)
potential of the remnant dry forests in the region will decline
rapidly without urgent rehabilitation efforts and enrichment
planting (117).

Afroalpine plants in Ethiopia’s high mountains also face high
risk of habitat loss and genetic depauperation. For example, a
recent ecological niche modeling study on the habitat suitability
of the Ethiopian endemic giant lobelia, under two climate mod-
els and four emission scenarios across the Ethiopian Highlands,
revealed significant range reduction and loss of genetic diver-
sity. The study reported that by 2080, only 3.4% of the giant
lobelia’s habitat will remain suitable, resulting in an 82% loss of
its genetic diversity (118). Another study, based on novel
genome skimming data and published matrices comprising
~100 flowering plant species endemic to the Afroalpine habitats
of East Africa, confirms that the Ethiopian Highlands house the
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region’s oldest plant lineages despite ~80% of the species hav-
ing likely originated during the last 5 My. This finding points to
the importance of the Ethiopian mountains as vital refugia for
the oldest Afroalpine plant lineages (119). Despite these exciting
recent studies, large-scale studies of the impacts of climatic
change on plant and animal populations over the long term
(120) are much needed in Ethiopia.

Ecology and Conservation in the Anthropocene. In addition to
further research on the biological impacts of climate change,
there is a need for more natural history research on Ethiopian
biodiversity, including ramping up efforts at taxonomic
assessment and systematics for arthropods, bryophytes,
lichens, and other poorly known groupings before it is too late
(121-124). These efforts would enable us to better monitor
spatial and temporal changes in species and communities
in response to natural and human-caused changes in the
environment (125). Furthermore, despite well-documented
high species richness (21), birds remain little studied
throughout much of Ethiopia. The organisms in Ethiopia's
aquatic ecosystems have been similarly understudied.
Moreover, none of the wildlife of the Horn of Africa—aside
from baboons (49, 126)—has received long-term study (8).
Ethiopia’s elephants (Mammalia: Elephantidae: Loxodonta
africana) must be considered a research and conservation
priority. Less than 1,000 individuals remain in six populations
scattered across southern Ethiopia, and little else is known
about these elephants, which are threatened by habitat
destruction and poaching (127). Furthermore, while notable
research has been carried out on species-level disease ecology
in Ethiopian wolves (52, 53) and geladas (43, 51), no attempts
have yet been made at achieving a more comprehensive
understanding of wildlife disease ecology through study at
the community level (128).

Biological invasions pose a significant threat to Ethiopia's
biodiversity but, like in much of Africa (129), have been little
studied (69). In recent decades, several alien plants are known
to have become invasive over large areas—e.g., mesquite
(Eudicots: Fabaceae: Prosopis juliflora) in the Afar Region and
water hyacinth (Eudicots: Pontederiaceae: Eichhornia cras-
sipes) in Lake Tana—reducing the ecosystem service values
of the habitats they invaded (130, 131). Invasive alien insects
and mites are also a growing issue—potential threats to agri-
culture and biodiversity alike—although the true scale of the
problemis largely unknown (132). For example, although over
1,300 spider mite (Arachnida: Tetranychidae) species have
been catalogued worldwide, including 28 in nearby Yemen
and 21 in bordering Kenya, only five have been identified to
date in Ethiopia, four of them alien crop pests (133). The inva-
sive alien fall armyworm (Insecta: Noctuidae: Spodoptera fru-
giperda), introduced to Ethiopia in 2017, has spread to six
maize producing regions of the country where it feeds upon
a wide variety of plants. Its potential impacts on agriculture
and biodiversity are substantial (134). Greater funding, exper-
tise, and research related to current and potential invasive
species must be considered priorities for Ethiopia.

Ethiopia's coffee forests are well studied, but the extent
to which its other agroforestry systems also contribute to
biodiversity conservation remains less known. For example,
while ensete (Eudicots: Musaceae: Ensete ventricosum, a
banana-like plant only domesticated and grown for food in
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Ethiopia) agroforestry supports many native woody species,
including some of conservation value (135), the extent to
which it supports other native flora and fauna remains to be
studied. Additional research is also needed on the resilience
of Ethiopia’s ancient community conservation systems and
the biodiversity they harbor (94, 96, 101) in the face of mount-
ing challenges—from civil strife to rapid human population
growth and infrastructure development. Although logistical
challenges abound, there are many opportunities to extend
and complement previous research on the biodiversity of
Ethiopia, and we hope that this review will prove a useful
resource for those who will carry out this important work.

Implications for Africa and the Tropical World. Beyond
Ethiopia, there are lessons from this review that we believe
can be applied more broadly to Africa and the wider tropical
world. Like a canary in a coal mine, Ethiopia offers an early
indicator of what the future has in store for tropical Africa.
Because of its unique geography, topography, and geology,
Ethiopia is an ideal testing ground not only for evolutionary
and ecological theory but also for studying the effects of global
change (136). The high elevation and tropical geography of
the Ethiopian Highlands shape strong seasonal rainfall and
temperature patterns, but like other alpine regions across
the globe (137), this abiotic seasonality is sensitive to climate
change (136). Ethiopia’s several decades-long studies of social
mammals in particular offer exciting opportunities to explore
the direct and indirect effects of climate variability on socially
complex animals, a crucial topic that is only just now beginning
to receive scientific attention (138, 139). The lessons we learn
from studying how Ethiopia’s biodiversity adapts (or fails to
adapt) to climate variability in the near future offers a window
into how the rest of sub-Saharan Africa’s biodiversity may
respond to a changing climate in the future.

Our review also demonstrates the benefits to both science
and society of promoting scientific development in one of the
world’s poorest but fastest-growing countries. Much of the
recent research discussed here was led by Ethiopian scien-
tists, many of them newly minted PhDs with bright scientific
futures. Increasing investment in higher education by the
Ethiopian government and by European countries in training
Ethiopian scientists has facilitated this burst in scientific train-
ing and output from Ethiopia (32), although training of female
scientists at the PhD level has lagged far behind that of male
scientists and is a priority area to be addressed (140).
Ethiopian scientists face various challenges shared by scien-
tists in many other African countries that are not experienced
by most of their counterparts in high-income countries. These
include lower pay, poorly equipped laboratories and libraries,
inconsistent internet, and many others (32, 141). Under these
circumstances, successfully competing for large international
sources of grant money is challenging. Support from collab-
orators and institutions in high-income countries with greater
access to funding and research infrastructure will continue
to contribute to science development in Ethiopia until greater
scientific parity with high-income countries has been reached
(32). Also important will be the development of more collab-
orations between Ethiopian scientists and their counterparts
in other African countries (142). Despite the obstacles that
remain, the recent rapid growth of scientific expertise in
Ethiopia should be celebrated and serve as a road map for
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other countries not yet on the same trajectory. Investmentin
higher education, especially in science, has been a key driver
of socioeconomic development in East Asia (143), and we
hope will pay similar dividends for Ethiopia and other devel-
oping countries that follow this path (32).

Last, the examples summarized here of successful commu-
nity-led conservation efforts from Ethiopia add to a small but
growing list of effective solutions to the challenges inherentin
protecting and managing common-pool resources, which are
especially pressing problems in biodiversity-rich, tropical loca-
tions today (103). Across the tropics, fortress conservation
initiatives, funded by centralized governments or large conser-
vation organizations, while well intentioned, have often failed
to avert biodiversity loss. Indeed, a recent meta-analysis found
that half of 60 well-studied protected areas in the tropics had
experienced major declines in biodiversity (among 31 animal
and plant guilds) over the past several decades (144). While no
single strategy is a panacea for all conservation challenges, the
examples of successful conservation initiatives from Ethiopia,
which range from “fortresses” erected by past emperors to
community-led efforts, offer important lessons to other trop-
ical nations in how to successfully employ a mixture of conser-
vation strategies to combat biodiversity loss.

Conclusion

Ethiopia is a high-biodiversity country and contains two major
centers of endemism, the mesic Roof of Africa and the arid
Horn of Africa. However, with its large and rapidly growing
human and livestock populations, widespread poverty, civil
strife, complex land policy issues, and mounting pressure to
exploit its natural resources for economic development,
there are few countries where the conservation of biodiver-
sity poses a greater challenge than Ethiopia. Against this
complex backdrop, several key areas of research on Ethiopia’s
biodiversity—particularly the behavioral ecology of its
large social mammals, the ecology and conservation of its
unique coffee forests, and successful approaches to conser-
vation in Ethiopia (some originating several hundred years
ago)—have broadened our understanding of nature and its
conservation in Africa. Ethiopia's scientific capacity has bur-
geoned over the past few decades, and the vast majority of
research on its biodiversity is now being produced by
Ethiopian scientists. There are many important areas for
future research in evolutionary biology, ecology, systematics,
and conservation in Ethiopia. These include 1) the long-term
impacts of climate change on biodiversity across Ethiopia’s
wide array of elevational gradients and ecosystems; 2) taxo-
nomic assessments for understudied groups including inver-
tebrates, bryophytes, and lichens; 3) the behavior, ecology,
and conservation of the little-known wildlife of the Horn of
Africa region and Ethiopia’s declining and fragmented ele-
phant populations; 4) the threats to biodiversity and agricul-
ture from biological invasions; 5) community-level studies of
wildlife disease ecology; 6) the biodiversity conservation
potential of ensete and other little-studied agroforestry sys-
tems; and 7) the impacts of population growth, civil conflict,
and infrastructure development on Ethiopia’s long-standing
community conservation systems.

Data, Materials, and Software Availability. All data are available in the main
textand S/ Appendix. Map files for Fig. 1 are available upon request.
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