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The Blue Nile Highlands of Ethiopia are a densely populated, predominantly rural region

dominated by smallholder crop-livestock mixed farming systems. Population growth,

coupled with low productivity, have long posed a threat to natural forest ecosystems

in the region, as trees have been removed for fuelwood and to clear area for grazing or

crop production. In recent years, however, there has been a trend to replace cropland

with eucalyptus plantations. This change has major implications for the hydrology, soils,

and agricultural economy of the region. This study examines changes in tree cover for

a highland area at the center of the Blue Nile Highlands. Landsat imagery from 1986 to

2017 is applied to characterize changing tree cover patterns over space and time. We

find that total tree cover in this highland region has shifted dramatically over the past

30 years. Between 1987 and 1999 there was dramatic loss of tree cover, particularly in

areas of natural vegetation at high and low elevation. This period coincided with the fall

of the Derg government and the transition to the current political system. In the period

since 1999 there has been an increase in tree cover, with rapid gains in recent years.

This increase has taken two distinct forms: regrowth in previously forested areas, due in

part to active conservation measures, and the establishment of eucalyptus plantations

in mid-elevation zones. The ecological and economic implications of these two types of

tree cover—protected forest vs. woodlot plantations—are quite distinct, with plantation

forestry providing biomass energy at a cost to food production and water resources.

Mapping cropland conversion to eucalyptus in recent years makes it possible to quantify

the net impacts that this trend has had on local production of energy and food, and

to estimate implications for water consumption. Effective monitoring of these changes is

important for the ongoing development and implementation of effective land use policy in

the region.
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INTRODUCTION

Under natural conditions, the Highlands of Ethiopia are a
forest-dominated region. The relatively cool and mostly wet
conditions support mixed forests of Choke mountain such as
Asta (Erica arborea), Hypericum revolutum, giant lobiloa (Lobelia
synchopetala), lady’s mantle (Alchemilla humania), and Guassa
grass (Festuca spp.) (Teferi et al., 2010). Indeed, although the
highlands have been home to farming and grazing activities
for many centuries, it has been estimated that at the turn
of the Twentieth century the highland zone was still highly
forested, with a cover of ∼40% (Britenbach, 1961). Today that
coverage is greatly reduced, as population growth coupled with
low productivity agriculture have driven rapid deforestation
for fuel wood, creation of new grazing lands, and expanded
croplands. Loss of forest cover has had significant implications
for biodiversity, has accelerated land degradation, and has
fundamentally altered watershed hydrology (Zeleke and Hurni,
2001). This is a significant concern for local livelihoods and for
national resource management. In theWestern Highlands, which
form the headwaters of the Blue Nile River, the impact that forest
cover change has on hydrology and erosion takes on international
significance. Historically, erosion from the Ethiopian Highlands
has been credited with delivering fertile sediment to Sudan
and Egypt, but it has also been to blame for filling reservoirs
and clogging irrigation channels in Sudan (Eggen et al., 2016).
In coming years, as Ethiopia completes the Grand Ethiopian
Renaissance Dam (GERD) on the Blue Nile, sediment from the
highlands will no longer reach downstream countries in large
volumes, but it may affect operations and project lifespan of the
GERD or of complementary dams planned further upstream.

Interestingly, the loss of tree cover in the Western Highlands
that characterized much of the Twentieth century is believed
to have reversed in recent years (Strategic Environmental and
Social Assessment, 2017). This has occurred for two reasons.
First, increased awareness of ecosystem services and the dangers
of land degradation have led to conservation efforts in some
recently deforested areas (Zeleke and Hurni, 2001). Second,
there has been a rapid expansion of plantation forestry in favor
of field crop agriculture in the past decade. These plantation
forests are dominated by eucalyptus—specifically, Eucalyptus
globules and Eucalyptus camaldulensis—with Acacia diccurence
also common in some areas. Ecologically and hydrologically,
these single species plantations are entirely different from natural
forest cover, and the loss of active cropland and possible
contribution of eucalyptus plantations to loss of soil fertility
has been met with alarm in some government reports and
scientific studies (Kidanu et al., 2005; Amhara National Regional
State Bureau of Agriculture, 2017; Jaleta et al., 2017; Strategic
Environmental and Social Assessment, 2017). At the same time,
plantation forests, and particularly eucalyptus plantations, offer
substantial economic benefit in local communities. The trees are
fast growing, easy to cultivate (Christina et al., 2011; Qiao et al.,
2016), provide land tenure security, are at low risk of failing, and
provide higher direct economic returns than most traditionally
cultivated field crops (Bekele, 2015; Jaleta et al., 2017). They
also provide some wood for local use. Though the primary

markets for eucalyptus charcoal and scaffolding are urban and
international—the trade between western Ethiopia and Sudan
is significant—a fraction of woody material is used locally for
fuel and other applications (Strategic Environmental and Social
Assessment, 2017).

While government officials and some researchers have begun
to investigate this eucalyptus dynamic (Mengist, 2011; Bekele,
2015; Jaleta et al., 2016, 2017; Strategic Environmental and
Social Assessment, 2017), there is a general lack of information
on the extent of the process and conservation efforts in
natural forest zones have been described but their impacts
have not been quantified. Analyses of the social dynamics and
environmental impacts associated with these changes require
consistent information on tree cover change at landscape
scale, and on the implications that these changes have for
interconnected energy, water, and food resources in the region.
Here we apply satellite imagery to investigate change in tree
cover over the period 1986–2017. The analysis is stratified by
agroecological zone in order to isolate changes in historically
forested regions from change in areas where tree plantations are
replacing cropland. This analysis provides a quantitative estimate
of changing tree cover pattern in the Blue Nile Highlands that
we can associate with policy and economic trends over the past
three decades. We then apply estimates of plantation biomass
production, eucalyptus water consumption, and average crop
yields in the region to convert maps of tree cover change to first
order estimates of policy-relevant impacts on energy, water and
food resources. These data can provide a foundation for analysis
and modeling efforts to understand the economic, hydrological,
and ecological impacts of tree cover change in the region.

MATERIALS AND METHODS

Study Area
The Blue Nile Highlands are located in western Ethiopia,
centered around 10◦N, and 36◦E (Figure 1). The region is
characterized by hilly and sometimes steeply dissected terrain.
We performed our study in the East Gojjam Zone, a region that is
representative of Blue Nile Highland conditions and that includes
a large elevation gradient: 800–4,200 meter above sea level
(m.a.s.l.), from the gorge of Blue Nile River to the top of Choke
Mountain. The rainy season coincides with the northern shift
of inter-tropical convergence zone (ITCZ) in boreal summer,
with most rainfall falling between May and September (Taye
et al., 2011; Zaitchik et al., 2012). The distribution of rainfall
across the Blue Nile Highlands shows variability associated with
topographic gradients. The western slopes tends to be wetter
than the eastern slopes, and in our study region the strongest
precipitation gradients follow elevation: wettest conditions are at
high elevation and the driest conditions are in the Blue Nile gorge
(Simane et al., 2013). These precipitation contrasts combined
with the elevation temperature gradient produce a sequence of
distinct agroecological zones (Figure 1; Table 1). These zones
are characterized by different ecologies and crop mixes, with
implications for livelihood strategies and climate vulnerabilities
(Simane et al., 2013).
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FIGURE 1 | Agroecologial zones of Choke Mountain, in the Blue Nile Highlands. Zones are shown for East Gojjam zone, which defines the spatial extent of this study.

Black lines are woreda boundaries.

TABLE 1 | Traditional classification of agroecological zone in the Choke Mountain

wahtershed (modified from Simane et al., 2013), (AEZ, agroecology zones).

Agroecology zones Traditional climatic zone Altitude (m)

AEZ1 Lowland (Blue Nile

river valley)

Berha (hot arid) <800

AEZ2 Midland plain (Black

soil area)

Kola (warm semiarid) 800–1,800

AEZ 3 Midland plain

(Brown soil)

Woinadega (cool, sub-humid) 1,800–2,400

AEZ 4 Sloping area Dega (cold, humid) 2,400–3,200

AEZ 5 Hilly and

mountainous area

Dega (cold, humid) 3,200–3,800

AEZ 6 Protected and

forested area

Wurch (afro alpine, cold, moist) >3,800

AEZ 7 Protected natural

grassland area

Wurch (afro alpine, cold, moist) >3,800

Agriculturally, East Gojjam is dominated by smallholder
crop-livestock mixed farming systems (Zaitchik et al., 2012;
Eggen et al., 2016). The types of crops cultivated in the
region differ as a function of agroecological zone and the
soil type. For example, teff, wheat, barley, sorghum, maize
and potato are among the most widely cultivated crops for
home consumption and for market purposes, with sorghum
and maize dominant at low elevations, teff and wheat found
predominantly in midland agroecosystems, and barley and
potato found in high elevation agroecozones. Importantly, the
highest elevation zones—agroecological zones 6 and 7—were
relatively undisturbed forest and grasslands until recent decades

(Simane et al., 2013). Only in the 1980s did land and population
pressure lead to significant encroachment on these zones for
grazing, collection of fuel wood, and in some cases production of
barley or potato (Figures 2A,B) (Simane et al., 2013). Similarly,
in the lowest elevation zone (agroecozone 1) there was, until
recent decades, reasonable scrub and tree cover in the steep and
dissected terrain of the gorge. As population pressure increased
in the last decades of the Twentieth century, these wooded areas
were encroached upon in an effort to create new, albeit extremely
marginal, cropland.

In themidland agroecozones 2–5, slopes are reasonably gentle,
soils are more fertile, and there is neither the crop-limiting cold
of the highlands nor the frequent droughts found in the gorge.
In these areas subsistence agriculture is reasonably productive,
and it has long been the favored land use. However, due to
a combination of factors that will be discussed later in the
paper, recent years have seen a dramatic increase in eucalyptus
plantations (Figures 3, 4). Rapid changes in tree cover in these
zones, then, is almost exclusively due to plantation forestry, while
changes in agroecozones 1, 6, and 7 aremore closely related to the
removal or reestablishment of natural tree stands.

Data
The objectives of this study are to quantify and characterize
changes in tree cover over the past several decades and evaluate
the observed land cover changes in terms of food, energy and
water resources. Since a long time record is required, and since
forest plantations in Ethiopia can be less than a hectare in size,
we used Landsat images which are 30m resolution continuously
from 1986 to the present (Landsat-4 through Landsat-8). The
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FIGURE 2 | (A,B) example pictures by (Temesgen Alemneh) showing tree cover clearance in agreoco zones 6 and 7 for grazing (A) and cropping (B); (C,D) satellite

images of agroeco zone 7, showing some reestablishment of natural tree cover in the last decade; (E,F) satellite images of agroeco zone 1, showing return of natural

tree cover. Satellite images are from Google Earth/Digital Globe (C,E) and Google Earth/CNES/Airbus (D,F). (Red circles indicated in E and F are used to draw out

areas of tree cover returns between 2004 and 2016).

spatial resolution and multispectral character of Landsat imagery
is well suited for agriculture and other environmental monitoring
studies (Cohen and Goward, 2004).

For this study, images from Landsat-5 ThematicMapper (TM)
and Landsat-8 Operational Land Imager (OLI) provided the best
seasonally matched images of the study region over the broadest
possible time period (Table 2). We selected dry season images
from the period after field crops are harvested (late January and
February), in order to maximize the availability of cloud free
images and to minimize confusion between young trees and
active field crops. At this time of year, trees are some of the only
live and actively growing vegetation in the study area, making
them relatively easy to detect.

A limitation of our method is that we do not directly
distinguish plantation forest from natural forest. At Landsat
spectral and spatial resolution there were no distinguishing
characteristics that made it possible to do this reliably across the
entire landscape. Instead, we classify all tree cover as a single class
and interpret the results on the basis of landscape context; i.e.,
natural forest is found in steep or protected lands at low and
high elevation, while there is essentially no natural forest in the
midland agricultural region beyond a few protected areas around
churches that have not changed over time. For this reason, we
were able to interpret midland tree cover change (agroecozones
2-5) as a function of plantations, where tree cover change on
steep slopes of the gorge (agroecozone 1) and in the protected
area on top of the mountain (agroecozones 6–7) was understood

to be natural tree cover change. Further, we do not attempt
to distinguish between tree species in plantation forestry. It is
known that the majority of plantations in the study region are
monocrop eucalyptus, but other orchard and woodlot species are
present and are included in our tree cover results.

Image Processing
Supervised classification was performed on each selected Landsat
image using the Maximum Likelihood classifier in ESRI ArcMap
10.5. All reflective bands were used as input to the classification.
Training regions were manually digitized, with classes identified
through visual inspection of the landsat images, cross-checked
with Google Earth for recent images, and the authors’ extensive
experience living andworking in the region. The following classes
were defined as input to the maximum likelihood classifier: (1)
tree cover; (2) cropland; (3) grazing land; (4) other vegetation
(such as bush and shrubs); (5) water body; and (6) settlement and
towns. Training regions, and the subsequent classification results,
were limited to East Gojjam Zone, which offers a convenient
boundary for the analysis. The accuracy of the classification
approach was evaluated for the 2017 image using 265 points
and comparing the classification result to the land cover class as
determined from high resolution Google Earth imagery from the
same time period. As our focus is on comparing tree covered
to non-tree areas, we selected approximately 50% of points
from tree covered areas (as identified in Google Earth) and
50% from non-tree areas. User’s accuracy (error of commission),
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FIGURE 3 | Pictures by Temesgen Alemneh: (A–D) examples of first rotation cultivation of eucalyptus on croplands, and (E,F) the second rotation growing eucalyptus

after harvesting.

Producer’s Accuracy (error of omission), Overall Accuracy, and
the Kappa Coefficient were calculated using standard methods
(Jensen, 1996). Kappa Coefficient is a measure of the difference
between the observed agreement between two maps and the
agreement that might be attained by chance (Campbell, 2007),
and is calculated as:

K =
Observed− Expected

1− Expected

It was not possible to evaluate the classification of the earlier
images due to lack of availability of high resolution imagery,
so we adopt our 2017 accuracy assessment as indicative of the
performance of our classification approach.

Subsequent to classification, all classes were collapsed into one
“tree” class and one “non-tree” class. These classes were applied in
order to map and quantify changes in tree cover over the period
of study. We did not attempt to distinguish between natural
forest and plantation forest in the classification stage, owing to
the optical diversity of both types of forest as a function of age,
siting, and species. Instead, we distinguish between plantation
and natural forest by landscape context and land use history, as

described in results and discussion. All analyses were performed
for East Gojjam as a whole and also stratified by agroecological
zone.

RESULTS AND DISCUSSION

Accuracy of Land Cover Classification
We categorized the land uses of the Blue Nile Highland
regions into trees, croplands, grasslands, other vegetation, water
bodies and settlement and towns. These categories capture the
major land covers of the study region, and they were applied
consistently across all images to allow for analysis of land use
dynamics over time (Fagan et al., 2015) in different agroecological
zones of the region.

Accuracy assessment of the 2017 classification demonstrates
adequate performance. In an evaluation of the classification
for 265 points with known land cover identified in high
resolution Google Earth images fromwithin 1 year of the Landsat
acquisition date, we found overall accuracy of 92.5% for tree vs.
non-tree (91.3% for all classes) and Kappa coefficient of 0.85 for
tree vs. non-tree—i.e., 85% improvement over chance agreement.
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FIGURE 4 | High resolution images highlight rapid expansion of eucalyptus plantations in agroecology zone 5 (A–E) (between 2004 and 2014, and 2004, 2014, and

2016) and in agroecology zone 4 (F–G) at the expense of croplands. All satellite images are from Google Earth/Digital Globe (A,C), and Google Earth/CNES/Airbus

(B,D–G).

With respect to tree vs. non-tree classes, the User’s Accuracy
for trees was 88.0% and the Producer’s Accuracy was 97.7%.
The slightly lower User’s Accuracy is a result of terrain shadows
being incorrectly classified as forest. Full results are presented in
Table 3.

Tree Cover Change Between 1987 and 2017
Our analysis of tree cover change through time begins in 1986.
This date represents the oldest seasonally appropriate image we
could obtain from the Landsat 4–8 mission series, and it is also
a historically appropriate time to establish a baseline for recent
land cover change dynamics. In 1986 the derg dictatorship had
been in power for 12 years but was beginning to weaken, with
government reorganization occurring in 1987 and the regime

ultimately falling in 1991, after an extended civil war. The
derg had overseen a large tree plantation program throughout
the country, including the use of both exotic species (e.g.,
eucalyptus) and indigenous plants (e.g., Hagenia abyssinica).
The program was implemented at the household level in each
homestead area, in stream buffer zones—i.e., along river banks to
prevent erosion—and in open areas selected by the community
for common use. This activity significantly contributed to the
expansion of tree cover in the region. In this sense, 1986
represents a potential high tree stand period within recent
Ethiopian history.

Indeed, our classification of Landsat imagery from 1986 and
1987 indicate that East GojjamZone was 6–8% covered by trees—
including both natural forest and plantation—at this high stand
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TABLE 2 | Cloud free Landsat satellite images acquired over the Blue Nile

highlands; East Gojjam, Ethiopia.

Year Path/row Image acquisition date Satellite and sensor

1986 169/053 28 January 1986 Landsat-5 TM

1987 169/053 31 January 1987 Landsat-5 TM

1999 169/053 17 February 1999 Landsat-5 TM

2014 169/053 25 January 2014 Landsat-8 OLI

2017 169/053 17 January 2017 Landsat-8 OLI

TM, thematic mapper; OLI, operational land imager.

TABLE 3 | Error matrices of classification map of landsat imagery from Blue Nile

highland regions.

Classification Tree cover Grass Crops Town/village Water Row total

Tree cover 125 10 6 1 0 142

Grazing 2 29 2 0 0 33

Cropland 0 1 85 0 0 86

Town/village 1 0 0 2 0 3

Water 0 0 0 0 1 1

Column total 128 40 93 3 1 265

period. Tree cover was greatest in AEZ 7 (56–57%; Table 4), the
natural forest and grassland area at the top of the mountain,
but was also relatively high in the steep, erosion-prone slopes of
the Blue Nile gorge (AEZ 1; 6–11%) and in the high elevation,
low productivity AEZ 6 (25–27%), located just downslope of
the AEZ 7 mountain top (Figure 5). Classification results are
relatively stable between 1986 and 1987 for most AEZ, as would
be expected, but there is a significant difference in AES 1 between
the 2 years that is likely an artifact of illumination rather than an
actual large-scale change.

Subsequent to the fall of the derg in 1991 there was an
extended transition period as the new government consolidated
power and put land policies in place. This period, represented
in our analysis by the difference between the 1987 and 1999
images, was associated with land grabbing for crops and grazing,
encroachment of agriculture to higher elevation, and a weakening
of communal land management arrangements. These dynamics
are dramatically evident in our classification of tree covered
areas, as the 1999 image is the low point in our analysis for tree
cover across all AEZ. Overall tree cover dropped to 2%, with
major losses in the ecologically sensitive and/or erosion prone
portions of AEZ 1, 6, and 7. The loss of natural forest cover
in high elevation zones is particularly apparent (Figure 6), as
natural tree cover was lost to fuelwood harvesting, conversion
for grazing land, and in some cases low productivity cropping.
Tree cover was also reduced in midland AEZ, primarily due to
the loss of plantation and buffer strip tree planting enforced by
the derg. We do note that a lack of appropriate Landsat imagery
in this period limits our confidence in the quantitative details of
our classification result. Only one cloud free dry season image
could be obtained for this historic period, and it is possible
that illumination effects or other image-specific conditions could

TABLE 4 | The total area coverage of each agroecology zones and percentage of

the tree cover in each year.

Agroecology

zones

Total area

coverage

(km2)

Percentage of tree cover in each year

1986 1987 1999 2014 2017

1 2136.21 11.1 5.8 0.9 0.05 1.7

2 6124.37 7.7 4.8 1.3 1.5 4.8

3 4755.58 4.8 4.1 1.3 2.7 4.6

4 1438.09 6.3 7.4 3.5 7.3 13.7

5 685.37 8.6 9.5 3.8 10.1 17.6

6 461.13 24.6 26.8 6.7 15.6 20.8

7 115.86 57.4 56.7 13.4 14.2 18.9

introduce error. Nevertheless, site-specific examinations like
Figure 6 confirm that the general patterns of tree loss are realistic.

The period between 1999 and 2014 saw relatively small rates
of change in tree cover. Some gain was observed in AEZ 6, as
government watershed protection policies were established and
enforced. Tree cover also increased somewhat in AEZ 4 and AEZ
5, as the trend toward plantation forestry, primarily eucalyptus,
began to take shape in the 2000’s (Bewket, 2005). With these
exceptions, however, total tree cover wasmostly static over this 15
year period, particularly relative to the rapid changes seen before
and after. Overall, tree cover in 2014 was 3%.

In contrast to the relative stasis between 1999 and 2014,
changes in tree cover between 2014 and 2017 are dramatic.
Overall tree cover increased by 3% from 2014 to 2017, but what
is most notable is the location of this increase. The change is
in some part attributable to forest recovery at the top of the
mountain, and there is a small amount of regrowth in AEZ 1 that
could be attributed to new conservation efforts or to transient
differences in climate (or image quality) between the 2 years. But
in the mid-elevation AEZ there is a significant increase in tree
cover, most evident in AEZ 4 and AEZ 5. In 2017, tree cover
in these two AEZ is higher than it was at any other period in
our analysis, including the 1986 and 1987 baseline images. The
reason for this change is almost entirely attributable to a shift
from mixed crop and livestock agriculture to plantation forestry,
dominated by eucalyptus (e.g., Figure 7).

Implications for Food, Energy, and Water
Resources
The quantitative tree cover area estimates presented above are
subject to uncertainties related to classification method, Landsat
resolution, and the limited availability of cloud-free imagery in
the middle period of analysis. Nevertheless, the general trends
of deforestation at high and low elevations in the first period of
analysis (1986 to 1999) followed by stabilization (1999 to 2014)
and a combination of forest recovery due to conservation and
a rapid expansion in plantations in recent years (2014 to 2017)
appears to be consistent across the analysis, supported by image
evaluation with Google Earth, and in line with known land cover
change patterns in the study region.
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FIGURE 5 | Percent tree cover in each AEZ in the 1986, 1987, 1999, 2014, and 2017 Landsat classifications.

FIGURE 6 | True color Landsat composites for the summit of Choke Mountain in (A) 1987 and (B) 1999. (C) Shows classified change in tree covered area between

the two images: red is tree cover lost between 1987 and 1999, green is tree cover gained, and yellow is persistent tree cover. Gray shading in (C) is hill shade.

FIGURE 7 | True color Landsat composites for a region centered on AEZ 4 and 5 in (A) 1999 and (B) 2017. (C) Shows classified change in tree covered area between

the two images: red is tree cover lost between 1999 and 2017, green is tree cover gained, and yellow is persistent tree cover. Gray shading in (C) is hill shade.

Recovery of forest cover at the mountain top (AEZ 7,
AEZ 6) (Figures 2 C,D) and in the steep Blue Nile gorge
(AEZ 1) (Figures 2E,F) provides multiple benefits: reduced
erosion, higher river flow in the dry season, and enhanced
biodiversity, among others (Yitebitu et al., 2010). Expansion of

tree plantations, however, has been controversial. While tree
crops—and in particular rapid-growing eucalyptus species—offer
significant economic and land security benefits to the farmer,
they come at the cost of lost food production, increased water
consumption, and, for eucalyptus, allelopathy that can prevent
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returning a plot to field crops and that acts to reduce yields on
neighboring plots (Kidanu et al., 2005; Mesfin and Wubalem,
2014). Here we consider the total impact that conversion of
crop and pasture land to tree plantation has on energy, food
and water in the study region. The numbers are not intended
to be exact, but rather to provide general order of magnitude
considerations to put the current eucalyptus boom in context.
We assume that all plantations are eucalyptus. This is not
entirely true, but it is true for the large majority of plots. The
energy implications of eucalyptus production are significant.
Rural households in Ethiopia depend heavily on biomass energy
in the form of fuelwood, charcoal, cow dung and crop residues.
These traditional biomass energy sources account for about 90%
of total primary energy use in Ethiopia (Mekonnen and Köhlin,
2008), and about 99% of rural areas rely on biomass as their
primary cooking fuel. Biomass is mainly used for cooking and
to a minor extent for heating and lighting, and demand for
biomass energy has increased over recent decades as population
has increased (Chanie et al., 2013; Bekele, 2015). This demand is,
in part, responsible for loss of natural forests and for declining
soil fertility. Plantation forestry has the potential to address
this demand. While eucalyptus plantations in the study region
currently serve multiple markets, including domestic timber
needs and charcoal trade to Sudan, the presence of plantation
forests does address local energy need to some extent. Studies of
eucalyptus growing regions in Ethiopia have indicated that on the
order of half of the harvested eucalyptus biomass is used locally
for energy and other uses (e.g., Barreiro and Tomé, 2012; Berhanu
et al., 2017).

The productivity of eucalyptus plantations varies widely as a
function of environment, species, management, and stand age.
In Ethiopia, rotations of eucalyptus are usually between 5 and
25 years (Selamyihun, 2004). The average annual rate of biomass
production increases with time in this age range (Pohjonen and
Pukkala, 1990). Realized biomass yields differ dramatically by
site and management approach, and a wide range of estimates
can be found in the literature. Here we use the estimates of
Pohjonen and Pukkala (1990), which indicate that for an average
site and a coppicing cycle of 5–10 years, eucalyptus stands yielded
an average of approximately 30 m3 ha−1 yr−1, averaged across
the harvesting cycle. For a Eucalyptus globulus wood density of
545 kg m−3 (Barotto et al., 2017), this means a wet wood yield of
∼16,000 kg ha−1 yr−1. Using a rough conversion of 10 MJ kg−1

for freshly harvested wood, this is equivalent to 160 GJ ha−1 yr−1.
Our estimates of tree cover change indicate that between 2014

and 2017 14,280 ha of tree cover was added to AEZ 4 and 5.
Assuming that this change was entirely associated with forest
plantation, and recognizing that almost all forest plantations in
these elevation zones are eucalyptus (Bewket, 2005), we calculate
a total energy production of 2.3·106 GJ yr−1. Rural households
in the study area use a combination of fuelwood, dung, and crop
residues for biomass energy, but fuelwood is the most common
and represents about two-thirds of total biomass energy use
(Bewket, 2005; Federal Democratic Republic of Ethiopa, 2012)-.
Average annual household wood consumption is estimated to be
about 511.3 kg (5,113 MJ) (Bewket, 2005), such that the increase
in forest plantation area observed between 2014 and 2017
could meet the fuelwood needs of nearly 225,000 households

if 50% of the material was used locally for energy. As a point
of comparison, the Ethiopian Central Statistics Agency (2007)
census recorded a total of 506,520 households in East Gojjam.
The population is estimated to have increased substantially in
the decade since this census, but the first order conclusion is
that expansion of forestry plantation on this scale can have a
transformative impact on the biomass energy economy of the
region.

This gain in energy production comes at a direct cost of
land lost for food production. There is the direct loss of land
converted to eucalyptus plus additional loss due to allelopathy
and shading affecting neighboring fields (Dessie and Erkossa,
2011). Considering only the direct effect, the average yields of
grain crops in AEZ 4 and AEZ 5 are on the order of 3,200 and
3,100 kg ha−1 for wheat, respectively, and 2,100 and 2,300 kg
ha−1 for barley (Eggen et al., submitted). These are two of the
major staple grains in these AEZ (Simane et al., 2013). Engido
(Avena spp.) and potato are also important, but we do not
have consistent yield estimates for those crops. Maize and tef
are planted to lesser extent (Simane et al., 2013, Eggen et al.,
submitted). To make a simplified assumption, if all of the land
converted to plantation forestry between 2014 and 2017 came
from productive crop lands previously planted in wheat or barley,
then these AEZ lost a total of 4.5·107 kg of wheat production
or 3.1·107 kg of barley production. The average rural household
consumes 447 kg of staple grain per year (Worku et al., 2017),
so this total loss translates to the grain needs of on the order of
70,000 to 100,000 households. This clearly indicates that the trend
in eucalyptus production has a potentially significant impact on
future food security of the region (Amhara National Regional
State Bureau of Agriculture, 2017).

Eucalyptus also draws scrutiny because of its high
transpiration rate, which leads to significant water consumption.
Eucalyptus roots are capable of reaching shallow ground water,
meaning that mature stands can impact water reserves that are
typically untapped by crops and grasses. One estimate from
Ethiopia holds that eucalyptus plantations use 785 liters of water
to produce 1 kg of biomass (Davidson, 1989). Using our biomass
production estimate of ∼16,000 kg ha−1 yr−1, this translates
into a consumption of 12,560 m3 water per hectare per year,
or 1,256mm m−2 yr−1. This rate of water consumption is on
the same order as the total annual rainfall in these AEZ, and
is substantially higher than estimated evapotranspiration from
crops and grasslands in the area (Zaitchik et al., 2012). This raises
a concern for the viability of local streams and, considering the
study region’s location in the headwaters of the Blue Nile basin,
potentially has broader implications for water resources in a
contentious transboundary basin. The impact would not appear
to be overwhelming relative to the total water balance of the
basin: the Blue Nile has an average annual flow on the order of 50
billion cubic meters per year. Even if eucalyptus doubles the rate
of evapotranspiration relative to other land uses, the conversion
14,280 ha to eucalyptus in AEZ 4 and 5 would only result in an
evapotranspiration increase of 90 million cubic meters per year.
Extrapolated over the entire Blue Nile basin this could become
meaningful, but it will not drastically change total downstream
water availability. The impact on local streams and the character
of the hydrological regime is likely to be more relevant when
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considering impacts on locally-available water (Christina et al.,
2011). Potential benefits of increased water consumption include
reduction in local waterlogging and possible reduction of certain
types of saturation-induced flooding (Jaleta et al., 2017).

CONCLUSION

The Blue Nile highlands of Ethiopia are a region of subsistence,
low input agriculture and high population growth. These
characteristics make for significant land pressures, including
the conversion of marginal lands and natural forest and
grasslands into cropped agriculture. This trend has been noted
by numerous sources and in many parts of the Ethiopian
highlands (e.g., FAO, 2010). Our analysis of tree cover in
Landsat imagery captures this trend for the first portion of our
analysis period: between 1987 and 1999 there was substantial
loss of forest cover in steep lands and high elevation areas in
East Gojjam. However, in recent years deforestation has slowed
due to enforcement of watershed protection policies (Federal
Democratic Republic of Ethiopa, 2018). At the same time,
tree cover in the form of plantation forestry—particularly of
eucalyptus—has increased rapidly on land that was previously
used for crops or communal pasture. Combined, these trends
have led to an increase in total tree cover in both high or
marginal areas (AEZ 1, 6, and 7) and in fertile agricultural
areas (especially AEZ 4 and 5). The analysis presented here
relies on a relatively small number of Landsat images, and
is therefore subject to some uncertainty in the quantitative
estimates of tree cover change. The general patterns, however,
are robust across images early in the period (1986 and 1987)
and at the end of the period (2014 and 2017), and they align
with general understanding of tree cover trend in the region
(e.g., Amhara National Regional State Bureau of Agriculture,
2017).

The expansion of eucalyptus plantations has been
controversial. While these plantations currently offer significant
economic benefit to farmers (Matthies and Karimov, 2014;
Bekele, 2015) and help to meet timber and fuel wood demand,
the practice removes land from food crop production, consumes
large amounts of water, and, due to allelopathy and shading,
reduces crop yield for neighboring farms. Studies and reports
on the phenomenon come to divergent conclusions about the
long-term desirability of the trend (Demel, 2000; Mesfin and
Wubalem, 2014). We do not attempt a socioeconomic analysis
of the eucalyptus boom, nor do we make any conclusions about
the net benefit or cost of eucalyptus conversions in this region.
Instead, we attempt to provide some context for the observed
land cover change in terms of basic resources of energy, food,

and water. Using area change estimates from our own analysis
together with published estimates (Kidanu et al., 2005; Mesfin

and Wubalem, 2014; Jaleta et al., 2017) of eucalyptus wood
yield, water use, and energy content, we find that eucalyptus
plantations on the scale observed in the study region have
the potential to offset on the order of 99% of rural household
energy use, averaged across East Gojjam. While we do not
know whether eucalyptus is actually being used in this way, it is
helpful to consider how the practice might contribute to energy
needs, simply to assess its value in terms of basic human needs.
We also find that the total water consumption is significant
relative to the local water balance, in that eucalyptus in the
Ethiopian highlands have been estimated to have annual water
consumption on the same order as annual precipitation in the
study area. The impact on main stem Blue Nile flows might
also be detectable, but we estimate that it is small relative to the
total flow of the river, or relative to the volume of evaporation
observed at downstream open water reservoirs along the Nile.
Finally, using observed yield data from the AEZ most affected
by the eucalyptus boom, we estimate that grain production
directly lost to land conversion into forest plantation is on the
order of 3.1·107 kg of barley production or 4.5·107 kg of wheat
production, which is enough to meet the grain needs of 70,000 to
100,000 households under current consumption patterns. These
diverse impacts on food, energy, and water are relevant to any
policy intended to discourage or encourage further eucalyptus
conversions in the Ethiopian highlands.
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