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Abstract: The conversion of fertile croplands to Eucalyptus woodlots in Ethiopian highlands, due to its
business attractiveness to smallholders, raises concerns related to food production, water resources,
carbon and other ecosystem services. This study was therefore designed to examine land allocation
and plantation management decisions. Our emphasis was on the analysis of tradeoffs between
the economic gains obtained from harvesting Eucalyptus timber and food production, carbon and
water use. For that purpose, we considered a 1987 ha agroforest landscape in the Amhara region,
Northern Ethiopia. With a planning horizon covering nine one-year periods, we developed and
used nine Model I single objective linear programming (LP) models, and analyzed tradeoffs between
objectives (e.g., land expectation value (LEV), Carbon, volume of ending inventory (VolEI), crop
production and water use) using an LP-based Pareto frontier approach. The study revealed that
the objective of maximizing the total economic gain from the sale of Eucalyptus wood poles favored
a complete conversion of the available cropland into Eucalyptus woodlots. To meet the minimum
annual crop production/consumption/requirements of households in the study area, the land under
Eucalyptus should be limited to 1772 ha, with a sequestration potential of 1.5 to 1.57 × 107 kg yr−1 of
carbon in the aboveground biomass. However, this land cover limit should be decreased to 921 ha
so as to limit the total annual water use (for biomass production) below the amount available from
rainfall (11,000 m3 ha−1 yr−1). Moreover, the study highlighted that maximizing the harvested wood
volume or LEV would come at the cost of a decreased aboveground carbon stock and volume of
ending inventory and higher total water use. It also provided alternative optimal Pareto-front points,
among which decision makers will be able to select their preferred targets. The current study also
showed the potential for the application of Pareto frontier approaches to support the development
of effective ecological/economic management strategies and the design of land use policies in an
Ethiopian context.

Keywords: carbon stock; crop production; Eucalyptus plantation; linear programming; Pareto frontier;
tradeoff; water use

1. Introduction

The area of natural forests and woodlands in Ethiopia has been shrinking, whereas
the population and the demand for forest products has rapidly increased [1]. Thus, the
establishment of forest plantations has been one of the government’s main strategies to deal
with the huge gap between forest product supply and demand in the country [2]. Since
the beginning of the 20th century, successive governments have attempted to promote the
establishment of forest plantations, mainly of Eucalyptus, across the country [3,4]. This
policy led to large-scale state- and community-owned plantations of Eucalyptus. Starting
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from the early 1980s, smallholder farmers have been taking the lead in expanding Eucalyptus
tree planting in the form of woodlots [4–6]. Often farmers grow Eucalyptus in areas for which
there are few other use options, e.g., areas along the holding boundary or that have small
productivity, or else in small woodlots in the front yard or in the garden. In the past three
decades, however, owing to the popular acceptance of Eucalyptus plantations as an attractive
business for smallholders, the conversion of fertile croplands to Eucalyptus woodlots is
becoming common [7–9]. In most parts of the country, fertile croplands have been converted
to Eucalyptus woodlots every year, mainly because it is a more lucrative form of income [8].
Moreover, woodlots on agricultural farms are not only used to increase the tree cover but
can also be used for climate change mitigation through carbon sequestration [10]. Planting
Eucalyptus on former cropland can increase aboveground biomass carbon and contribute to
climate change mitigation [11].

Nevertheless, the uncontrolled expansion of Eucalyptus on crop lands has raised great
concern, mainly related to its impact on food production and water resources [12]. A recent
study reported that the conversion of cropland into Eucalyptus in the central highlands
has led to an annual loss of 4.5 × 107 kg of wheat production or 3.1 × 107 kg of barley,
which translates to the grain needs of 70,000 to 100,000 households [13]. Producing more
food for a growing population in the coming decades, while at the same time combating
poverty and hunger and coping with the impacts of climate change, is the major challenge
facing agriculture in Africa. Another issue related to Eucalyptus expansion is its impact on
water resources, as the species has been reported to have high water consumption, mainly
attributed to its fast growth and high biomass production. This implies that carbon seques-
tration could be another important variable to be considered when analyzing the Eucalyptus
expansion issue. Moreover, the analysis can now move further from the single objective
of maximizing economic gains from wood production to the consideration of multiple
objectives such as carbon, water and food, which requires multi-objective optimization.

The decision of whether to facilitate or else to constrain the expansion of Eucalyptus
requires scientific-based decision support systems. Available studies related to the issue
are mainly based on interview-based qualitative justifications, e.g., [8,14], or plot- and
household-level comparisons of crop and Eucalyptus land uses in terms of economic and
ecological variables [6,13,15–17]. There is an opportunity to take advantage of advanced
decision support tools to provide more information to policymakers and other stakeholders
about the impacts of Eucalyptus plantations on timber-related revenues, crop production,
carbon and water resources.

Linear programming (LP) is a powerful tool to formulate and solve practical economic
problems and is widely applied in management planning in several economic activities [18].
There exists a wealth of literature demonstrating the use of LP in solving forest and land
management planning problems [19]. The literature also reports the use of multiple criteria
decision analysis (MCDA) for finding solutions to decision problems with multiple conflict-
ing goals or criteria [19,20]. In this case, in decision analysis one sets criteria to address the
supply of multiple ecosystem services in a multi-objective forest management planning pro-
cess, and then adopts an MCDA method to analyze the tradeoffs among these criteria [21].
There are various decision support tools based on MCDA [22]. The tools provide outputs
through which end users and scientific researchers can learn and understand the impacts of
management plans on the provision of forest ecosystem services [23,24]. For example, the
literature reports recent successful applications of the Pareto frontier tool [25]. The Pareto
Frontier is an a posteriori MCDA approach in which decision makers are not required to
set targets for criteria before being informed of trade-offs among ecosystem services.

MCDA and its application in tradeoff analysis have been extensively used and de-
veloped for plantation forest management, including that of Eucalyptus forests [25–29].
Borges et al. [25] analyzed tradeoffs between four economic and environmental criteria
(objectives), i.e., net present value (NPV), timber supply, cork supply, carbon stock and
value of ending inventory. Researchers in Northeast China also used MCDA to examine
tradeoffs between carbon, timber and total NPV [30]. A study in the Western Alps charac-
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terized trade-offs and synergies between timber production, biodiversity conservation and
protection against natural hazards using the Pareto frontier method [31].

However, applications of LP or of MCDA in support of management planning and
policy analysis in agroforest landscapes and in developing countries such as Ethiopia
are scarce. The current study has therefore attempted to address this gap. It examines
the impacts of converting cropland into Eucalyptus plantations. Namely, we focus on
the impacts of this conversion on economic returns, as well as on the provision of other
ecosystem services (e.g., food production, carbon and water). We analyze further the
tradeoff between these ecosystem services. The goal of this study is to help identify
land allocation and plantation management strategies that may address several criteria
simultaneously, while considering the tradeoffs between them. Specifically, this research
considers a Eucalyptus-dominated agroforest landscape located in northern Ethiopia and
uses LP and MCDA to examine land allocation and plantation management alternatives
and their impacts on economic gains from harvesting Eucalyptus timber, while addressing
food production and water use concerns.

2. Materials and Methods
2.1. Case Study Area

The study was conducted in the agroforest landscape of Kosoye Amba Kebele adminis-
trative unit of the Wogera district, Northwestern Ethiopia (Figure 1). It is located at 37.36◦ E
longitude and 12.46◦ N latitude. The altitude ranges from 1100 m to 3040 m a.s.l, with an
average altitude of 2812 m a.s.l. The mean annual rainfall is between 1000 and 1200 mm,
and the minimum and maximum temperature are 14 ◦C and 33 ◦C, respectively. The rainy
season extends from June until the end of September, with most of the rain being received
in July and August [32].

Figure 1. Location map of the case study area in Wogera district, Northern Ethiopia.

The decision to select the case study area was made in cooperation with the district
forestry experts. In this area, the rate of conversion of cropland to Eucalyptus woodlots has
been relatively high, leading to a substantial area of Eucalyptus. It extends over 1987 ha,
of which 1327 ha is cropland and 660 is plantation forest. The regional administrative
office reports a total of 1350 households in the Kebele. Crop production (e.g., wheat, barley
and beans) is the main livelihood activity of these households. Small-scale Eucalyptus
farming has been part of this crop-dominated livelihood system. Its importance increased
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over the past couple of decades, in which farm households have reportedly converted
their croplands into Eucalyptus woodlots. On average, a household in the case study area
manages 0.013 ha of Eucalyptus woodlots—established mainly on former croplands—which
is about 20% of the average household land holding size. The woodlots are a source of
cash income, generated from the sale of round wood (the size ranges from 7 to 13 cm DBH)
and fuel wood. The case study area is classified into 81 homogeneous analysis areas based
on land cover type (e.g., Eucalyptus, barley and beans) as well as on eucalypt stand age,
productivity and cutting cycle.

2.2. Model Building

The goal of this study was to examine land allocation and plantation management
alternatives and their impacts on economic gains from harvesting Eucalyptus timber, while
addressing food production and water use concerns. In the case of the Eucalyptus analysis
areas, we considered three alternative harvest ages (four, five and six years), whereas in
the case of crop analysis areas, we considered two alternatives, e.g., no conversion and
conversion to Eucalyptus in the beginning of the planning horizon. In the case of the latter,
after the conversion, Eucalyptus may be harvested at four, five or six years of age. We
considered a planning horizon extending over nine one-year periods. Each management
alternative in each analysis area corresponded to a decision variable in a Model I linear
program [33]:

∑Mi
j=1 Xij = ai, i = 1, . . . , N (1)

∑N
i=1 ∑Mi

j=1 wijtXij = Wt, t = 1, . . . , T (2)

∑N
i=1 ∑Mi

j=1 carbonijtXij = CARBt, t = 1, . . . , T (3)

∑N
i=1 ∑Mi

j=1 waterijtXij = WATERt, t = 1, . . . , T (4)

∑N
i=1 ∑Mi

j=1 cropijtXij = CROPPRODt, t = 1, . . . , T (5)

LEV = ∑N
i=1 ∑Mi

j=1 levijXij (6)

TOTWOOD = ∑T
t=1 Wt (7)

VolEI = ∑N
i=1 ∑Mi

j=1 veiijXij (8)

CARBAver = ∑T
t=1 CARBt/T (9)

WUTOT = ∑T
t=1 WATERt (10)

WUAnnual = ∑T
t=1 WATERt/T (11)

CROPTOT =
T

∑
t=1

CROPPRODt (12)

CROPAnnual = ∑T
t=1 CROPPRODt/T (13)

Xij ≥ 0, ∀ij (14)

where N = 81, the total number of analysis areas.

Mi = the number of prescriptions for analysis area i.
T = 9, the number of planning years.
Xij = number of hectares of analysis area i assigned to prescription j.
ai = total area of the analysis area i.
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wijt = wood harvested in period t that results from assigning prescription j to analysis area i.
This was estimated using a local growth model, with a yield table for seedling and coppice
stands in four productivity site classes [34].
carbonijt = yearly carbon stock at the end of period t that results from assigning prescription
j to analysis area i [34].
waterijt = total annual water use in period t that results from assigning prescription j to
analysis area i [34].
cropijt = annual crop production in period t that results from assigning prescription j to
analysis area i.
levij = land expectation value associated with prescription j in analysis area i. Estimated
based on information provided by landowners, key informants and merchants (e.g., labor,
input, harvesting and transportation costs, as well as product prices). As the major Eucalyp-
tus product that farmers produce and sell in the case study area is poles, this product was
considered as the target product in the study.
Veiij = Volume of the Eucalyptus inventory at the end of the planning horizon associated
with prescription j in analysis area i.

Equation (1) states that the sum of number of hectares in an analysis area assigned to
each prescription must be equal to the corresponding analysis area’s total number of ha
ai. Equations (2)–(5) define, respectively, the total wood harvested Wt, the carbon stock
CARBt, the total water use WATERt and the total crop produced CROPPRODt in each
period t. Equations (6)–(13) define, respectively, the case study area land expectation
value, the total wood harvested, the standing volume of the inventory at the end of the
planning horizon, the average carbon stock across planning periods, the total water use
in the planning horizon, the average annual water use, the total crop production in the
planning horizon and the average annual crop production in the case study area. The
inequalities (Equation (14)) state the non-negativity constraints.

The annual crop production was estimated based on the average yield record in the
2018/19–2019/20 campaign year. The yield in this year was one of the lowest recorded
over the past decades (mainly attributed to the late onset of rain and high amount of rain
during and after crop maturity). Therefore, two additional average yield scenarios were
considered—production in ‘moderately normal’ and ‘normal’ conditions—based on the
information from key informants.

The equations (Equations (1)–(14)) were then used to formulate 12 LP models, with
each corresponding to a decision scenario (Table 1). The first (MOD 1) and the fourth
models (MOD 4) have an objective function of maximizing LEV and VolEI, respectively,
and do not include any constraint. They include only the area constraints (Equation (1),
Table 1). The second model (MOD 2) extends MOD1 to include a constraint on the land
area to be kept for crop production in order to meet annual crop grain needs by households
in the case study area (Equation (15), Table 1).

CROPPRODt ≥ MinCropProd ∗ HH, ∀t (15)

where CROPPRODt is the total crop produced in each period t, MinCropProd is the annual
crop production (for consumption) needs per household, which was reported as 447 kg per
year [35], and HH is the total number of households in the case study area.

A third model (MOD 3) also targets LEV maximization and it includes constraints on
the annual water use level (Table 1). As explained earlier, the overuse of water is one of the
most commonly reported arguments against Eucalyptus tree planting. Hence, in MOD 3,
we attempted to set a maximum water use level, equivalent to the case study area’s annual
rainfall amount, which was intended to balance the water lost or utilized by the plant for
biomass production (Equation (16)).

WATERt ≤ RF ∗ A, ∀t (16)
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where WATERt is the total water used for biomass production in each period t, RF is the
average annual rainfall amount in cubic meters per hectare (a 30 year average value of
1100 mm per square meter per year or 11,000 cubic meters per hectare per year), and A is
the total land area of the case study, which is 1987 hectare.

Table 1. Summary of crop production and decision scenarios and corresponding linear programming
(LP) models.

Crop Production Scenarios Decision Scenarios
(LP Models) Objective Function Constraint Equations

Low

MOD 1 MAX LEV NA Equations (1)–(14)

MOD 2 MAX LEV Minimum annual grain
food consumption needs Equations (1)–(15)

MOD 3 MAX LEV Maximum annual
water use Equations (1)–(14) and (16)

MOD 4 MAX VEI NA Equations (1)–(14)

Moderately Normal

MOD 5 MAX LEV NA Equations (1)–(14)

MOD 6 MAX LEV Minimum annual grain
food consumption needs Equations (1)–(15)

MOD 7 MAX LEV Maximum annual
water use Equations (1)–(14) and (16)

MOD 8 MAX VEI NA Equations (1)–(14)

Normal

MOD 9 MAX LEV NA Equtaions (1)–(14)

MOD 10 MAX LEV Minimum annual grain
food consumption needs Equations (1)–(15)

MOD 11 MAX LEV Maximum annual
water use Equations (1)–(14) and (16)

MOD 12 MAX VEI NA Equations (1)–(14)

The four LP models, MOD 1 to 4, considered the average annual crop production
based on the ‘low’ crop production scenario, explained above. For the two other production
scenarios, eight additional LP models were developed: four models (MOD 5 to 8) for the
‘moderately normal’ scenario, and another four models (MOD 9 to 12) for the ‘normal’ crop
production scenario (Table 1).

In order to gain more insights into the impacts of land allocation and plantation
management alternatives, we analyzed tradeoffs between objectives using an LP-based
Pareto frontier approach [27]. The approach generates the feasible set in the criteria space
for the land allocation and management problem using the estimation refinement method
(see [25] for a detailed mathematical description of the Pareto frontier approach and its
application in forest management). The approach was used to analyze the tradeoffs between
six criteria, e.g., LEV, carbon, VolEI, wood harvested, crop production and water use.

3. Results
3.1. Result of Single Objective Optimization

The 12 single-objective LP solutions provide interesting information (Table 2). As
expected, the highest LEV and harvested wood values, 8.46 × 109 Ethiopian Birr (ETB) and
8.3 × 105 m3, respectively, were found by the unconstrained LEV maximization models
MOD 1, 5 and 9. Nevertheless, in these scenarios there is no crop production—as the
whole cropland is allocated for Eucalyptus plantations. Moreover, the average annual water
use, 3.76 × 107 m3, is the second highest, next to the unconstrained VolEI maximization
scenarios in MOD 4, 8 and 12.
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Table 2. Optimal values associated with decision scenarios.

Decision Scenarios LEV (109 ETB *) TOTWOOD (105 m3) CARBAver (107 kg) VolEI (104 m3) WUTOT (108 m3) WUAnnual (107 m3) CROPTOT (106 kg) CROPAnnual (106 kg)

MOD 1 8.46 8.3 1.65 6.19 3.39 3.76 0 0
MOD 2 7.55 7.48 1.5 6.19 3.07 3.41 3.67 0.41
MOD 3 4.36 4.34 1.147 8.81 1.87 2.08 10.35 1.15
MOD 4 7.75 4.14 2.76 50.62 3.48 3.87 0 0

MOD 5 8.46 8.3 1.65 6.19 3.39 3.76 0 0
MOD 6 7.9 7.74 1.54 6.19 3.18 3.53 3.67 0.41
MOD 7 4.42 4.19 1.153 9.41 1.89 2.11 19.39 2.15
MOD 8 7.75 4.14 2.76 50.62 3.48 3.87 0 0

MOD 9 8.46 8.3 1.65 6.19 3.39 3.76 0 0
MOD 10 8.06 7.88 1.57 6.19 3.24 3.6 3.67 0.41
MOD 11 4.46 4.1 1.16 9.33 1.92 2.13 26.2 2.91
MOD 12 7.75 4.14 2.76 50.62 3.48 3.87 0 0

* LEV—land expectation value in Ethiopian Birr (ETB), TOTWOOD—total harvested wood, CARBavg—aboveground carbon stock, VolEI—volume of ending inventory, WUTOT—total
water use in the planning horizon, WUAnnual—average annual water use, CROPTOT—total crop production in the planning horizon, CROPAnnual—average annual crop production.
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The inclusion of crop production constraints in scenarios MOD 2, 6 and 10 reduced the
values of both LEV and the volume of wood harvested as compared to the unconstrained
LEV maximization models, the reduction being higher in MOD 2 (0.91 × 109 ETB of LEV
and 0.82× 105 m3 of wood) and lower in MOD 10 (0.40× 109 ETB of LEV and 0.42 × 105 m3

of wood) (Table 2).
Out of the total 1327 ha of cropland, up to 1112, 1157 and 1200 ha would be converted

into Eucalyptus land use, in the case of MOD 2, 6 and 10, respectively (Table 3). These sce-
narios target the economic gain maximization from wood production, while guaranteeing
the minimum food consumption requirements of households. With this land allocation,
it would also be possible to store 1.5 to 1.57 × 107 kg yr−1 of carbon in the aboveground
biomass (Table 2), which is equivalent to 5.5 to 5.76 × 105 t yr−1 of CO2.

Table 3. Optimal land allocation in each scenario.

Decision Scenario/Model
Total Land Allocated (In ha)

Plantation Crop

MOD 1 1987 0
MOD 2 1772 215
MOD 3 921 1066
MOD 4 1987 0

MOD 5 1987 0
MOD 6 1817 170
MOD 7 870 1117
MOD 8 1987 0

MOD 9 1987 0
MOD 10 1860 127
MOD 11 857 1130
MOD 12 1987 0

NOTE: before optimization, 660 and 1327 ha were allocated to Eucalyptus plantations and to crop production,
respectively.

Nevertheless, the land allocations in these scenarios lead to average annual water use
values of 3.41, 3.53 and 3.6 × 107 m3 in MOD 2, 6 and 10, respectively. These are lower than
the values associated with the unconstrained scenarios, yet they are higher than the case
study area’s total annual water available from rainfall, 2.18 × 107 m3.

Scenarios MOD 3, 7 and 11 address the water use concerns by constraining the LEV
maximization objective by applying a maximum annual water use, a level equivalent to the
annual rainfall of the study area. As expected in these scenarios, there is a substantial de-
crease in LEV and the volume of harvested wood, ranging from 47.7% to 50.6% depending
on the scenario, when compared to the amount in the unconstrained LEV maximization
models MOD 1, 5 and 9 (Table 2).

These decision scenarios, on the other hand, are associated with the highest amount of
crop production. Given that wheat consumes more water per kg of biomass than Eucalyptus
(Table 2) and that wheat occupies two thirds of the cropland in the case study area, one
might expect a higher value of water consumption in these scenarios. The opposite was
found, however, and this can be explained by the higher biomass production per ha of
Eucalyptus as compared to wheat, as well as to the other two crops (barley and beans),
which results in higher total water use. Thus, the models opt to maximize the objective
function—LEV—while attaining the maximum water use limit by allocating less land for
Eucalyptus than for crop production (Table 3). Furthermore, only a small proportion of
the land under wheat crop was allocated for Eucalyptus (3.6%, 0.6% and 0.4% in MOD 3, 7
and 11, respectively), whereas it was much higher in the case of barley (63.7%, 56% and
51.3% in MOD 3, 7 and 11, respectively) and bean crops (20.7% in all three scenarios). This
reflects that the reduction in LEV due the lower wood production can be compensated for
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by allocating more land for the crop type that gives the highest production per ha (Table 3)
and LEV (which is wheat) while keeping the maximum water use limit.

The crop production scenarios affect other outcomes, namely, when they include a
constraint of water use (MOD 3, 7 and 11) (Table 2). For instance, the highest wood volume
amount was in the ‘low’ crop production scenario model, MOD 3 (4.34 × 105 m3), whereas
the lowest was in the ‘normal’ production scenario model, MOD 11 (4.1 × 105 m3). The
reverse was found when the scenarios were compared for LEV and total crop production,
with the highest being in MOD 11 (4.46 × 109 ETB and 26.2 × 106 kg) and the lowest in
MOD 3 (4.36 × 109 ETB and 10.35 × 106 kg). The land conversion/allocation results show
that the amount of crop land to be converted into Eucalyptus was relatively higher in the
case of MOD 3 (261 ha) than in the case of MOD 7 (210 ha) and MOD 11 (197 ha) (Table 3).
No additional cropland can be converted into Eucalyptus while ensuring that the water
use does not exceed the amount available from rainfall. These decision scenarios limit the
annual water use, while also contributing to a more even flow of wood and a more even
carbon stock compared with the other scenarios (Figures 2–4).

Figure 2. Annual harvested wood by decision scenario.

Figure 3. Annual aboveground carbon stock by decision scenario.
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Figure 4. Annual water use by decision scenario.

One might expect a lower volume of ending inventory in the case of scenarios with
constraints on water use as a lower amount of land is converted to Eucalyptus. The result,
however, is the opposite—the volume of the inventory at the end of the planning horizon
increased by 42%, 50% and 52% in models MOD 3, 11 and 7, respectively, when compared
to the value in the unconstrained LEV maximization scenarios (6.19 × 104 m3). The reason
for this can better be understood when we see the optimal land conversion/harvesting
prescriptions (i.e., convert and harvest at an age of 4, 5 and 6 years) of the model’s solution
(Figure 5). The results show that a lower harvesting age (four years) was the optimal
prescription in the unconstrained LEV maximization scenarios (MOD 1, 5 and 9) as well
as in the case of scenarios with constraints on crop production (MOD 2, 6 and 10). In all
these scenarios, the converted crop land was assigned to be managed under a four-year
rotation age.

Figure 5. Area assigned to each prescription in each decision scenario.

When the objective was to maximize the standing volume at the end of the planning
horizon in MOD 4, 8 and 12, the crop land units were assigned to a conversion to Eucalyptus
and to be managed under a five-year rotation age (Figure 5). This is related to the age at
the end of the planning horizon and the respective standing volume. A hectare of land
converted to Eucalyptus and managed with a five-year rotation at the end of the planning
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horizon will have a stand that is four years old, whereas if that same hectare was converted
to Eucalyptus and managed with a three- or a four-year rotation, it would have a stand that
is one year or three years old, respectively. Those decision scenarios lead to the highest
volume of the ending inventory (50.62× 104 m3) as well as the highest aboveground carbon
stock (2.76 × 107 kg). Conversely, they are associated with the lowest volume of harvested
wood (4.14 × 105 m3). This is half the volume in the unconstrained LEV-maximization
scenarios. Nevertheless, the LEV is only 0.71 lower than the LEV in the latter scenarios.
This finding is expected, because LEV considers future net revenues of Eucalyptus woodlots,
which means that the value of the standing volume is included in the estimation, though it
is not harvested within the planning horizon.

Constraining the LEV maximization objective by annual water use in MOD 3, 7
and 11 led to higher harvesting ages, which is in contrast with the solutions in the other
scenarios (Figure 5). The results show that 43.8%, 48.8% and 52.7% of the total cropland to
be converted into Eucalyptus was assigned to be managed with six-year rotations in MOD
3, 7 and 11, respectively. The remaining land was allocated for four- and five-year rotations,
with 20%–26% for the former and 26%–30% for the latter. For the same reason as explained
above in the case of the ending inventory maximization scenarios, the higher number of
hectares assigned to higher harvesting ages resulted a higher ending inventory volume in
the water-use-constrained LEV-maximization scenarios (MOD 3, 7 and 11) as compared to
the unconstrained (MOD 1, 5 and 9) and crop-production-constrained scenarios (MOD 2, 6
and 10), in which more land was allocated to lower harvesting ages (Figure 5). Similarly, the
sharp difference in the volume of the ending inventory among the water-use-constrained
scenarios also resulted from the different assignments of harvesting prescriptions.

Another important finding in the current study is related to the impact of site produc-
tivity classes on decision scenarios. A variation was found only in the solutions from the
water-use-constrained LEV-maximization scenarios (MOD 3, 7 and 11). In all these three
scenarios, it was from the lower-productivity class sites (class IV sites) that the larger area
of crop land was allocated for (or chosen for conversion into) Eucalyptus (47.2%, 37.4% and
37.7% of the total 275 ha in MOD 3, 7 and 11, respectively), whereas the entire cropland
from site class II was assigned to remain as cropland in all models (Table 4). Most area
was assigned to the six-year rotation in site class IV, five-year rotation in site class III and
four-year rotation in site class I.

Table 4. Optimal land allocation (ha) for different site productivity classes in the case of water-use-
constrained LEV-maximization scenarios.

Site Class Prescriptions * MOD 3 MOD 7 MOD 11

Site I

P1 68.488 54.07 39.69
P2 9.112 23.53 0
P3 0 0 0
P4 259.8 259.8 297.71

Total 337.4

Site II ** P4/Total 482

Site III

P1 0 0 0
P2 53.54 30.132 53.54
P3 0 0 0
P4 179.25 202.658 179.25

Total 232.79

Site IV

P1 0 0 0
P2 15.43 0 0
P3 114.43 102.76 103.93
P4 145.14 172.24 171.07

Total 275
* Prescriptions: P1—harvesting age 4, P2—harvesting age 5, P3—harvesting age 6, and P4—remain as crop land.
** No conversion of cropland.
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3.2. Trade-Offs between Management Planning Criteria

Unlike single-criterion optimization scenarios, the tradeoff analysis considered multi-
ple objectives—the maximization of LEV, the volume of wood harvested, the volume of
the ending inventory, aboveground carbon stock and total crop production, as well as the
minimization of total water use over the planning horizon. An LP file similar to the one
developed for MOD 3, presenting a decision scenario constrained by annual water use, was
used to study the tradeoffs between the six criteria.

The Pareto frontier tool provided the minimum and maximum values for each criterion.
Accordingly, minimum and maximum values of 3.35× 109 and 4.36× 109 ETB, respectively,
were found for LEV, whereas the values for total wood harvested over the planning horizon
ranged from 3.55 × 105 to 4.82 × 105 m3, and for the volume of the ending inventory the
values ranged from 0.13 × 105 to 1.37 × 105 m3. For the average aboveground carbon
stock, the minimum value was 1.03 × 107 kg, whereas the maximum was 1.65 × 107 kg.
Regarding water use, a minimum of 1.5× 108 m3 of water would be used over the planning
horizon, which corresponds to1.6 × 108 m3 of water per year (whereas the maximum
value was. 1.9 × 108 m3 of total water use, corresponding to 2.1 × 108 m3 per year). For
the remaining criteria, i.e., crop production, the amount of total crop production over the
planning horizon ranged from 9.02 × 106 to 11.92 × 106 kg, which is equivalent to a yearly
production of 1 × 106 to 1.32 × 106 kg. This minimum crop production amount is by far
larger than the minimum crop production requirement (for consumption) for the case study
area (0.41 × 106 kg per year).

By keeping the value of the crop production criteria at this minimum value, a five-
dimensional decision map depicting the tradeoffs among the other five criteria was pro-
duced (Figure 6). The overall information from the map is that maximizing carbon stock
and/or VolEI would come at the cost of reduced harvested wood volume or LEV and
increased total water use. The results showed that the amount of carbon stock can be
increased from the minimum value of 1.03 × 107 kg up to a maximum of 1.34 × 107 kg,
although ensuring an increase in harvested wood volume from its minimum value of
3.55 × 105 m3 to a maximum value of 4.60 × 105 m3 (Figure 6). However, in order to in-
crease the maximum value of carbon stock from 1.34 × 107 to 1.44 × 107 kg, the maximum
harvested wood volume should be decreased from 4.60 × 105 to 4.39 × 105 m3. For a
further increase in the maximum value of carbon stock up to 1.55 × 107 kg, there should
be an equivalent reduction in the maximum harvested wood volume from 4.39 × 105 to
4.18 × 105 m3. In other words, the maximum carbon stock would decrease from 1.55 × 107

to 1.34 × 107 kg if it was necessary to increase the maximum harvested wood volume from
4.18 to 4.60 × 105 m3 (Figure 6).

Increasing the maximum harvested wood volume could lead to a reduction in VolEI,
especially for harvested wood values greater than 3.97 × 105 m3. For instance, at a maxi-
mum harvested wood volume of 3.97 × 105 m3, there would be a maximum VolEI value
equal to 1.16 × 105 m3, whereas when the wood volume grows to a maximum of 4.18 or
4.60 × 105 m3, the maximum VolEI would be 0.96 × 105 or 0.54 × 105 m3, respectively
(Figure 6).

As expected, a change in the maximum values of these criteria was found to impact the
water use criteria. At the minimum values of carbon—1.03 × 107 kg, wood—3.55 × 105 m3

and VolEI—0.13 × 105 m3, the minimum water use was 1.5 × 108 m3 (Figure 6). When the
carbon stock value grows to a maximum value of 1.34 × 107 kg, while keeping the harvested
wood volume at 3.55× 105 m3, the minimum water use value would be 1.59× 108 m3, whereas
at a maximum carbon stock value of 1.55 × 107 kg, again with the same level of harvested
wood, the water use would be at least 1.70 × 108 m3. This minimum water use is associated
with the minimum LEV value at each carbon stock level (as shown in the colored slices of the
five-dimensional map, Figure 6). Water use values increase with LEV. For instance, in the case
of the former carbon stock value, the minimum water use value ranges from 1.59 × 108 m3 at
an LEV value of 3.45 × 109 ETB, and 1.65 × 108 m3 at 3.68 × 109 ETB up to 1.81 × 108 m3 at
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4.19 × 109 ETB. In the latter case, it ranges from 1.70 × 108 m3 through 1.73 × 108 m3, up to
1.81, with an LEV value of 3.51 × 109 ETB, 3.68 × 109 ETB and 4.02 × 109 ETB, respectively.

Figure 6. Set of five-dimensional decision maps showing the tradeoffs between total water use
(WUTOT, 108 m3), aboveground carbon stock (CARBavg, 107 kg), total harvested wood (TOTWOOD,
105 m3),volume of ending inventory (VolEI, 105 m3) and land expectation value (LEV, 109 ETB).

The tradeoffs can better be understood if we look at a bi-dimensional map, showing
tradeoffs between two criteria, while fixing the values of the other criteria. For illustration,
some bi-dimensional maps were produced to depict tradeoffs between carbon and LEV; carbon
and harvested wood; and between water use and LEV, wood and carbon (Figures 7 and 8).
Accordingly, the map for LEV and carbon stock (Figure 7a) shows that the maximum above-
ground carbon stock that can be stored per year is almost 1.56 × 107 kg, corresponding to a
value of 3.34 × 109 ETB of LEV. Moving forward along the horizontal axis of the map, it is
shown that LEV can be increased up to 3.716 × 109 ETB without decreasing the amount of
carbon stock. A further increase in LEV above this value would result in a reduction in carbon
stock. For instance, an increase in LEV from 3.716× 109 to 3.778× 109 ETB (1.65%) resulted a
corresponding decrease in carbon stock from 1.562× 107 to 1.552× 107 kg (0.60%). Furthermore,
a change in LEV from 3.999 × 109 to 4.040 × 109 ETB (1.002%) is reflected in a decrease in
carbon stock from 1.3× 107 to 1.235× 107 kg (5.28%).

Carbon stock also had a tradeoff with harvested wood volume, but mainly at higher
values of the latter (Figure 7b). Up to a wood volume value of 3.98 × 105 m3, carbon stock
can be increased—to a maximum of 1.471 × 107 kg—without decreasing the harvested
wood volume. After this value, a 2.15% increase in the amount of harvested wood, from
3.98 × 105 to 4.045 × 105 m3, led to a 0.92% reduction in carbon stock, from 1.471 × 107

to 1.458 × 107 kg, whereas a 0.07% increment of harvested wood, from 4.170 × 105 to
4.174 × 105 m3, led to a 9.77% reduction in carbon stock, from 1.374 × 107 to 1.252 × 107 kg.
At the maximum harvested wood volume, which was 4.18 × 105 m3, the corresponding
carbon stock amount would become 1.03 × 107 kg.
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Figure 7. Illustration of two-dimensional decision map showing tradeoffs between aboveground
carbon stock (CARBavg, 107 kg) and (a) LEV (109 ETB) and (b) total harvested wood volume
(TOTWOOD, 105 m3).

Figure 8. Illustration of two-dimensional decision maps showing tradeoffs between total water use
(WUTOT, 108 m3) and (a) LEV (109 ETB), (b) total harvested wood volume (TOTWOOD, 105 m3),
(c) carbon stock (CARBavg, 107 kg), and (d) volume of ending inventory (VolEI, 105 m3).
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Similarly to the results discussed previously, total water use was increased with an increase
in LEV, harvested wood volume, carbon stock and ending inventory criteria (Figure 8a–d).
According to the result, starting from an LEV value of 3.8 × 109 ETB, an increase in LEV
increased the total water use. For instance, a change in LEV from 3.832× 109 to 3.934× 109 ETB
(2.62%) results in a corresponding increase in total water use from 1.756× 108 to 1.763× 108 m3

(0.38%) (Figure 8a). On the other hand, a change in LEV from 4.063× 109 to 4.086× 109 ETB
(0.54%) is reflected in an increase in total water use from 1.819× 108 to 1.844× 108 m3 (1.37%).
Likewise, a 2.04% increase in the amount of harvested wood, from 4.00× 105 to 4.083× 105 m3,
led to a 0.34% increase in total water use, from 1.735× 108 to 1.741× 108 m3, whereas a 1.95%
increase in harvested wood, from 4.083× 105 to 4.164× 105 m3, led to a 1.58% increase in total
water use, from 1.741× 108 to 1.769× 108 m3 (Figure 8b).

The conversion of cropland into Eucalyptus is driven by economic gains and yet it
impacts water use, an important issue in the case study area. Thus, for illustration, we
compared different possible Pareto front points in water use–LEV–harvested wood three-
dimensional decision maps (Figure 9). Point ‘A’ is characterized by a high economic gain (in
terms of LEV) of 4.193 × 109 ETB, but with high water use (1.824 × 108 m3), resulting from
the higher harvested wood volume (4.51 × 108 m3) and lower carbon stock (1.24 × 107 kg)
(Table 5). At Point ‘C’, a lower economic gain (3.701× 109 ETB of LEV) and lower total water
use (1.642× 108 m3) can be observed, which is mainly because of the lower harvested wood
volume (4.118 × 105 m3). The Pareto frontier analysis also provides information about how
much of the total land of the study area can be covered with Eucalyptus and cropland so as
to attain the aforementioned values of the criteria. Accordingly, at Point ‘A’—i.e., the point
with the highest LEV value but at the expense of higher water consumption—the area of
land under Eucalyptus plantation would be 835 ha, and 1152 ha of cropland, which means
only 175 ha of the current cropland (out of 1337 ha) could be converted into Eucalyptus. If it
is necessary to limit the total water use up to 1.642 × 108 m3, i.e., at Point ‘C’, there will be
a reduction in LEV; and the land under Eucalyptus should not be more than 696 ha, which
means that only 34 ha of the current cropland should be converted.

Figure 9. Pareto front points in a three-dimensional decision map showing tradeoffs among LEV,
harvested wood and total water use.
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Table 5. Solutions in the feasible set for the selected points (points selected in Figure 9).

Criteria Point A Point B Point C Change from
Point A to B

Change from
Point A to C

LEV (109 ETB) 4.193 4.019 3.701 0.174 0.492
TOTWOOD (105 m3) 4.51 4.274 4.118 0.236 0.392
CARBAvge(107 Kg) 1.237 1.308 1.368 −0.071 −0.131

VolEI (105 m3) 0.602 0.681 0.567 −0.079 0.035
WUTOT (108 m3) 1.824 1.755 1.642 0.069 0.182

WUAnnual (107 m3) 2.027 1.95 1.824 0.077 0.203
CROPTOT (106 Kg) 11.347 11.564 11.839 −0.217 −0.492

CROPAnnual (105 Kg) 12.608 12.849 13.155 −0.241 −0.547
LandUnderEuc (ha) 835 765 696 70 139

LandUnderCrop (ha) 1152 1222 1291 −70 −139

4. Discussion

The approach presented in the current study employed single- and multiple-objective
optimization (trade off analysis) to examine land conversion and management alternatives
with respect to the impact on economic and ecological variables. The results from the
single-objective optimization models, reflecting 12 decision scenarios, highlight that as
long as the objective is to maximize the economic gains from land resources, Eucalyptus
plantation is the best and feasible form of land use as compared to the crop production
alternative. This objective leads to a complete conversion of the available cropland into
Eucalyptus woodlots.

Given that crops (wheat, barley and beans) are the main source of the people’s staple
food, the complete conversion of cropland will have a substantial impact on the availability
of food in the case study area. In the highlands of Ethiopia, the conversion of cropland into
Eucalyptus has led to losses of 4.5× 107 kg of wheat production or 3.1× 107 kg of barley pro-
duction annually [13], which translates to the grain needs of 70,000 to 100,000 households.
Therefore, this clearly shows that decisions regarding Eucalyptus expansion must consider
its impact on food security. Regarding the harvesting prescriptions, the models preferred
shorter harvesting periods, with all the converted cropland assigned to be managed under a
four-year rotation age. This means that the additional biomass that could potentially result
from extending the rotation is not sufficient to offset the loss of discounted net revenues.
An important point to be noted here is that the selling product considered in the study is
construction poles, not timber, so the result could be different if other wood products that
needed to be larger were considered. This, however, requires further investigation.

Constraining the LEV maximization objective with a certain crop production amount
(equivalent to the annual household food consumption requirement) resulted in a reduction
in LEV and wood, with the reduction being lower in MOD 10 (the normal crop production
scenario). This indicates that with a normal crop production scenario, a relatively small
area of cropland is enough to meet the minimum crop production constraint, and hence
more land can be allocated for Eucalyptus land use, the result of which is higher wood
production and LEV as compared to models considering the two other crop production
scenarios, MOD 2 and 6. With this land allocation, it could also be possible to store 1.5
to 1.57 × 107 kg yr−1 of carbon in the aboveground biomass, which is equivalent to 5.5
to 5.76 × 105 t yr−1 of CO2. if the conversion of cropland into Eucalyptus is regulated by
landscape level ecologic/economic objectives, the potential of the Eucalyptus-agriculture
mosaic landscape to simultaneously address economic, food security and climate change
mitigation objectives can be achieved. This potential integration of economic and climate
change mitigation objectives through plantation and woodlots has been suggested by other
authors [10,11]. Furthermore, an increase in land allocation for Eucalyptus with increasing
crop production—i.e., from MOD 2 to 10—also indicates that agricultural measures to
enhance crop production could help to attain the food security targets in a small area of
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land so that more land can be allocated for Eucalyptus, leading to a higher economic gain
while contributing towards carbon sequestration.

Water use is one of the most important aspects discussed in relation to Eucalyptus
expansion in Ethiopia [36]. In the current study, we attempted to address water use
concerns by constraining the LEV maximization objectives by impose a maximum annual
water use value, a level equivalent to the annual rainfall in the study area, i.e., decision
scenarios MOD 3, 7 and 11. This approach obviously has drawbacks, as not all of the
rainfall in the area would remain there (the area in which Eucalyptus is planted); rather, a
certain amount would exit this area through evaporation and runoff. In addition, it does
not consider the influence of silvicultural options on water use. However, it is able to depict
the relationship/impact. Accordingly, the constrained scenarios, as expected, resulted
in a significant decrease in LEV and the volume of harvested wood as compared to the
unconstrained ones. Moreover, there was a significant reduction in the amount of land
allocated for Eucalyptus.

The reduction in land allocated for Eucalyptus and of the volume of harvested wood was
associated with the increase in crop productivity, i.e., from the ‘low’ crop production scenario
(MOD 3) to the ‘moderate’ (MOD 7) and ‘normal’ (MOD 11) scenarios. This could be related
to the magnitude of contributions from the uses of cropland towards the objective function,
i.e., LEV maximization, while maintaining the maximum water use limit. As this contribution
may increase with crop production, the allocation of a unit of land for crop use in the case of
the ‘normal’ crop production scenario (MOD 11) could contribute more towards the objective
function, LEV maximization, than that of ‘ moderately normal’ (MOD 7) and ‘low (MOD 3)
production scenarios. The result is thus a higher allocation of land for cropland uses by MOD
11, and hence, higher total crop production and total water use (but not beyond the limit), and a
lower volume of harvested wood as compared to MOD 3 and 7.

The multiple-objective optimization process, carried out using the Pareto frontier
approach, also revealed that maximizing carbon stock and/or VolEI would come at the
cost of reduced harvested wood volume or LEV and increased total water use, with the
tradeoff being more evident at larger values of the criteria. We determined the possibility of
increasing carbon stock without greatly affecting the LEV up to a certain amount, beyond
which the tradeoff would begin. Such a tradeoff between the economic returns from
wood and carbon stock has also been reported in other optimization studies, e.g., [37,38].
However, it is important to note that different patterns of relationship might have been
observed in the current study if the monetary value of carbon sequestration was included
in the estimation of LEV; this should therefore be addressed in future optimization studies.
Similarly, carbon stock also demonstrated a tradeoff with harvested wood volume, but
mainly at higher values of the latter. The reduction in carbon stock with larger wood
biomass harvests was also reported in a Eucalyptus-dominated stand in Portugal [29]. The
authors reported that higher levels of total harvested wood lead to a lower number of trees
and thus a lower capacity to store carbon.

Similarly with the results discussed above, total water use was found to increase with
an increase in LEV, harvested wood volume, carbon stock and ending inventory criteria.
The implication of this is that an increase in wood production by converting cropland
into Eucalyptus plantations would continue to be a threat to water availability in the study
area. This finding highlights the importance of future research on hydrological models
to fine-tune the estimation of these tradeoffs. Moreover, this result is consistent with the
findings of other authors. For instance, Zengin et al., (2015) [39] employed an optimization
technique and considered water yield (discharge), and found that the wood production
and carbon stock of Eucalyptus and Pine plantations had a greater trade-off with the water
yield. Similarly, a study on Pinus elliotii forests in the southeastern USA reported similar
relationship patterns for timber production, carbon sequestration and water yields [40].

In line with the current study, a study in the central highlands of Ethiopia reported that,
considering a biomass production estimate of ~16,000 kg ha−1 yr−1, Eucalyptus woodlots
would consume 12,560 m3 of water per hectare per year, or 1256 mm m−2 yr−1, which was
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on the same order as the total annual rainfall in their study area, and was substantially
higher than estimated evapo-transpiration from crops and grasslands in the area [41]. The
authors stressed that this raises a concern for the viability of local streams. Moreover, as
the study region is located in the headwaters of the Blue Nile basin, this potentially has
broader implications for water resources in a contentious trans-boundary basin. Therefore,
the current and future extent of Eucalyptus patches need to be considered in water resource
management [36].

5. Conclusions

In this study, we examined land conversion policies (from cropland to Eucalyptus
plantations) under several decision scenarios. These scenarios were used to consider
economic gains, as well as other ecosystem service objectives (carbon, wood and water use).
Based on this analysis, we concluded that as far as the objective is to maximize the total
economic gains, Eucalyptus plantations are the best form of land use when compared to the
crop production alternative. This scenario favors a complete conversion of the available
cropland into Eucalyptus woodlots.

However, in order to at least meet the annual crop production/consumption require-
ments of households in the case study area, the total Eucalyptus land should be limited to
1772 ha (out of the total 1987 ha), with a sequestration potential of 1.5 to 1.57 × 107 kg yr−1

of carbon in the aboveground biomass. This limit could actually be increased with higher
crop productivity. However, this land cover limit should be decreased to 921 ha so as to
limit the total annual water use (for biomass production) below the amount available from
rainfall (11,000 m3 ha−1 yr−1).

Based on the tradeoff analysis, maximizing the harvested wood volume or LEV would
come at the cost of a decreased aboveground carbon stock and volume of the ending
inventory and higher total water use. This study further research highlights the potential
for the application of Pareto frontier approaches to support the development of effective
ecological/economic management strategies and the design of land use policies in an
Ethiopian context.

There are, however, some issues that should be addressed in future research. One
important issue is that the water use and stand growth model did not take into account
climate change and management effects. Realistically, however, a growth and yield model
should be developed based on permanent sample plots and climate information. In
addition, there are other forest management objectives such as controlling erosion or soil
losses, enhancing soil fertility and the impact on biodiversity, which should be integrated
into the model as well.
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