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Abstract: This study develops a methodology to identify hot spots of critical forage supply in
nomadic pastoralist areas, using the Afar Region, Ethiopia, as a special case. It addresses two
main problems. First, it makes a spatially explicit assessment of fodder supply and demand
extracted from a data poor environment. Fodder supply is assessed by combining rainfall-based
production functions and rule-based assessment for prevailing land use. Fodder demand is based on
a data consistency check of livestock statistics concerning herd size, composition and geographical
distribution. Second, individual herd movements have to be evaluated jointly in concurrent migration
patterns to assess local pressures on fodder resources. We, therefore, apply a transition model that
relates stock levels to seasonal migration routings for all Afar sub-clans jointly so as to localize the
hot spots where feed demand exceeds forage supply. Critical areas come to the fore, especially,
near fringes of Highlands and in the southern part of the Afar. A sensitivity test shows that ‘Baseline’
scenario is close to the ‘Best’ but under ‘Worst’, the Afar region would fall into despair. We conclude
that the model is a useful tool to inform policy makers on critical areas in the Afar region.

Keywords: nomadic pastoralism; spatial migration model; Afar; livestock; fodder demand;
fodder supply

1. Introduction

Drylands cover 40 percent of the world’s land area and host around two billion people, 90 per cent
of which lives in developing countries [1]. In these drylands some 30—40 million people practice
nomadic pastoralism, an extensive grazing system that uses flexible migration patterns to follow rainy
seasons in arid regimes. For a long time nomadic pastoralism was synonymous for overgrazing [2—4]
and archaic production systems [5,6], that echoed the “Tragedy of the Commons’ [7]. Yet, the stance
that nomadic pastoral systems are unsustainable came under serious criticism [8-13]) and was
categorically rejected in 2009 when Elinor Ostrom was awarded the Nobel Prize in Economics for her
lifetime scholarly work on the management of common pool resources. Ostrom’s studies show that
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communities devise ways to govern the commons through organizing collective action to assure its
survival for their needs and future generations. Many studies on nomadic pastoralism [14-16] refer
to her paradigm on successful sharing of communal rangelands to spread risk. Indeed, nomadic'
pastoralism is nowadays considered an epitome of sustainability [17-19] that unrelentingly depends
on traditional institutions that have proven to be instrumental in the management of the shared
natural resource base. Yet, the question is if these institutions are sufficiently resilient to cope with
new challenges that are often influenced by external stress factors that go beyond their control.
For example, population growth and appropriation of land for irrigation [20] has caused pressure
to mount in the nomadic pastoralist societies, with increasing incidences of overgrazing and violent
conflicts as most visible symptoms [21]. Moreover, development plans for massive expansion of
biofuel plantations [22] on marginal drylands can be expected to further restrict land’s accessibility to
pastoralists [23]. This creates an enormous challenge for policy makers to come up with appropriate
policy decision if poverty alleviation is to be achieved.

There are also good economic and environmental reasons for investing in pastoral development.
First, pastoralism is an efficient land use system that can cope with the extreme prevailing climatic
variations in arid environments [24,25]. Studies show that livestock grazing has a positive effect on
development and sustainment of plant biodiversity [26,27]. Second, new opportunities for livestock
production arise as global markets are rapidly expanding due to a growing and more affluent population
in the urban areas, demanding more meat products [28]. Indeed, in the next two decades the livestock
sector is projected to become the world's most important agricultural subsector in terms of added
value and land use whereby the developing world is projected to be the major supplier of this growing
market [29]. Hence, the urgent calls for more research to support the pastoral communities and explore
the potential of livestock production under climate change conditions in dryland areas seem justified.

1.1. The Study Area

Afar Regional State? in North East Ethiopia in the horn of Africa (Figure 1) is a typical case
in point. This semi-arid to arid region of 94,436 km?, hosts 1.4 million people, divided over
112 sub-clans®, 78 percent of which are involved in nomadic pastoralism, with herds that mainly
consists of cattle, camels, sheep and goats [30]. Yet, accessibility to rangelands and watering points
is increasingly hampered by expansion of sedentary agricultural settlements along the Awash River,
implementation of large scale agricultural projects like the state-owned Tenaha sugar plantation and
the increasing incidence of contested territorial claims by different ethnic groups from outside the
region [31-33]. Tensions are sharpened further by regulatory legislation and taxation discouraging
traditional trans-boundary movements to Djibouti and Eritrea [34]. Current plans for expansion of
biofuel plantations of sugarcane and Jatropha shrubs, while opening new economic prospects for the
Afar region, will also encroach further on the land available to pastoralists [35]. Indeed, with further
restrictions on rangeland accessibility, the threats of land degradation, negative climate change effects
and violent conflicts over scarce remaining land and water resources will wreak havoc on the pastoral
societies in the Afar. Yet, there are also development opportunities for the Afar region. Studies show that
potential meat production of the lowlands remain largely untapped [36], while meat and hides demand
from neighboring countries is increasing rapidly [37-39]. These prospects for pastoralists should,
however, be studied in relation to a sustainable development of the natural resources base with a strong
geographical component to account for spatial and temporal variability of natural endowments and

According to the type of trekking patterns pastoralists are called nomadic (irregular movements) or transhumant (regular
movements between fixed locations).

Ethiopia is administratively divided into regional states and chartered cities, zones, woredas (districts) and kebeles (wards).
The Afar as ethnic group occupy a territory that comprises the Afar Region of Ethiopia, northern Djibouti and southern point
of Eritrea. The territorial and political unit in the Afar Region is the sub-clan which retains a relatively high degree of political,
social, and economic independence.
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land uses. Yet, studies in Ethiopia concentrated basically on sedentary agriculture in the Highlands [40].
In recent years also national planning strategies for the rangeland areas came to the fore [41-43].

Afar

Ethiopia

Figure 1. Ethiopia (scale 1:41,000,000) Afar State, zones and woredas (scale 1:9,200,000).

The policy document for land use and administration of the Afar Regional State (Land
Administration and Use Proclamation No. 49, enacted in 2009) emphasizes sedentarization of
pastoralists and the establishment of formal institutions to manage land use and administration.
Meanwhile, the intention is to retain customary systems that do not contradict the formal land
administration. Its effectiveness has been questioned by a recent study [44] carried out on the feasibility
of land use policy in the region where environmental factors largely affect land resource uses while
customary systems were efficient in enabling pastoralists to manage risks. In the policy document,
the communal system has been viewed as dysfunctional and destructive. However, it acknowledges
the contribution of the customary institutions only towards conflict management rather than land
resource management [45]. The pastoral development policy of the country does not recognize
pastoralists” environment that is uniquely different from the sedentary farming systems. The policy
narrates voluntary settlement while it imposes it in practice. Sedentarization as a policy choice has been
perceived as exposing pastoralists to greater ecological risk and vulnerability [46]. However, such a
choice provides the government an option to provide potential pastoral land to large-scale foreign
direct investment—a practice that has created hostile relationship between pastoralists and investors
since the strategy hinders pastoral mobility and response to environmental risk [47].

1.2. This Study

This complex whole of threats and opportunities motivates the current study that conducts
a spatially explicit analysis to identify hot spots where the hazard of overgrazing looms. For this,
the study addresses two issues. First, the generally data poor environments of the drylands requires
elaborate evaluations and careful assessments of sources on livestock distribution and fodder supply.
Various estimates of livestock distribution from different sources are compared and evaluated for
consistency in reporting. Concerning the spatial assessment of fodder supply we combine the Afar
land use map indicating percentage of grass land by land use type with rainfall production functions
that estimate palatable fodder production. Second, sites under risk can only be identified when
movements of clans are followed simultaneously in their geographical and temporal dependence.
In absence of information on migration routes, Sonneveld et al. [48] reported on stylized results
by releasing boundary restrictions from woreda to zonal and state level. Yet, these attempts are
far from realistic. Therefore, during the Period October-November 2015, key figures related to the
112 sub-clans were interviewed about migration routes and the share of migrating herd during the
four prevailing seasons in the year. The survey was conducted under the auspices of the Afar Pastoral
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and Agro-pastoral Research Institute by an experienced rangeland management expert. Data on
migration were harmonized for further analysis during a two-week workshop held in December 2015 in
Amsterdam. A sub-clan map was produced that reflects the boundaries of the sub-clan territories.
The model that we present follows over time and space migration routes of all clans and evaluates
locally the pressure of livestock presence on the produced fodder. Hot spots are identified when
demand exceeds supply.

This article is organized as follows. Section 2 presents the data and methodology that have been
used in this study. Section 3 presents the results of the migration model for the four seasons. Section 4
performs a sensitivity analysis for assumed uncertainty of parameters. Section 5 concludes.

2. Material and Methods

This section presents the sub-clan map of the Afar (Section 2.1), the methodologies for spatial
assessment of forage supply (Section 2.2) and spatial distribution of livestock in the Afar region
(Section 2.3) and, finally, the migration model that is used for identification of sites at risk (Section 2.4).

2.1. The Base Map

Figure 2 presents the map of sub-clan areas. In total there are 112 sub-clans with areas varying
from 20 to 4333 square kilometers. Larger areas are found in the dryer North Eastern part bordering
Eritrea and Djibouti. To our knowledge this is the first sub-clan map that is operationalized for
migration modelling.

Code | SubClan Cade [ SubClan Code [ SubcClan

1 | Harkemella 46 [ Alihammeda 91 [ Mandayta

2 | Awash-Park 92 [ Dahimela_Modaytui2)

93 [ Muhoto
94 [ Dahimela_Modaytu

3 | Tekiele

4 | Mahesara
S | Ulukuto

95 | Assablari Nassar

96 [ Askaki Meli

57 | Dahimela_mahate

98 | Mandata
99 | Dervto

100 | Geliela

9 | Gelela
10 | Ouluata

14 | Hassen_mohammed
15 | Sekalls)

16 | Bagisase

17 | Harbis_Malla

08 [ Galealu

Jukum_AsTbak

109 | Humed
S b 110 | Taela
66 | harmela 111 | Barito
22 | Dathamado eha_Muhammed 112 | Udumu

23 | Kikher a 68 [ Asoba

74 | Ayidahisse

75 [ Deriham

35 | Hadermo(35)

36 | Dahelmelea

I Manndita

dDahimella
al25)

41 | Maandeta 36 | Afkak Maduiafsek)

42 | Gardia 87 [ Arebtak Assabbekn
43 | Dermella 55 | MelkVela

34| Dahi 55 | Shekah Huluti

25 | Dehimela 90 | Hamedi _Demoyta

Figure 2. The base map of the sub-clan areas (scale 1:3,700,000).
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The sub-clan map was compiled using interviews with clan leaders, local authorities of Woredas
and key figures from the Afar Pastoral and Agro-Pastoral Research Institute. When indicated by the
interviewees sub-clan areas were delineated by one or more Kebele boundaries or by using clear
landmarks. Experts of the Afar Pastoral and Agro-Pastoral Research Institute confirmed that the map
was a fair assessment of sub-clan areas [49].

2.2. Fodder Supply

Estimation of spatial and temporal production of palatable biomass in the Afar is
seriously hampered by lack of data as few direct observations on forage yields are available.
Therefore, we decided to take the Woody Biomass land use map [50], depicting land use categories
and percentage grassland (Figure 3), as baseline information for our assessment in the following
step-wise approach. First, a set of rainfall dependent forage production functions designed for
arid and semi-arid regimes in Africa (Table 1) is used to calculate the annual forage production for
grassland cover. The spatial fodder estimates used annual rainfall maps derived from the Global
Agro-Ecological Zones data set [51] covering the period 1991-2000. The 5 minute resolution of the
rainfall maps is resampled using a bi-cubic filter to match the 200 x 200 m? grid of the land use
map. The reported fodder estimates derived from the production functions are the average over the
10-year period. Second, forage production data by land use type (Table 2), provided by the Regional
Werer Station of the Ethiopian Institute for Agricultural Research (EIAR) are applied to the remaining
land use/cover categories (Table 3). Results of the assessments are presented in Table 4, with the
first column referring to source of production function, second and third columns to total and per
ha forage production, respectively, based on rain dependent production functions and the fourth
column presenting the maximum number of Tropical Livestock Unit (TLU)* that could be fed by the
corresponding forage assessment, assuming an annual intake of 2.3 ton per TLU; column five to seven
give similar information as column two to four but with forage production adjusted for land use
characteristics. Our estimations are within the bounds of forage production estimates in arid regions
(Table 5) using reference data found in [52].

Table 1. Rainfall dependent forage production functions.

Area Equation (Number of Observation; R?) Reference
Amboseli (Tanzania) Y = —367 + 3.8X (6;0.99) [53]
Kiboko (Kenya) Y =262 +4.41X (38;0.78) [54]
Serengeti (Tanzania) Y =262 + 4.8X (7;0.93) [55]
Tsavo (Kenya) Y =380 + 8.0X (89; 0.65) [56]
Serengeti (Tanzania) Y= —-1644 + 10.7X (12; 0.62) [55]
Serengeti (Tanzania) Y =-185 + 6.6X (24; 0.90) [57]
Athi (Kenya) Y =-251 + 1.2X + 0.01X? (24; 0.95) [58]
Serengeti (Tanzania) Y = —1052 + 8.6X (10; 0.56) [55]
East Africa Y = —195.77 + 8.49X (32;0.67) [59]

Y = Biomass in kg DM ha~1; X = rainfall in mm.

4 Tropical livestock units allow to compare grazing demand of different species in common units.
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Table 2. Biomass production by land use [60].

Land Use/Cover Types Production (Herbage Yield, ton/ha)
Moderately cultivated 0.9
Open grassland 2.3
Open grassland shrub-bed 14
Dense shrub-land 0.3
Open shrub land (Open bush shrub land) 0.8
Open woodland 0.9
Wooded grassland shrub bed 15
Riparian wood/shrub land /bush-land 0.5

Il Grassland
I:lNau.Iral Forest
- Shrubland
-Water
-Weﬂand
-Woodland

Figure 3. Afar Land Use Map (scale 1:5,500,000).
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Table 3. Rule based procedure to map biomass assessment for land use categories in the Woody Biomass project.

Rule Based Procedure to Assign EIAR/

Land Use Category Werer Biomass to LUC of the Woody Biomass Herbage Yield ton/ha
Bareland; Exposed rock 0
Bareland; Exposed sand /soil 0
Cultivated Land; Irrigated 50% of Moderately cultivated 0.45
Cultivated Land; Rainfed; Cereal Land Cover System; lightly stocked 50% of Moderately cultivated 0.45
Cultivated Land; Rainfed; Cereal Land Cover System; moderately stocked 50% of Moderately cultivated 0.45
Cultivated Land; Rainfed; Cereal Land Cover System; unstocked (woody pl) 50% of Moderately cultivated 0.45
Forest; Montane coniferous; Open (20-50% crown cover) Open woodland 0.9
Forest; Riparian; Dense (5-80% crown cover) 50 % Riparian wood/shrub land /bush-land 0.25
Forest; Riparian; Open (2-50% crown cover) Riparian wood /shrub land /bush-land 0.5
Grassland; lightly stocked Open grassland 2.3
Grassland; moderately stocked 50% Open grassland 12
Grassland; unstocked (woody plant) 25% Open grassland 0.6
Shrubland; Dense (>50% woody cover) Dense shrub-land 0.3
Shrubland; Open (20-50% woody cover) Open shrub land (Open bush shrub land) 0.8
Wetland; Open water Riverside 0.5
Wetland; Perennial Swamp /Marsh 25% of Riverside 0.13
Wetland; Seasonal Swamp /Marsh 50% of Riverside 0.25
Woodland; Dense (>50% tree cover) 50% of Open woodland 0.45
Woodland; Open (20-50% tree cover) Open woodland 0.9

Source: Sutcliffe, 2006 [50] and own computations.
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Table 4. Forage production, yield and maximum Tropical Livestock Unit (TLU) estimates for Afar State using rain dependent production functions and rain dependent
production functions adjusted for land cover characteristics.

Forage Production,  Forage Yield Rain Max TLU Forage Production Forage Yield adj. Max TLU. adj.
Source Equation Rain Dependent Dependent Rain Dependent adj. Land Charact. Land Charact. Land Charact.
(1000 ton) (ton per ha) (in 1000) (1000 ton) (ton per ha) (in 1000)
[53] 5029 0.7 2624 3714 0.5 1615
[54] 7506 1.0 3916 5405 0.8 2350
[55] 8113 1.1 4233 5846 0.8 2542
[56] 13,384 1.9 6983 9652 1.3 4197
[55] 12,679 1.8 6615 9485 1.3 4124
[57] 9832 14 5130 7170 1.0 3117
[58] 12,010 1.7 6266 9413 1.3 4093
[55] 10,844 15 5658 8052 1.1 3501
[59] 12,751 1.8 6652 9290 1.3 4039
Average 10,239 14 5342 7559 1.0 3286
Table 5. Estimation of total forage production (t DM ha-1) under various rainfall regimes [52].
Rainfall (mm) 200 400 600 800 Source
West Africa 0.6 1.1 1.7 2.2 [61]
Zimbabwe (water holding cap.: 100 mm) 0.5 1.7 22 25 [62]
Zimbabwe (water holding cap.: 200 mm) 0.7 2.6 32 37 [62]

Kenya 1.1 2.3 3.6 - [63]
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2.3. Total Livestock Herds in the Afar Region

Like the fodder supply, estimating feed demand of livestock population in the Afar region
is a challenging exercise due to prevailing data paucity. Especially in nomadic systems livestock
numbers are inherently difficult to obtain due to herd mobility and limited resources for enumeration.
Hence, assessments are often based on rough estimates of scaled surveys and different sources are
bound to give conflicting results. Hence, data selection requires a careful evaluation of available
sources and a wider range of possibilities should be part of the assessment. We, therefore, compare
various sources listed in Table 6 to come to an informed assessment on prevailing number of livestock.

Specifically, we check for consistency of number of TLU at regional level, by Woreda and for
the herd composition. For reporting on livestock assessments, we concentrate first on total number
of TLU for the entire Afar. Figure 4 presents total TLU by source®. The [64] livestock data for cattle,
camel, goats, sheep and equine presented for zone 1 and 3 were used to create scaling factors to bring
the CSA_03 data [48] the year 2011 level for the entire Afar Region. This data set is presented in
Figure 4 as TLU_CSAQ3_scale We observe that the scaled CSA03 data (TLU_CSAO03_scale) has the
highest number of TLU followed by four more or less equal numbers (TLU_CSA03, TLU_regA13,
TLU_LDMPS, TLU_ESGPIP). TLU_bofed is somewhat lower with respect to the previous numbers,
TLU_rega08 is very low. TLU_CSAO03, TLU _rega08, TLU_regA13 are based on inventories at Woreda
level for which an inventory is available; other assessments are by Zone or region-wide.

4000
3500
- 3000 —
—
= 2500 —
)
-]
§ 2000 —
3 1500 - —
=
1000 - _—
500 -+ —
0 = T T T T T T 1
N > ey O (2 3 >
F L & &S
@ S < \)\9 S >’ & N2
RN R P P AR
NY%
BN
Figure 4. TLU in the Afar by data source.
Table 6. Sources of livestock numbers in the Afar.
Data Source Spatial coverage Year
Gebremeskel (2012) [60] Zonel,3,4 2006
CSA03 [65] 29 Woredas 2003
REGA_08 [66] 29 Woredas 2008-2009
CSA (2011) [64] Zone 1,3 2011
ESGPIP [67] Region-wide 2005
LDMPS [68] Region-wide 2006
BOFED [69] Region-wide 2009
REGA13 [70] 31 woredas 2013

A clear reference of TLU numbers in Gebremeskel 2012 was missing and is not further elaborated.
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For an assessment that accounts for livestock distribution by Zone we analyse Figure 5, where total
TLU is depicted by Zone and data source. Data indicate a more or less similar pattern for number
of TLU by Zone. Zone 1 in most of the cases the highest followed by Zone 3 and 4 while zone 2 and
5 report lowest numbers. The TLU_rega08 data set clearly deviates from this pattern.

1200

1000

800

600

Thousands TLU

400

200 +

Figure 5. TLU by zone and data source.

Finally, we look at the distribution of livestock species for the three Woreda based inventories
CSA03, REGA08 and REGA13. For comparison of the herd composition we correct for differences
in total number of livestock by using relative numbers by Woreda. The scatterplots in Appendix
show in CSAO03 data against REGAO08 (Figures A1-A5, panels A1, B1, C1, D1 and E1), CSA03 against
REGAT13 (Figures A1-A5, panels A2, B2, C2, D2 and E2) and REGA08 against REGA13 (Figures A1-AS5,
panels A3, B3, C3, D3 and E3). Figure Al, panels A1-A3 show the relative number of camels, Figure A2,
panels B1-B3 for cattle, Figure A3, panels C1-C3 for equine, Figure A4, panels D1-D3 sheep for goats
jointly and, finally Figure A5, panels E1-E3 for the TLU at the fifth row. We note a deviation from
the expected 1:1 line in Figures A1-A5, panels Al, A3, B1, B3, C1, C3, D1, D3 and E1, E3, REGA08
data are involved. In Figures A1-A5, panels A2, B2, C2, D2 and E2the REGA13 and CSA03 data
show a nice correlation indicating that livestock species composition is more or less the same over
corresponding Woredas.

We conclude that REGA13 and CSAQ3 data confirm the distribution of livestock species and
are in accordance with totals of TLU numbers of TLU_regA13, TLU_LDMPS, TLU_ESGPIP and
TLU_bofed. Hence we decide to use the mean of TLU-regA13 and CSA03 data set which covers an
average over a time period that is also used for the forage demand. CSA03 data were used earlier in a
land degradation assessment [47]. Finally, using a constrained downscaling procedure the TLU by
Woreda were distributed over corresponding® sub-clan areas, proportionally to the fodder availability
(see Section 2.2) by sub-clan in that Woreda.

2.4. Following Herds: Seasonal Migration in the Afar Region

The migration model follows, simultaneously, movements of migrating herds of Afar sub-clans
while accounting for the share of the herd that remains behind. The model’s geographical dimension
constitute of sub-clan territories while weekly times steps over four prevailing seasons cover the

6 Sub-clan areas corresponding to Woreda's are identified by crossing both maps.



Land 2017, 6, 82 11 of 31

temporal dimension. In this study the model highlights the pressure on natural resources by
aggregating herds’ presence over the year that is confronted with estimated biomass available for
grazing. This provides stakeholders with information on where local institutional constraints seem not
able to regulate the use of natural resources sufficiently to prevent overuse. Below we give a formal
introduction to the model.

Specification requirements of the migration model imposed on the geographical and temporal
representation of migratory movements are: (1) discreteness, movements follow adjacent sub-clan
map units and weekly time steps; (2) contiguity, movements cannot skip neighbors in space and time
(no jumps); (3) time follows logical sequence, no movements to the past.

The model implements these requirements as follows. For an annual cycle of months indexed
t=1,.. T letsubscriptsi =1, ..., I and r = 1, ..., R denote home and destination areas of sub-clans,
respectively and variable x;; the stock of animals at it (home front; the area claimed by the sub-clan).
For one year we describe livestock distribution and migratory movements as:

Xpp = My isXip

where M is a square transition matrix of dimension IT x RT with elements m, ;; representing fraction
of total herd size (x;;) expressed in TLU that moves to r't" with diagonal elements 1 — }7;; m,y i,
one minus column sum of non-diagonal elements, accounting for remaining herd share at sub-clan
area. Information on m,y j;, the share, location and timing of migrating herd of a sub-clan is derived
from interviews with key persons at sub-clan level and expert knowledge from research stations and
local authorities. Sub-clans stay a number of weeks in a specific sub-clan territory and then move to
the next, where they again reside for a number of weeks. Stress on the resource base is quantified by
confronting the fodder demand with supply. As we do not avail of a comprehensive data base on
water resources we assume that water is available at the moment that herds visit the sites.

Ideally, the model would have a time-space dimension that accommodates sequential movements
in time over space that follow the herd in a real-time mode. However, this is unrealistic for several
reasons. First, there is no detailed information available that would allow us to follow the individual
herds. Second, as argued above, fodder supply assessments are hard to obtain and are available only
at the annual level. Yet, given the scope of the model—to identify where seasonal hotspots appear,
we are also confident that aggregations in time and space are at a sufficient fine resolution to reveal
vital patterns in herd management. In terms of assumptions made, aggregation over time implies that
contiguity requirements might be violated when herds migrate across multiple sub clan territories
within one week.

3. Results

In this section we start with an annual supply-demand balance expressed in TLU for each sub-clan
territory, under static conditions, that is, all herds stay at their place without migration (Section 3.1).
Next, for illustrative purposes we show the temporal and spatial movements for individual clans
(Section 3.2). Finally, we present the results of the full model for the supply-demand balance at annual
scale and analyse the seasonal variation of herd movements (Section 3.3).

3.1. Supply-Demand Balance under Static Conditions

Livestock distribution expressed in TLU on sub-clan territory without migration is shown at the
left side of Figure 6 (panel a). The highest concentrations are found on the western fringes of the Afar
bordering the highlands. Following the west-east line we observe a more or less uniform density
with some near empty pockets in the Centre while lowest densities are reported for the North East
bordering Eritrea, at least partly explained by the ongoing hostilities between the countries. The right
side of Figure 6 (panel b) shows annual food supply also expressed in number of TLU that can be
fed. We observe that fodder supply mirrors livestock distribution to a certain extent. The Western
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areas report high fodder supply while low TLU densities in the Centre correspond to lower fodder
supply. Figure 7, finally, shows fodder surplus (panel a) and fodder deficits (panel b) in case of no
migration. Deficits are mainly found in the western areas of the Afar where high TLU densities are
found, which makes migration for these areas prominent.

No data
<100
100-500

]
|
|
I s00-1000
|
|
|

. <1000
. 1000-2000
. 2000-5000

1000-5000 == 5000-10000

5000-10000
10000-20000
20000-50000

>50000

10000-20000

20000-50000
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Figure 6. Livestock distribution in TLU with sub-clan totals at own territory (panel a) and annual
fodder supply expressed in TLU equivalents (panel b) (scale 1:6,500,000)
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Figure 7. Surplus (panel a) and deficit (panel b) of annual fodder supply in case of no migration
expressed in TLU (scale 1:6,500,000).
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3.2. Mapping the Migratory Routes by Sub-Clan and Season

For each of the 112 sub-clans, the routes followed by their herds have been modelled by season.
The four seasons in the Afar are based on rainfall activity. During the Bega dry weather prevailed,
Belig is the short rainy season, Keremt the main rainy season and Tsedaye the dry spell. There are
important differences between sub-clans and seasons in the number of destinations visited and duration
of stay within each sub-clan territory. Figure 8 depicts migratory routes for the Harkemella sub-clan in
the four seasons, while Figure 9 concentrates on the Wadijma sub-clan. In the supplementary material,
migratory routes for all 112 subclans are provided.

(d)

Figure 8. Harkamella sub-clan, Belig (a), Keremet (b), Bega (c) and Tsedaye (d) seasons (scale
1:9,900,000).

Figure 9. Wadijma sub-clan, Belig (a), Keremet (b), Bega (c) and Tsedaye (d) seasons (scale 1:9,900,000).

3.3. The Full Migration Model

This section presents the results of the full migration model when all herds simultaneously
migrate. Compared to the static situation (left side of Figure 6; panel a) we observe that at annual
level the number of livestock after migration (left side of Figure 10; panel a) follows a more or less
similar pattern. When zooming in on surpluses and deficits (left (panel a) and right (panel b) side of
Figure 11), some special effects come to the fore. After migration, the deficits in the Northern Part
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are dissolved, the Central part, though, shows higher deficits. Going to the South we see a general
decrease in deficits in areas and magnitude after migration.

- <100
- 100-500
= 500-1000
= 1000-5000
5000-10000

. <1000
. 1000-2000
. 2000-5000
. 5000-10000
10000-20000
10000-20000 20000-50000
i 20000-50000 = 50000-100000
- 50000 = 100000-150000

(a) (b)

Figure 10. Annual livestock presence in TLU after migration (panel a), annual fodder supply expressed
in TLU equivalents (panel b) (scale 1:7,200,000).

- < 1000
' 1000-5000
== 5000-10000

10000-20000

20000-50000
== 50000-100000
- >100000

(a) (b)

Figure 11. Surplus (panel a) and deficit (panel b) of annual fodder supply expressed in TLU equivalents
after migration (scale 1:7,200,000).
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Figure 12 shows the ratio of livestock demand over fodder supply which confirms the earlier
detected patterns of fodder deficits in the Western part. We define ‘hot spots” areas where demand is
two to three times larger than supply.

As our estimates on fodder supply are at the annual level we have to forgo a comparison of
seasonal fodder demand-supply ratios. Yet, to obtain a seasonal assessment of hot spots it is interesting
to compare the herd movements per season where it can be analysed which areas are visited most
and which places are avoided. Figure 13 shows herd presence in case of no migration with seasonal
movements during the Belig (a), Keremet (b), Bega (c) and Tsedaye (d) season. Remarkable movements
are seen in the blue circle, where during the Belig and Keremet a concentration of herd presence is
observed which drastically is reduced during the Bega and Tseday. The red circle also shows much
activity, during the Belig high concentrations are found in the upper part while decreasing in the
Keremet and Bega season, and then again increasing in the upper part during the Tsedaye. This
is related to the substantial differences between the part of the herd that remains behind and the
migrating share (Table 7).

Table 7 illustrates that there are also substantial seasonal differences between the part of the herd
that remains behind and the migrating share. In the Keremet season, half of all herds are included
in migratory movements, while in the Tsedaye season, over 90% of herds remain in their sub-clan
territory. Anecdotal evidence suggests that the part of the herd that remains behind is made up of
animals that are not yet able to join the migrating herd. The very low percentage of migrating herds in
the Tsedaye (spring) season would be consistent with the assumption that new-born animals and their
mothers stay behind.

less than 1
- ]-2
2-3
2-5
5-10
10-20
20-30
— 30-40

Figure 12. Ratio of livestock demand over fodder supply after migration (scale 1:7,200,000).
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Figure 13. Comparing seasonal herd presence during the Belig (a), Keremet (b), Bega (c) and Tsedaye
(d) seasons with the no migration option (upper) (scale 1:7,900,000).

Table 7. Percentage of herds migrating, by season.

Belig Keremet Bega Tsedaye
Average 30% 49% 20% 8%
Minimum 13% 30% 8% 3%
Maximum 36% 58% 34% 13%

4. Sensitivity Analysis

In this section we analyze the sensitivity of our assumed parameters on the identification accuracy
of hot spots. We analyze the sensitivity for production assessment, livestock distribution, and forage
consumption per TLU and relate these to the ratio feed demand over supply. Specifically, we use the
highest and lowest estimates for total herd size (in TLU) from the different data sources, dry matter
availability (in ton) using the highest and lowest production function estimates, and conversion
rates from dry matter to TLU. Combined with the assumed values used in the baseline, this leads to
27 scenarios (one of which is the baseline itself), described in Table 8. Here, the ‘low’ estimate for total
herd size is 2,491,037 TLU [67]; "high” estimate is 3,662,078 TLU [64]. For total dry matter availability,
the ‘low’ estimate is 3714 thousand ton [52] while ‘high” equals 9652 thousand ton [55]. For TLU
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conversion the ‘low” estimate equals 2.2 MT dry matter per year [71], while the ‘high” equals 2.7 MT
dry matter per year [52]. Base values are as described in Section 2 above.

Table 8. Scenario description.

Herd Estimate Dry Matter TLU Conversion

Scenario 1 Low Low Low
Scenario 2 Low Low Base
Scenario 3 Low Low High
Scenario 4 Base Low Low
Scenario 5 Base Low Base
Scenario 6 Base Low High
Scenario 7 High Low Low
Scenario 8 High Low Base
Scenario 9 High Low High
Scenario 10 Low Base Low
Scenario 11 Low Base Base
Scenario 12 Low Base High
Scenario 13 Base Base Low

Baseline Base Base Base
Scenario 14 Base Base High
Scenario 15 High Base Low
Scenario 16 High Base Base
Scenario 17 High Base High
Scenario 18 Low High Low
Scenario 19 Low High Base
Scenario 20 Low High High
Scenario 21 Base High Low
Scenario 22 Base High Base
Scenario 23 Base High High
Scenario 24 High High Low
Scenario 25 High High Base
Scenario 26 High High High

Results of all scenarios are available on request. Here we present the results on the ‘Best’
scenario where TLU assessments are low, fodder estimates high and fodder consumption by TLU low,
the ‘Baseline” scenario, referring to results reported in Section 3, while the “Worst” Scenario has highest
TLU, lowest fodder assessment and high fodder consumption by TLU.

Concerning the results of the corresponding feed demand over supply ration for the Afar at
provincial level we depict the outcome in Figure 14. We observe that, especially, the “Worst” scenario is
very sensitive for negative outliers and results in serious deficits, state wide.

Outcomes of the scenarios by sub-clan territory are presented in Figure 15, where the baseline,
the worst case outcome and the optimal outcome are depicted for each of the 112 sub-clan territories.
We observe that the ‘Best” and 'Baseline ’ scenarios are more or less the same with absolute differences
oscillating between 0.04 and 1.51 with average difference 0.42. Differences between 'Baseline” and
“Worst’ scenarios are much larger, varying from 0.02 to 7.5 with an average of 2.09. Magnitude of
feed surpluses and deficits for the three scenarios are illustrated in Figures 16 and 17, respectively.
In the ‘Best’ scenario, surpluses are found in all sub-clan territories except for some areas in the Centre
bordering the Highlands, where feed deficits all fall in the first class. The “Worst’ scenario shows some
surpluses in the areas in the North East, bordering Eritrea, in the South-East near Somali Province and
near the capital Semera. Yet, the amount of areas with deficits is alarming especially for the Central
part of the Afar where deficits classes fall into the highest categories.
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Figure 14. Ratio feed demand over supply for "Worst, ‘Baseline” and ‘Best’ scenario.
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Figure 15. Results of sensitivity analysis. Ratio feed demand over supply for ‘Best’, ‘Baseline” and

‘Worst” scenario.
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Figure 16. Surplus feed: ‘Best’ (panel a), ‘Base’ (panel b) and ‘Worst’ (panel c) scenario’s
(scale 1:7,200,000).
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Figure 17. Feed deficits: ‘Best’ (panel a), ‘Base’ (panel b) and ‘Worst’ (panel c) scenarios
(scale 1:7,200,000)

5. Conclusions

Using a migration model to represent herd movements over time and space, we found in most of
Afar State a reasonable balance between annual fodder supply and demand. Most areas show a small
surplus, except for the Western part of the Afar bordering the foot of the Highland slopes where in
"hot spots” demand exceeds supply by a factor two or three. The results may support the argument
that by and large institutions that regulate the time and duration of visits of Afar pastoralists to other
sub-clan territories favor the development of arid areas by maintaining a balance between demand and
supply of fodder and water resources. All of the sub-clans practice migration mechanism though we
found considerable differences in share of the herd that migrates and the distances that were covered
by the various sub-clans. By itself the results of this study-dispatch an important message to local
and regional authorities in that migration is needed for sustainable development of the Ethiopian
dryland and that negative effects of land developments that interfere with traditional patterns should
be minimized. For example authorities could guarantee safe corridors for pastoralists through planned
biofuel plantations and the large sugar cane farm near the Tenaha dam.
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Our research is a clear step forward in the impact analysis of migration patterns on the sustainable
land development. The simultaneous evaluation of the presence of livestock in its spatial and
temporal dimension gives an accurate representation of reality and allows policy makers to target
their intervention geographically to support drought coping strategies of the pastoralists such as the
design of the best spatial configuration of a system of groundwater pumps and forage storage points.
When such “enclaves” are well regulated they could help pastoralists through dire periods and avoid
overgrazing and land degradation of the few areas that are not yet affected by drought.

Yet, this study also showed that still large data gaps exist and much ground truthing need to be
done to complete a sound empirical basis. A consolidated data base with detailed information on
trekking routes, biophysical resources, land uses, market prices, conflict zones, household /pastoralist
surveys, and narratives on coping strategies in appropriate spatial and temporal dimensions.
The collection of these data at the appropriate level and its organization in a dynamic modelling
environment is a big scientific challenge in the coming years.

Several improvements of the migration model are envisaged. First, using satellite information on
start and end of season allows assessing seasonal variation of feed demand and representing fodder
supply at a higher spatial and temporal resolution. A follow up study is planned to refine the Second,
adding availability and access to water resources, a vital element will improve the explanation of
migrating routes. Third, introducing prices and bringing the model under an optimization framework
maximizes herders’ income under various scenarios like alternative routings, climate change effects
and improved rangeland management. Fourth, and finally, combining the model outcomes with results
of a survey held among 180 pastoralists will deepen the understanding of regulations and agreements
between sub-clans on sharing of common resources and indicate where institutional support can
strengthen the resilience of Afar pastoralists to cope with the new challenges.
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Appendix

Scatter plots of relative number of heads for camels (panels A1-A3) (Figure Al), cattle (panels
B1-B3) (Figure A2), sheep and goats (panels C1-C3) (Figure A3), equine (panels D1-D3) (Figure A4)
and TLU (panels E1-E3) (Figure A5) for CSA03 against REGAOS8 (panels Al, B1, C1, D1 and E1),
CSAO03 against REGA13 (panels A2, B2, C2, D2 and E2) and REGAO08 against REGA13 (panels A3, B3,
C3, D3 and E3).
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Figure A1. Scatter plots of relative number of heads for camels (A1-A3).
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Figure A3. Scatter plots of relative number of heads for equine (C1-C3).
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