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Abstract For at least four decades, archaeologists have
identified irrigation as playing a potentially major role in
the rise of Aksumite civilization. Based on a systematic
survey covering the area between Aksum and Yeha
(Ethiopia), Joseph Michels proposed that large-scale
irrigation systems introduced from Southwest Arabia
contributed to the rise of Yeha as a major center of
Pre-Aksumite civilization. To evaluate spatial patterning
of archaeological sites with respect to water availability,
this paper reports on results from archaeological survey
of a 100 km2 region surrounding Yeha conducted by the
Southern Red Sea Archaeological Histories (SRSAH)
Project from 2009 to 2016. The SRSAH Project record-
ed 84 sites dating from the Pre-Aksumite to the Post-
Aksumite periods (c.800 BCE to 900 CE). No ancient

irrigation systems were identified and results do not
show a correlation between archaeological sites and
water resources. This suggests that irrigation was less
important than Michels contended and that rainfed ag-
riculture, terraces, and small-scale irrigation comparable
with practices evident in the region today were sufficient
to sustain ancient populations.

Résumé Depuis au moins quatre décennies, les
archéologues ont identifié l’irrigation comme jouant un
rôle potentiellement majeur dans l’essor de la
civilisation axoumite. Sur la base d’une enquête
systématique couvrant la zone entre Axoum et Yeha
(Éthiopie), Joseph Michels a proposé que les systèmes
d’irrigation à grande échelle introduits du sud-ouest de
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l’Arabie avaient contribué à l’essor de Yeha en tant que
centre majeur de la civilisation pré-axoumite. Basé sur une
étude archéologique d’une région de 100 km2 entourant
Yeha menée par le projet Southern Red Sea Archaeolog-
ical Histories (SRSAH) de 2009 à 2016, cet article présente
les résultats des analyses qui évaluent la structuration
spatiale des sites archéologiques en fonction de la
disponibilité de l'eau. Le projet SRSAH a enregistré 84
sites archéologiques datant de la période pré-axoumite à la
période post-axoumite (environ 800 avant JC à 900 après
JC). On n'a identifié aucun système d'irrigation ancien et
les résultats ne montrent aucune corrélation entre les sites
archéologiques et les ressources d'eau. Cela suggère que
l'irrigation était moins importante que ne le pensaitMichels
et que l'agriculture pluviale, les terrasses et l'irrigation à
petite échelle comparables aux pratiques observées de nos
jours dans la région étaient suffisantes pour maintenir les
populations anciennes.

Keywords Ethiopia . Eritrea . Spatial archaeology .

Aksum . Irrigation .Watermanagement

Introduction

How did water availability and irrigation influence the
origins and long-term trajectory of Aksumite civiliza-
tion? More than 70 years ago, archaeologists identified
irrigation as one of several primary factors implicated in
the origins of the world’s earliest civilizations (see
Harrower 2016; Mabry 2000; Scarbrough 2003;
Steward 1949; Wittfogel 1957), and water remains an
important topic of concern in studies of ancient societies
(e.g., Holt 2018; Sulas and Pikirayi 2018). In the Horn
of Africa, archaeologists have proposed that water man-
agement and irrigation, including technologies thought
to have been introduced from Southwest Arabia, con-
tributed to the rise of Pre-Aksumite and Aksumite civ-
ilization (Bard et al. 2000; Butzer 1981; Michels 1988,
1994, 2005). However, in past decades, appraisals of the
role water played in Aksumite history have traditionally
been based on relatively limited information about
Aksumite settlement patterns and, often, have not had
the benefit of the latest spatial technologies, including
satellite imagery, Global Positioning System (GPS), and
Geographic Information Systems (GIS) mapping to rig-
orously assess the role of water.

This paper reports results of recent archaeological
survey and analysis of settlement patterns, in relation

to water availability, for the region surrounding the town
of Yeha, Ethiopia. This research forms part of the South-
ern Red Sea Archaeological Histories (SRSAH) Project,
which began investigating the region surrounding Yeha
in 2009. Yeha was an important center, and possibly the
capital, of the Pre-Aksumite polity that preceded the
Kingdom of Aksum (Fattovich 2009, p. 277). Over a
hundred years of sporadic archaeological investigations
at Yeha have mostly focused on monumental architec-
ture, artifacts, and iconography (e.g., Anfray 1963,
1972, 1973, 1990, 1995; Gerlach 2012; Littmann
1913; Robin and De Maigret 1998), but water has also
been proposed as an important factor in Yeha’s history.
Most notably, based on a wide area archaeological sur-
vey of the region between Aksum and Yeha conducted
in 1974, Michels (2005, p. 60–61) proposed that large-
scale irrigation technologies introduced from Southwest
Arabia enabled the power and influence of Yeha. As
reported in this paper, one of the key objectives of the
SRSAH project involved invest igat ing and
documenting settlement patterns around Yeha and eval-
uating Michel’s contention that large-scale irrigation
was crucial in Yeha’s history. Our investigations docu-
mented 84 archaeological sites, including 29 settle-
ments, 20 artifact scatters, 29 find spots, and 6 other
sites, within a 100 km2 survey area. To evaluate the role
of water in settlement patterns, we compared the spatial
distribution of these sites with a satellite imagery–
derived map estimate of soil wetness—Compound To-
pographic Index (CTI)—and a satellite imagery–
derived map estimate of evapotranspiration—
Disaggregated Atmosphere-Land Exchange Inverse
(DisALEXI). This analysis, somewhat unexpectedly,
does not show a statistical correlation between sites
and water and thus demonstrates that irrigation was less
important than Michels contended. Historical accounts
report substantial irrigation in the small ~ 1 km2 valley
immediately north of Yeha. However, rainfall may have
been plentiful enough in the surrounding 100 km2 re-
gion that farmers did not need to specifically target
locations suitable for irrigation and, instead, appear to
have used other criteria to select locations for settlement.

Background

The Yeha research area of our SRSAH survey (Fig. 1) is
located in a temperate highlands zone, where volcanic
and tectonic activities have created sharp contrasts in
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topography, rainfall, soil structure, and land use (Billi
2015, p. 5). The region consists of plateaus formed by
the uplifting of Arabian-Ethiopian flood basalts to
around 3000 m above sea level (Billi 2015, p. 12–15).
The area is part of the headwaters of the Tekeze River
watershed (Billi et al. 2015, p. 90), but generally lacks
perennial water flow, with the exception of small upland
springs immediately west of Yeha. Mean annual precip-
itation estimates (Fig. 1) calculated from the CenTrends
precipitation product based on weather station data
(Funk et al. 2015) show a gradient of decreasing precip-
itation from east to west, including Shire (828mm/year),
Aksum (733 mm/year), Yeha (615 mm/year), and
Adigrat (519 mm/year). Anecdotally, past accounts re-
port a verdant landscape with substantial irrigation in the
vicinity of Yeha (e.g., Beckingham and Huntingford
1961 [1520], p. 141; Bent 1896, p. 148; Michels 2005,
p. 43), but agriculture today relies predominantly on
rainfall, with the occasional exception of small plots of

fruits and vegetables sustained by wells and spring
flows. Importantly, although research presented in this
paper concentrates on spatial patterning of water avail-
ability, changes in climate and precipitation through
time are also a critically important topic of ongoing
research (e.g., Terwilliger et al. 2011, 2013).

The region surrounding Yeha preserves a wealth of
archaeological evidence dating from the Pre-Aksumite
to Post-Aksumite periods. For this paper, we follow the
chronology published by Bard et al. (2014) based on
Bayesian analysis of radiocarbon dates from Aksum
(Table 1). Early reports of Francisco Álvares
(Beckingham and Huntingford 1961[1520]), Bent
(1896), and the German Aksum Expedition (Littmann
1913) drew considerable attention to the impressive
ancient temple at Yeha, but the archaeology of the
surrounding region long remained scantly investigated.
Francis Anfray, who conducted a series of excavations
at Yeha (Anfray 1963, 1972, 1995), was the first to

Fig. 1 Map of study region showing SRSAH survey area around
Yeha and ETAP survey area north of Adigrat outlined in white.
Mean annual precipitation (mm/year) contour lines are produced

from CenTrends gridded 0.1 × 0.1 degree monthly precipitation
estimates for the period 1900–2014

Afr Archaeol Rev



undertake a somewhat more thorough survey of the
surrounding region, and reported several important sites
(Anfray 1973). Michels (1979, 1988, 1994, 2005) con-
ducted an important survey between Aksum and Yeha in
1974 but his team’s work only extended approximately
1 km north of Yeha.

The earliest recorded sites in the region surrounding
Yeha date to the Pre-Aksumite period with some limited
ceramic finds that may date to an earlier ill-defined
prehistoric era. In light of the enormous time depth of
early human occupation in Ethiopia, one might expect a
comparatively early appearance of agriculture. Howev-
er, the earliest definitive evidence of domesticated ani-
mals documented in the Horn of Africa falls during the
third millennium BC, with the earliest evidence of crops
appearing significantly later during the first millennium
BC (Arthur et al. 2019; Harrower et al. 2010). Present
evidence indicates that complex polities closely follow-
ed or appeared in tandem with crop agriculture during
the Pre-Aksumite period.

A substantial and steadily growing body of research
documents ancient complex societies in the highlands of
Eritrea (Schmidt et al. 2008) and northern Ethiopia
(Fattovich 2019; Finneran 2007; Phillipson 2012). The
earliest complex polities, namely the Ona Culture in
Eritrea and Pre-Aksumite in Ethiopia, appeared during
the early first millennium BC. By the first millennium
AD, a rapidly expanding kingdom was established with
its capital at Aksum. From the third through sixth cen-
turies AD, Aksum reached the apex of its influence with
periodic rule of Yemen and military campaigns in Su-
dan. By the seventh century, Aksum began to decline
and was eventually succeeded by the Zagwe dynasty,
which ruled from Lalibela during the eleventh through
thirteenth centuries.

Temple architecture, inscriptions, tombs, and associ-
ated material culture at Yeha make it arguably the most
important Pre-Aksumite site (Anfray 1990; Fattovich
2009; Gerlach 2012; Japp et al. 2011; Robin and De
Maigret 1998). Indeed, considerable debate centers on
whether or not Yeha could have been the capital of a
Pre-Aksumite state (Fattovich 2019; Finneran 2007, p.
117–126; Phillipson 2012, p. 38–40). Concordantly,
research at Yeha has long concentrated on monumental
and mortuary contexts, including architecture, inscrip-
tions, and religious iconography that depict affinities
with Southwest Arabia (Gerlach 2012).

The role of water and irrigation in the rise of complex
societies in Ethiopia and Eritrea remains a matter of
considerable interest and debate. In previous decades,
numerous scholars proposed that irrigation technologies
introduced from South Arabia propelled the rise of
complex polities (Bard et al. 2000; Butzer 1981;
Michels 1988, 1994, 2005), but, more recently, these
assertions have been challenged by more thorough ap-
praisals that show irrigation played a supplemental,
rather than central, role (Brunner 2005; D’Andrea
et al. 2008; Harrower and D’Andrea 2014; Sulas 2014,
2018; Sulas et al. 2009). Butzer (1981, p. 477) claimed
that irrigation introduced from South Arabia was impor-
tant to Pre-Aksumite and Aksumite food production,
and argued that the Mai Shum reservoir at Aksum is
“identical” to karif reservoirs common in Yemen
(Butzer 1981, p. 479). Although it is possible that res-
ervoirs at Aksum and Qohaito may have been inspired
by South Arabian examples, this is by no means a
certainty since the technology involved is rather generic
(Brunner 2005). Similarly, Michels (1994, p. 64; 2005,
p. 60–61) insisted that irrigation technologies intro-
duced from South Arabia were a driving force behind
agriculture at Yeha. Despite Michels’ assertions, mas-
sive floodwater diversion that irrigated up to 9600 ha at
Ma’rib, Yemen (Brunner 2000) does not resemble
spring flow irrigation of up to 185 ha on the valley floor
at Yeha (Michels 2005, p. 60–61). Not only are these
two cases of very different scale, but they are techno-
logically distinct, with the latter resembling small-scale
highland spring flow irrigation rather than the large
systems built by South Arabian states (Varisco 1996).
Similarly, archaeological survey conducted north of
Adigrat by the Eastern Tigrai Archaeological Project
(ETAP) did not discover major irrigation works, but
instead revealed spatial associations between major ar-
chaeological settlements and low-lying areas, which

Table 1 Archaeological Chronology for Aksumite Ethiopia (after
Bard et al. 2014)

Period Date range

Late Stone Age 40,000–800 BC

Pre-Aksumite 800–360 BC

Proto-Aksumite 360–130 BC

Early Aksumite 130 BC–160 AD

Classic Aksumite 160–380 AD

Middle Aksumite 380–580 AD

Late Aksumite 580–825 AD

Post-Aksumite 825 AD–present
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indicate ancient farmers targeted water-rich locations
with greater agricultural potential (D’Andrea et al.
2008; Harrower and D’Andrea 2014).

Archaeological Survey

Archaeological survey conducted by the SRSAH pro-
ject has generated considerable new information about
sites in the area surrounding Yeha (Fig. 2). Our initial
research in 2009 involved preliminary reconnaissance
and ethnoarchaeological investigations of water man-
agement practices. In 2009 and 2011, SRSAH began
opportunistic archaeological survey along with excava-
tions of the newly discovered site of Beta Samati
(Harrower et al. 2019). In 2012, SRSAH began a pro-
gram of systematic survey that was followed by three
seasons (2013, 2015, and 2016) funded by a grant from
NASA for satellite remote sensing and archaeological
survey to study the role of water in long-term histories.

Survey Methods

To maximize the discovery of important new settlement
sites and gain a statistically representative understanding
of the area, our approach involved opportunistic and
systematic surveys. Our survey area of 100 km2, the
largest area allowed by the Ethiopian authorities, aimed
to avoid inaccessible cliffs and mountains that make
survey difficult or impossible (Fig. 3). Our survey meth-
odology was based on techniques used by the Eastern
Tigrai Archaeological Project (ETAP) led by Catherine
D’Andrea (Harrower served as Director of Archaeolog-
ical Survey from 2005 to 2008). Methodological con-
sistency with the ETAP project (see D’Andrea et al.
2008; Harrower and D’Andrea 2014) ensures compara-
bility of results and is helping to generate wider under-
standing of Pre- to Late Aksumite societies. In addition
to surveyor judgment, and the reports of local residents,
our efforts drew on ASTER (Advanced Spaceborne
Thermal Emission and Reflection Radiometer), World-
View-2, and Worldview-3 satellite imagery, as well as
an ALOS-PRISM (Advanced Land Observation Satel-
lite – Panchromatic Remote-Sensing Instrument for Ste-
reo Mapping) 5-m resolution DSM (Digital Surface
Model). Our combined vehicular and pedestrian ap-
proaches specifically targeted rock-shelters (in the rare
instances when they were present) and areas with stone
architectural debris that often demarcate ancient
settlements.

In 2009 and 2011, we began reconnaissance and
opportunistic survey by familiarizing ourselves with
the landscape, re-locating, and documenting sites iden-
tified by the previous surveys of Francis Anfray (1973)
and JosephMichels (2005), and recording anew some of
the largest and most recognizable archaeological sites in
the area. Procedures for recording sites discovered by
previous surveys, and for recording sites documented by
opportunistic survey, were the same as those used for
systematic survey (described below).

In 2012, we began systematic sampling 5% of our
survey area using a stratified random approach. We first
divided our survey area into 1 × 1 km sectors. We then
randomly selected 50 sectors and simulated a coin toss
to determine the orientation (north-south or east-west) of
each 0.1 km2 (1000 m × 100 m) survey transect within
each of the 50 sectors. The last three digits of UTM
coordinates for every survey transect were also random-
ly selected to ensure randomness within each 1 × 1 km
sector. To discover and document sites within each

Fig. 2 Archaeological survey in Yeha region. Jacob Bongers
recording location northwest of Beta Samati (roughly 500 m east
of artifact scatter 001-001) with Trimble GeoXH GPS. The pho-
tograph faces south with terraces visible in background preventing
erosion on steep slopes (Photo by M. Harrower, June 7, 2012)
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Fig. 3 Archaeological sites and survey transects of the SRSAH Project in Ethiopia overlaid on a 30-m resolution DisALEXI evapotrans-
piration image for April 12, 2013, with topography and water flow accumulation derived from an ALOS-PRISM 5-m DSM
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survey meter transect, six field crewmembers standing
17 m apart walked lengthwise through each transect
dividing the landscape into survey units determined by
landform class (Fig. 4). This method of mapping, quan-
tifying, and defining sites by landform type facilitates
analyses of spatial patterning that consider the impacts
of differential preservation on different landforms.

Landform Classification

Landform categories are as follows (after Harrower and
D’Andrea 2014, Table 2):

1. Sediment plateau: Areas with slopes of less than 5
degrees that are predominantly covered by soil and
sometimes low terraces.

2. Sediment slope: Areas with slopes of 5–25 degrees
commonly used for farming and grazing that are
often terraced.

3. Bedrock slope: Areas of exposed bedrock with
slopes of 10–90 degrees that are at times partially
covered by sediment, scree, and/or talus.

4. Scree slope: Areas of abundant angular clasts often
of a low slope (less than 20 degrees) lying below
prominent highland areas.

5. Valley bottom: Low-lying drainage networks often
carrying water in the rainy season and characterized
by copious grass and other foliage.

When a crew member encountered ancient architec-
ture or a cluster of artifacts, they would communicate to
the team that a potential site was found. The other

Fig. 4 Landforms of the SRSAH survey area. This image near the
modern town of Dibdibo in the southeast corner of the SRSAH
survey area shows the site of Enda Mariam Adekeras (artifact
scatter 100-001) on sediment slope in the foreground. It also shows

valley bottom, bedrock slope, scree slope, and bedrock slope
landform classes successively towards the mountain (amba) in
the background (Photo by M. Harrower, June 5, 2015)
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Table 2 Archaeological sites surveyed by the SRSAH Project (UTM Zone 37N Adindan Ethiopia)

Site name Site # Size (ha) Age Northing Easting

Settlements

1 Beta Samati 006-001 20.28 Pre-Aksumite to Late Aksumite 1,585,500 503,694

2 Enda Gal’i 057-001 8.69 Pre-Aksumite and Late Aksumite 1,579,957 503,066

3 Mes’hl 092-001 3.98 Early to Late Aksumite 1,576,809 508,656

4 Dungur 022-003 3.56 Pre-Aksumite to Late Aksumite 1,583,575 503,124

5 Sekoualou 044-001 3.24 Pre-Aksumite 1,581,273 508,766

6 Dergouah 060-001 3.24 Middle to Late Aksumite 1,579,655 506,901

7 Mai Fesasi 029-002 2.47 Middle to Post-Aksumite 1,582,035 502,486

8 Sefra Tourkui 027-001 2.4 Pre-Aksumite 1,583,740 508,076

9 Tigala 3 097-003 2.38 Classic to Late-Aksumite 1,575,421 503,837

10 Mai Awa’ur 020-001 2.11 Middle Aksumite 1,582,065 501,982

11 Enda Giordis Mogu’o 042-002 1.97 Middle Aksumite 1,581,098 506,492

12 Dem Elal 013-001 1.88 Pre-Aksumite to Post-Aksumite 1,584,583 503,509

13 Da’ero Arat/St Gabriel Church 079-001 1.66 Classic to Middle Aksumite 1,577,132 505,203

14 Sefra Aboun 071-001 1.4 Pre-Aksumite to Middle Aksumite 1,578,320 507,081

15 Enda Mariam Adekeras 100-002 1.28 Classic to Middle Aksumite 1,575,672 508,831

16 Enda Cha’atat 002-001 1.11 Classic to Middle Aksumite 1,586,146 505,029

17 Fedaga Aro 003-001 1.1 Classic to Late Aksumite 1,586,199 507,159

18 Enda Nuwutu 027-002 1.01 Classic to Middle Aksumite 1,584,017 508,636

19 Adi Wesak 2 034-002 0.9 Middle to Post-Aksumite 1,582,640 507,620

20 Tseratsur 069-001 0.9 Classic to Late Aksumite 1,578,919 505,883

21 Enda Mikeal 012-001 0.82 Pre- to Post-Aksumite 1,584,249 502,434

22 Luhuts 077-001 0.66 Middle Aksumite 1,577,882 503,980

23 Enda Aboy Meles 022-002 0.62 Pre-Aksumite 1,583,828 503,984

24 Ser Ser Adi Keshi 037-001 0.56 Classic to Late Aksumite 1,580,864 501,852

25 Adi Kesho/Adi Hano 069-002 0.45 Early to Post-Aksumite 1,578,192 505,517

26 Adi Helafa 014-001 0.42 Post-Aksumite 1,584,877 504,150

27 Enda Balata Dista 022-001 0.42 Pre-Aksumite 1,583,248 503,822

28 Musa Metahen 056-001 0.40 Proto to Early Aksumite 1,579,288 502,891

29 Min Gerger Abi Adi 066-001 0.17 Early Aksumite 1,578,796 502,327

Artifact scatters

1 N/A 005-001 1.01 Late Aksumite 1,585,965 502,470

2 Berik Gadm 035-002 0.95 Post-Aksumite 1,582,879 508,817

3 Hedar 2 048-001 0.82 Middle to Post-Aksumite 1,580,112 504,869

4 Mirai Abune Afsea 068-001 0.6 Pre-Aksumite 1,578,247 504,106

5 Hchen 026-001 0.54 Pre- to Early Aksumite 1,583,830 507,659

6 Endaba Hailu 017-001 0.44 Late to Post-Aksumite 1,584,182 507,146

7 Beloho 030-001 0.36 Classic to Middle Aksumite 1,582,116 503,036

8 Adi Abisalem 999-001 0.28 Middle Aksumite 1,585,674 508,040

9 Aoudi Welka 067-001 0.27 Pre-Aksumite to Early Aksumite* 1,578,737 503,582

10 N/A 024-002 0.25 Classic Aksumite 1,583,978 505,512

11 Gembes 024-001 0.24 Late to Post-Aksumite 1,583,855 505,504

12 Gobo Terer 028-001 0.24 Classic to Middle Aksumite 1,583,561 509,433

13 Enda Mariam Adekeras 100-001 0.18 Classic to Post-Aksumite 1,575,724 508,575
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Table 2 (continued)

Site name Site # Size (ha) Age Northing Easting

14 N/A 001-001 0.12 Classic to Post-Aksumite 1,586,224 502,498

15 Kawhi Aboi Haftom 069-004 0.1 Early Aksumite* 1,578,172 505,880

16 Adi Klte 085-001 0.1 Classic to Middle Aksumite 1,576,187 501,359

17 Enda Nebsay 012-002 0.09 Pre-Aksumite to Post-Aksumite 1,584,026 502,094

18 N/A 036-001 0.08 Pre-Aksumite 1,582,407 509,011

19 Mekebr Aslem 035-001 0.06 Post-Aksumite 1,582,951 508,553

20 Negasti Wolahu 070-001 0.55 Classic to Middle Aksumite 1,578,182 506,540

Find spots

1 N/A 004-001 Middle Aksumite 1,584,319 501,821

2 N/A 008-001 Middle to Post-Aksumite 1,585,721 505,394

3 Adi Abisalem 2 010-001 Classic to Middle Aksumite 1,585,726 507,894

4 Adi Halefa 014-002 Proto to Early Aksumite 1,584,670 504,493

5 Gogoweyten 014-003 Pre- to Early Aksumite* 1,584,002 504,469

6 N/A 016-001 Post-Aksumite 1,584,222 506,666

7 Eda Felasi 021-001 Indeterminate 1,583,488 502,416

8 N/A 024-003 Classic Aksumite 1,583,780 505,542

9 Mai Awa’ur 2 029-001 Classic to Middle Aksumite 1,582,134 502,038

10 Zban Ma’ekune/Beloho 029-003 Indeterminate 1,582,141 502,769

11 Adi Wesak 034-001 Indeterminate 1,582,487 507,664

12 N/A 036-002 Post-Aksumite 1,582,816 509,122

13 Welaha/Dembi Arar 038-001 Middle Aksumite 1,581,307 502,805

14 N/A 042-001 Post-Aksumite 1,581,244 506,106

15 Hedar 048-002 Classic to Middle Aksumite 1,580,106 504,946

16 Ksadke’re 063-001 Early to Classic Aksumite 1,579,841 509,305

17 Kohama 069-003 ESA to Pre-Aksumite* 1,578,123 505,188

18 Tseratsur 070-002 Pre- to Middle Aksumite 1,578,678 506,261

19 Mai Eungug 071-002 Pre- to Classic Aksumite* 1,578,011 507,166

20 Mwal Sienom 077-002 Indeterminate 1,577,909 503,495

21 Adi Krumbe/Tahtay 081-001 Pre-Aksumite 1,577,493 507,077

22 Adi Krumbe/Tahtay 2 081-002 Classic to Middle Aksumite 1,577,527 507,254

23 Adi Krumbe/Tahtay 3 081-003 Classic to Middle Aksumite 1,577,572 507,384

24 Ak’akuh 091-001 Middle Aksumite 1,575,990 507,697

25 Tigala 097-001 Indeterminate 1,575,377 503,339

26 Tigala 2 097-002 Middle Aksumite 1,575,342 503,404

27 Mtkal Wocho 2 098-002 Classic to Late Aksumite 1,575,647 505,868

28 Mai Meteto 098-003 Indeterminate 1,575,970 504,252

29 Ak’akuh 099-001 Indeterminate 1,575,899 507,736

Other sites

1 N/A 059-001 Indeterminate 1,579,871 505,091

2 Adi Klte 2 085-002 Indeterminate 1,576,218 501,312

3 Mtkal Wocho 098-001 Indeterminate 1,575,621 505,750

4 Mai Omo 998-001 Indeterminate 1,573,271 503,109

5 Mai Omo 998-002 Indeterminate 1,573,271 503,109

6 Mai Omo 998-003 Indeterminate 1,573,353 503,124
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surveyors would then move to that area, spread out, and
search for additional material. Artifacts, including pre-
dominantly lithic stone tools and ceramics, were collect-
ed, bagged, and tagged according to a six-digit number
described below. If within 5 min, more than 15 artifacts
were found by six people searching, then the location
would be classified as a site. If fewer than 15 artifacts
were found, a general finds bag was created correlating
to the survey unit defined by the landform, as described
above. In the case of large sites, a sample of each
ceramic ware, as well as diagnostic sherds and lithics,
was collected.

Archaeological Site Classification

Sites discovered during archaeological survey were di-
vided into three main types:

1. Find spots: Isolated, small sites that when intensive-
ly examined yielded at least 15 artifacts (most com-
monly pottery sherds or lithics) in roughly 5 min. A
Trimble GPS point was taken at the center of each
site (Fig. 3). The GPS was also used to record a six-
digit site number as well as information about land-
form class, photographs, estimated age, and bags of
artifacts collected.

2. Artifact scatters: Sites exhibiting higher artifact den-
sities and a definable areal extent that is generally
less than two hectares. ATrimble GPS was taken at
the center of each site. The GPS was used to record
a six-digit site number as well as information about
landform class, photographs, estimated age, and
bags of artifacts collected. The areal extent was also
mapped as a GPS polygon.

3. Settlement sites: Sites that are generally at least 1 ha
in size and usually contain highly visible features
including remnants of architecture such as a debris
field indicative of collapsed buildings, hearths,
standing stones, pillar bases, or other monuments.
ATrimble GPS was taken at the center of each site.
The GPS was used to record a six-digit site number
as well as information about landform class, photo-
graphs, estimated age, and bags of artifacts collect-
ed. The areal extent was also mapped as a GPS
polygon.

The site classification typology described above has
the advantage of being flexible and not imposing as-
sumptions about site function. This is especially true for

the description of smaller sites in which function can be
difficult to determine. Sites were dated through analysis
of the ceramics and lithics collected performed by pro-
ject experts in these respect ive f ie lds (see
Acknowledgments).

Archaeological Site Numbering

In addition to names solicited through inquiries with
local residents, sites are referred to according to a six-
digit number. The first three digits denote a survey unit
or sector number followed by a three-digit site number
(e.g., Beta Samati 006-001). This site numbering strat-
egy differs according to the two main types of survey
(systematic and opportunistic).

1. Systematic (ascending order): Numbers for each
1 × 1 km sector in our 100 km2 systematic survey
area were assigned in ascending order starting from
001 (001, 002, 003 etc.). Site numbers were
assigned with the three-digit sector number follow-
ed by a three-digit site number, which begins anew
for each sector (e.g., 061-001, 061-002, 067-001
etc.). This type of numbering includes any sites
found within a given sector regardless of how they
were discovered.

2. Opportunistic (descending order): Sites discovered
outside our systematic survey area during opportu-
nistic survey were assigned a survey unit number
for the area in descending order starting from 999
(999, 998, 997, etc.). Site numbers were determined
by this three-digit survey area number followed by a
three-digit site number, which begins anew for each
survey area (e.g., Adi Abiselam 999-001, and then
999-002 or 998-001, etc.).

Overall, the combination of opportunistic and strati-
fied random sampling described above is advantageous
for several reasons. First, it is important in minimizing
biases inherent in purely opportunistic sampling.
Whereas survey team members may only record and
investigate obvious sites in opportunistic survey, statis-
tical sampling forces the crew into remote, inaccessible
areas they might not otherwise typically investigate. In
addition, random sampling generates a statistically rep-
resentative sample that allows for geospatial analysis
and modeling. Our sample is thus invaluable for evalu-
ating patterning of sites in relation to the surrounding
landscape (see also Harrower and D’Andrea 2014).
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Survey Results

SRSAH research generated findings of considerable
significance in addressing the role of water in the gen-
esis and long-term trajectories of Aksumite societies.
We completed all 50 random survey transect strips
amounting to a 5% stratified random sample of our
survey area (Fig. 2). We recorded a total of 84 archae-
ological sites (Table 2). Thirty-four sites fall with the 50
randomly selected transects that cover 5 km2 resulting in
a site density of 6.80 sites/km2. Extrapolating this mea-
sured density to the entire survey area indicates that we
have an approximately 12% sample (84/680) with 41%
of sites discovered via randomly selected survey strips.

We re-located and recorded most of the sites reported
by Anfray (1973) and Michels (2005). Four of the five
sites reported by Anfray (1973) for the region surround-
ing Yeha (Sefra-Aboun, Sekoualou, Sefra-Tourkui, and
Dergouah) were re-located (see further descriptions be-
low). The fifth site, Haghero-Deragoueh, was reported
as a 5-h walk from Yeha and therefore is likely well
beyond our survey boundary. In contrast, sites reported
by Michels (2005) were typically much smaller and far
more difficult to re-locate. Nevertheless, we re-visited
seven of the eleven sites Michels reported in the vicinity
of Yeha (Hanza Moholita, Enda Gully, Ser Ser Adi
Keshi, Musa Metahen, Aoudi Welka, Min Gerger Abi
Adi, and Mirai Aba Afsea). Four additional sites (Adi
Habalo, Mai Ahu, Sefra de Gezmati, andMa’al Sienum)
were not rediscovered; some are small, while others
appear to have been destroyed or obscured since
Michels’ survey in 1974.

In terms of water, ethnoarchaeological investigations
identified several springs that are important as water
sources, including Mai Mahoulay and Mai Guna Guna
(west of Yeha), as well asMai Kodo andMai Cha (south
of Yeha). These springs supply water for domestic pur-
poses and for small plots of fruits and vegetables, but
most crops in the area are rainfed. Although no defini-
tively ancient irrigation structures were identified, a
number of earthen reservoirs, including a few near the
site of Beta Samati, appear to be of considerable, yet
indeterminate, age. Several large modern dams have
also been constructed creating large water reservoirs
(see Koda et al. 2019 on modern reservoirs). However,
no large reservoirs are visible in Corona KH-4B imag-
ery taken on December 9, 1967. If reservoirs had been
present at the time, one would expect them to be visible
in this relatively high spatial resolution (1.8 m) KH-4B

imagery as other small agricultural features, including
terraces, are discernable.

The SRSAH project surveyed a wide range of impor-
tant sites and of the 11 sites over 2 ha (see descriptions
below), seven are newly discovered. These important
new discoveries help clarify ancient settlement patterns
and form a valuable dataset for evaluating the role of
water in the long-term trajectories of ancient civiliza-
tions in Ethiopia:

& Beta Samati (20.28 ha) is the largest site surveyed.
Discovered in 2009, the site was excavated by
SRSAH over the course of four seasons in 2011,
2012, 2015, and 2016 (Harrower et al. 2019). Ra-
diocarbon dates and associated material culture in-
dicate the site was occupied from the Pre-Aksumite
through the Late Aksumite periods.

& Enda Gal’i (8.69 ha), the second largest site sur-
veyed, was documented by Joseph Michels’ survey
in 1974 (Michels 2005, p. 69). Survey performed by
SRSAH indicates a slightly larger size than mea-
sured by Michels (6 ha). Moreover, the spelling
Michels used for the site, Enda Gully, seems to
suggest a gully in English, but the name instead
probably comes from the word gal’i meaning pot-
sherds in Tigrinya, making the site name “place of
potsherds.” The site appears have been occupied
between Pre-Aksumite and Late Aksumite periods.

& Mes’hl (3.98 ha) is the largest site found during the
2015 season. Mes’hl is located at the top of a sedi-
ment plateau containing a modern village. The tran-
sect strip leading up to the settlement traversed a
valley bottom and a steep scree slope which ended
in the sediment plateau. The hill overlooks a modern
reservoir (nearly dried-out in 2015) and the modern
town of Dibdibo to the northeast. A large number of
ceramic sherds were found on the site along with
some lithics. Artifact densities were highest within
collapsed structures situated on the southern end of
the plateau, which have likely been affected by
erosion. Modern houses cluster mostly towards the
northern end of the mapped area. The site appears to
have been occupied between the Early and Late
Aksumite periods.

& Dungur (3.56 ha) is a settlement discovered by
SRSAH in 2011. This ancient mound is character-
ized by a considerable density of surface ceramics.
Stone walls are present on the site, but it is unclear if
these are ancient or modern. A modern village is
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located about half a kilometer northwest of the site.
The site has been dated through ceramic analysis to
the Pre-Aksumite, Middle Aksumite, and Late
Aksumite periods.

& Sekoualou (3.24 ha) is a settlement originally iden-
tified by Francis Anfray (1973) and re-located by the
SRSAH team in 2009 in the vicinity of a school. The
site consists of three aligned mounds. Anfray (1973)
collected pottery dated to the late Pre-Aksumite
period and a large number of scrapers. We identified
similar remains.

& Dergouah (3.24 ha) is a settlement originally identi-
fied by Anfray (1973). The site is in a rocky area
south of a large amba (mountain). Anfray (1973)
identified pottery dating to the Aksumite period,
while our analysis of ceramics indicates Middle to
Late Aksumite period occupation.

& Mai Fesasi (2.47 ha) is a settlement situated on a
prominent hill just south of a transect strip. The hill
is part of scree slope terrain flanked between two
mountains on the east and west. Many ceramic and
lithic remains were recovered from the surface, dat-
ing the site to the Middle and Post-Aksumite pe-
riods. We identified potential ancient architecture
but have yet to ascertain entire building plans as
many potential architectural features and low-lying
walls could also belong to a system of modern
terraces evident on the site. Mai Fesasi is located a
little over half a kilometer east of another settlement
identified this year, Mai Awa’ur (020-001), and a
find spot (029-001) with similar remains.

& Sefra Tourkui (2.40 ha) is a settlement originally
found by Francis Anfray and surveyed by the
SRSAH team in 2009. The site consists of pottery
along with a comparatively high density of obsidian
microliths including backed crescents. Our ceramic
analyses support Anfray’s original dating of the site
to the Pre-Aksumite period (Anfray 1973).

& Tigala 3 (2.38 ha) is a settlement identified sporad-
ically throughout a modern village. Ceramics and
lithics were concentrated near the western boundary,
specifically near a tall modern wall that demarcates
the western edge of the modern village. Finds sug-
gest that the site was occupied between the Classic
and Late Aksumite periods. Two find spots (097-
001, 097-002) were recorded about half a kilometer
to the west on the same terrain.

& Mai Awa’ur (2.11 ha) is a site situated on the rela-
tively flat top of a scree slope on the eastern side of a

mountain. Finds include a relatively large amount of
pottery as well as a ring. Apparently, ancient archi-
tectural remains were found among some modern
terrace walls. The site has been dated to the Middle
Aksumite period based on ceramics. This settlement
is located a little over half a kilometer west of Mai
Fesasi (029-002). A find spot (029-001) with similar
remains was discovered about 100 m to the east.

& Enda Giorgis Mogu’o (1.97 ha) is a settlement on a
scree slope in the vicinity of a modern church. The
site is characterized by ceramic and lithic finds and
has been dated to the Middle Aksumite period.

Spatial Patterning and Water Availability

The dataset of archaeological sites generated by SRSAH
provides a valuable opportunity to consider the role of
water in the development of Aksumite societies. To
evaluate spatial patterning of archaeological sites with
respect to water availability we generated two map
datasets: (1) satellite-based maps of evapotranspiration
generated with the DisALEXI model (Anderson et al.
2011, 2018); and (2) a satellite-based map of soil wet-
ness generated using the Compound Topographic Index
(CTI) method (Gessler et al. 1995; Moore et al. 1991).
The evapotranspiration layers are 30-m spatial resolu-
tion DisALEXI maps created for 5 days in 2013 (April
12, May 14, May 30, September 19, and November 5).
DisALEXI is a surface energy balance algorithm that
uses remotely sensed land-surface temperature calculat-
ed from thermal imagery of Landsat and other space-
borne platforms to diagnose the surface evaporation
rate. High rates of evapotranspiration indicate high soil
moisture availability (Hain et al. 2009); this diagnostic
thermal model has been used to identify non-

Table 3 Kolmogorov-Smirnov test results for CTI wetness index
in 500 m radii around 84 sites and 11 sites greater than 2 ha
compared with CTI in 500-m radii around 1000 random points.
A significance value of less than 0.05 indicates a statistically
significant difference between two samples

All 84 sites 11 sites > 2 ha

Difference 0.078 0.292

Z value 0.690 0.962

Significance (2-tail) 0.729 0.313
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precipitation-based moisture sources including shallow
groundwater and irrigation (Hain et al. 2015). The 5 days
selected for DisALEXI were chosen based on availabil-
ity of relatively cloud-free imagery. Conditions on these
modern dates do not, of course, precisely represent
ancient evapotranspiration, but they do approximately
represent spatial patterning of water resources. The wet-
ness layer is a 5-m resolution CTI map created using the
ArcHydro module for ArcGIS (Maidment 2002) and
raster calculator function of ArcGIS 10.6 with a 5-m
spatial resolution ALOS PRISM DSM (Digital Surface
Model) acquired by SRSAH with NASA funding. CTI
is a steady-state wetness index that is calculated based
on slope and upstream contributing area (i.e., topogra-
phy) and has been shown to be a strong predictor of soil
hydromorphy/wetness (Chaplot and Curmi 2000; see
also Harrower and D’Andrea 2014).

To compare archaeological sites documented by
SRSAH with the surrounding landscape, 1000 random
points were generated in SRSAH’s 100 km2 survey area.
Values for DisALEXI and CTI were converted to mean
in 500-m radii using the ArcGIS Spatial Analyst/Neigh-
borhood/Focal Statistics function to summarize water
availability in the immediate vicinity of each site or
random point (importantly, DisALEXI values in the
vicinity of large, modern water reserviors were excluded
to avoid skewing results with values generated by large
modern dams). Evapotranspiration (DisALEXI) and
wetness (CTI) were then extracted to map layers for

the 84 sites documented by SRSAH and for the 1000
random points. Kolmogorov-Smirnov (K-S) tests were
then performed using SPSS software to compare sites
with random points (Tables 3, 4, and 5). Our results fail
to reject the null hypothesis that there is no statistically
significant difference between water availability at ar-
chaeological sites versus the surrounding landscape.

Discussion

The results of SRSAH survey and analysis of spatial
patterning of sites relative to water availability convey
some important new insights about ancient Pre-
Aksumite and Aksumite societies that warrant compar-
ison with previous findings and results of surveys in
adjacent regions. Previous exploration of the region
surrounding Yeha, including surveys conducted by
Anfray and Michels, led to the conclusion that the
region was abandoned by political authorities after the
Pre-Aksumite period with only “small rural settlements”
remaining (Fattovich 2010, p. 165). Our survey results
indicate that this certainly is not the case, and this
finding may have been a function of the relatively
limited extent and intensity of previous surveys in this
area of Ethiopia. Most notably, the discovery and exca-
vation of Beta Samati, which is a 1.5-hour walk on a
well-traveled path from Yeha, show that a large ancient
town quite near Yeha was occupied during Pre-

Table 5 Kolmogorov-Smirnov test results for DisALEXI evapo-
transpiration values in 500-m radii around 11 archaeological sites
greater than 2 ha compared with DisALEXI values in 500-m radii

around 1000 random points. A significance value of less than 0.05
indicates a statistically significant difference betweeen the two
samples

12-Apr-2013 14-May-2013 30-May-2013 19-Sep-2013 5-Nov-2013

Difference − 0.287 − 0.329 − 0.337 0.248 − 0.273
Z value 0.948 1.086 1.112 0.817 0.899

Significance (2-tail) 0.330 0.189 0.169 0.517 0.394

Table 4 Kolmogorov-Smirnov test results for DisALEXI evapo-
transpiration values in 500-m radii around 84 archaeological sites
compared with DisALEXI values in 500-m radii around 1000

random points. A significance value of less than 0.05 indicates a
statistically significant difference between the two samples

12-Apr-2013 14-May-2013 30-May-2013 19-Sep-2013 5-Nov-2013

Difference − 0.080 − 0.123 − 0.149 0.116 − 0.108
Z value 0.700 1.079 1.315 1.019 0.955

Significance (2-tail) 0.710 0.195 0.063 0.250 0.322
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Aksumite through Late Aksumite times. Moreover, our
measured site density of 6.80 sites/km2 is significantly
higher than the 5.88 sites/km2 measured by comparable
ETAP survey (Harrower and D’Andrea 2014, p.
524) indicating a considerable number of sites
throughout the Yeha region.

Results of spatial analyses comparing water re-
sources in the vicinity of sites with a random sample
do not indicate a statistically significant association
between sites and water. Particularly given the long-
standing emphasis archaeologists have placed on the
importance of water, this finding is unexpected. Indeed,
this finding differs from results generated by the ETAP
Project based on survey near Adigrat, which showed
that sites greater than 2 ha were statistically associated
with higher CTI values (Harrower and D’Andrea 2014,
p. 530–532). Perhaps ancient settlements in the region
surrounding Yeha did not need to be located in close
proximity to water-rich areas if enough water from
springs was readily available and/or if rainfall was plen-
tiful enough for highly reliable agriculture without irri-
gation. Moreover, the Yeha region appears to have been
one of the first areas densely occupied by early complex
societies and ancient peoples may have selected this
region precisely because water availability was not of
as much concern as in other surrounding areas. Concor-
dantly, historic accounts of Álvares (Beckingham and
Huntingford 1961 [1520], p. 141), Bent 1896, p. 148),
and Michels (2005, p. 43) emphasize the abundance of
irrigation in the area around Yeha, thus supporting the
notion that springs, which today provide relatively lim-
ited water, were flowing far more vigorously in the past.

Despite archaeologists’ emphasis on the impor-
tance of irrigation to state formation, archaeological
investigations, including those of the ETAP project
near Adigrat and those of the SRSAH Project near
Yeha, have not yielded evidence of large ancient
irrigation systems. In recent times, most crops are
rainfed and irrigation is generally small scale and
relatively rare. Large earthen reservoirs of apparent-
ly considerable, yet indeterminate, age are found at
Aksum (Sulas 2018), Qohaito (Brunner 2005; Sulas
2018), Ona Adi (D’Andrea et al. 2008, p. 159), and
in our area, near Beta Samati. These reservoirs are
an important source of water for animals and may be
particularly crucial in times of drought, but in con-
temporary times, they are rarely used for irrigation.
Similarly, terraces built to prevent erosion are wide-
spread in Tigra i and are a form of water

management as they retain soil moisture, but, at
least in the Yeha region, they seldom involve
irrigation.

Conclusions

Water clearly is, and was, important to current and past
societies in Ethiopia, including Pre-Aksumite and
Aksumite settlements in the region surrounding Yeha.
Although Wittfogel’s (1957) hydraulic hypothesis
asserting that large-scale irrigation was the key factor
responsible for the rise of the world’s earliest states has
been discredited on a variety of grounds (see Harrower
2016), water is widely recognized as a critically impor-
tant topic of concern in current studies of ancient soci-
eties (e.g., Holt 2018; Sulas and Pikirayi 2018). Over the
past decade, evidence has mounted that large-scale irri-
gation systems were not an impetus for the rise of
Aksumite complex societies as Butzer (1981) and
Michels (1988, 1994, 2005) envisioned (e.g., Brunner
2005; D’Andrea et al. 2008; Harrower and D’Andrea
2014; Sulas 2014, 2018; Sulas et al. 2009). Findings of
SRSAH’s survey and analysis presented in this paper
further solidify that assessment.

The SRSAH project’s survey of 100 km2 sur-
rounding Yeha provides valuable new evidence
about sites and settlement patterns from the Pre-
Aksumite through Post-Aksumite periods, including
spatial patterning with respect to water resources.
Over three seasons of field survey, SRSAH recorded
84 archaeological sites, including 11 sites greater
than 2 ha. The present study is one of few efforts
to quantitatively evaluate patterning of Aksumite
archaeological sites with respect to water resources.
We produced satellite-based map estimates of
evapotranspiration (DisALEXI) and topography-
based soil wetness (CTI) and compared values in
the vicinity (500-m radii) of archaeological sites
with values in the vicinity (500-m radii) of 1000
randomly located points. Archaeological sites did
not exhibit a statistically significant spatial associa-
tion with water as quantified by either remotely
sensed indicator, suggesting that ancient populations
were not choosing where to settle within this region
based on water availability.

On the issue of site patterning with respect to water,
our findings differ from previous results for a nearby
area of northern Ethiopia near the city of Adigrat, which
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revealed that water availability was a factor linked to
spatial patterning of sites (D’Andrea et al. 2008; Har-
rower and D’Andrea 2014). It is possible that a different
study area with a different extent, shape, or sampling
strategy could yield different results. However, it is also
possible that the area SRSAH surveyed may have been
settled precisely because water was more abundantly
available, or rainfall was sufficient for reliable agricul-
ture and settlements did not need to be located in close
proximity to springs or drainages. Furthermore, our
survey and analyses indicate that introduction of South
Arabian irrigation technologies was not a driving force
responsible for the rise of Pre-Aksumite complex soci-
eties and that irrigation (particularly large-scale irriga-
tion) was not as important to Pre-Aksumite and
Aksumite food production as previously believed.

Importantly, even though these findings contradict the
hypothesis that large-scale irrigation systems propelled the
rise of Pre-Aksumite and Aksumite civilization, our results
do not indicate that water was not important. We look
forward to continued survey and additional analyses that
further scrutinize ancient land and water use in northern
Ethiopia, including differences between regions. The
SRSAH project has also conducted other settlement pat-
tern analyses that we plan to publish in the near future,
including analysis of spatial clustering and site-size hierar-
chies, whichwill further enhance the understanding of Pre-
Aksumite and Aksumite settlement patterning.
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